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Dike intrusions produce faulting at the surface along with seismic swarms and possible
eruptions. Understanding the geometry and kinematics of dike-induced fractures can
provide relevant information on what controls magma emplacement and the associated
hazards. Here, we focus on the Harrat Lunayyir volcanic field (western Saudi Arabia),
where in 2009 a dike intrusion formed a NNW-SSE oriented, ten-kilometer-long and up
to one-meter deep graben. This widens from ~2 km in the SSE to ~5 km in the NNW,
showing a well-defined border normal fault to the west but a diffused fracture zone to
the east. We conducted a fixed-wing drone survey to create high resolution (~3.4 cm)
ortho-rectified images and DEMs of the western fault and of a portion of the eastern
fracture zone to determine the fracture geometry and kinematics. We then integrated
these results with field observations and INSAR data from the 2009 intrusion. Both
fault zones contain smaller segments (hundreds of meters long) consisting of normal
faults and extension fractures, showing two dominant orientation patterns: NNW-SSE
(N330° + 10°) and NW-SE (N300° + 10°). The NNW-ESE oriented segments are sub-
parallel to the inferred 2009 dike strike (N340°), to pre-historical Harrat Lunayyir eruptive
fissures (N330°) and to the overall Red Sea axis (N330°). This suggests that these
segments reflect the present-day off-rift stress field close to the Red Sea shoulder.
However, the NW-SE oriented segments are oblique to this pattern and exhibit en-
echelon structures, suggesting different processes such as: (1) a transfer (or soft-linkage)
between dike-parallel fault segments, (2) a topographic control on the fault propagation
and (3) a possible reactivation of inherited regional faults. Vertical fault offsets obtained by
the drone survey along the western fault vary with the local lithology and these data are
not consistent everywhere with the offsets derived from the 2009 INSAR measurements.
Field evidence within lava flows also shows the occurrence of previous slipping event(s)
on the fault before the 2009 intrusion. Collectively, we suggest that the mismatch
between the drone and INSAR datasets is related to the different spatial and temporal
resolutions offered by the two techniques.
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INTRODUCTION

Magmatic divergent plate boundaries are affected episodically
by dike intrusions. These intrusions are usually parallel to the
plate boundary and orthogonal to the main regional minimum
compressive stress (03) occurring both inside or outside (oft-axis)
of the rift axis. By using geophysical data such as seismicity, GPS
and InSAR, several dike intrusions have been directly observed
in the last decades in different regions on both oceanic and
continental crusts, e.g., in Krafla (1975-1984) and BarOarbunga
(2014-2015) in Iceland (e.g., Tryggvason, 1984; Rubin, 1992;
Buck et al., 2006; Gudmundsson et al., 2014; Sigmundsson et al.,
2015; Hjartardottir et al., 2016; Ruch et al.,, 2016), Asal Ghoubbet
(1978), Dallol (2004) and Dabbahu (2005) in Afar (e.g., Wright
et al,, 2006; Ebinger et al., 2008, 2010; Grandin et al., 2009,
2010; Hamling et al., 2009; Keir et al., 2009; Nobile et al., 2012),
Lake Natron (2007) in the East African Rift System of Northern
Tanzania (e.g., Calais et al., 2008; Biggs et al., 2009), Jebel at
Tair Island and Zubair Archipelago (2011-2013) in the Red Sea
(Jénsson and Xu, 2015; Xu et al.,, 2015; Eyles et al., 2018), and
Harrat Lunayyir (2009) in western Saudi Arabia (e.g., Baer and
Hamiel, 2010; Pallister et al., 2010; Jénsson, 2012; Xu et al., 2016).
Some of these dike intrusions breached the surface, resulting in
fissure eruptions, such as at Krafla and BérOarbunga in Iceland,
whereas others arrested at a few hundred meters from the surface
without emitting magma, such as at Lake Natron in Tanzania and
Harrat Lunayyir in Saudi Arabia. However, in all the mentioned
cases, the dike intrusions resulted in diffuse fracture movements
at the surface with formation and/or reactivation of normal faults
that formed grabens above the upper dike tip (e.g., Biggs et al.,
2009; Jonsson, 2012; Trippanera et al., 2015a,b; Acocella and
Trippanera, 2016; Hjartardéttir et al, 2016; Xu et al,, 2016).
Such regional extension combined with multiple dike intrusions
along divergent boundaries contributes to the formation of
well-developed rift structures, where the plate extension focuses
and most of the volcanic and seismic activity occurs (e.g.,
Gudmundsson, 2000; Buck, 2006; Calais et al., 2008; Corti,
2009; Ebinger et al., 2010, 2013; Wright et al., 2012; Acocella,
2014; Urbani et al., 2015; Acocella and Trippanera, 2016).
Therefore, understanding the structure and kinematics of rifts,
and directly observing rifting events and episodes are of great
importance for both volcanic and seismic hazard assessments and
for determining how and where magma is propagating.

The surface and the roots of continental and oceanic rift
systems have been extensively studied by means of fieldwork
and satellite image mapping, revealing a common structure
and fault geometry (e.g., Walker, 1958, 1974; Gudmundsson,
1987a,b, 1995; Gudmundsson and Backstrom, 1991; Forslund
and Gudmundsson, 1992; Tentler, 2005; Tentler and Mazzoli,
2005; Paquet et al., 2007; Tentler and Temperley, 2007; Corti,
2009; Eriksson et al., 2014; Trippanera et al., 2015a; Urbani et al.,
2015). However, in such places, fieldwork is usually limited to
local observations along a small section of the rifts, which are
often tens of kilometers in length. Satellite optical imagery can be
used to obtain a continuous overview of an entire fault or graben,
but satellite images only have ground resolution of around 0.5 m
at best (e.g., Hjartardottir et al., 2009, 2016; Dumont et al., 2017).

This method can be useful to understand the overall geometry
and patterns of the major structures, but higher resolution images
are needed to improve characterization of the kinematics of faults
and map minor fractures.

The InSAR technique has also been used to map surface
displacements induced by dike intrusions over a large area
(hundreds of km?) with a temporal resolution of days to
months. However, large displacement gradients can lead to
phase decorrelation and thus strong near-field deformation often
remains poorly resolved (e.g., Pallister et al., 2010; Figure 1).
This problem can sometimes be solved by pixel offset-tracking,
which can be used to map large near-field displacements and
retrieve the overall fault displacement field, e.g., as occurred
in the BdrOarbunga rifting event in 2014-2015 (Ruch et al,
2016). However, a resolution gap still exists between satellite data
and field observations, which we here propose to fill by using
drone observations.

Recently, the use of drones and photogrammetry has greatly
enhanced the possibility of surveying larger areas than those
typically covered by field observations, with higher resolution
(few centimeters of ground sampling distance) than can be
achieved by satellite images (James and Robson, 2012; James
and Varley, 2012; Sze et al., 2015; Rocca, 2016; Di Felice et al,,
2018; Walter et al., 2018; Bonali et al., 2019). In this work, we
used a fixed-wing drone for structural mapping; we flew the
drone over dike-induced brittle fractures in the Harrat Lunayyir
volcanic area in western Saudi Arabia. Several studies have been
carried out in this area, mainly based on ground deformation
and seismicity (e.g., Al-Zahrani et al., 2012; Hansen et al., 2013;
Zahran et al.,, 2017), InSAR (Baer and Hamiel, 2010; Pallister
et al., 2010; Jonsson, 2012), aeromagnetic data and gravimetry
(Zahran et al, 2017; Aboud et al,, 2018) and on fieldwork
data (Pallister et al., 2010; Al Shehri and Gudmundsson, 2018).
However, these fieldwork studies covered only a portion of the
main faults, and InSAR did not have the resolution to map minor
structures and to precisely characterize the vertical displacement
distribution along the major faults. Therefore, by using drones we
obtain higher resolution digital elevation models along selected
faulted areas, thus filling the gap between fieldwork and satellite
datasets. We then compare and test observed differences between
the InSAR and our drone data.

GEOLOGICAL SETTING

The western portion of the Arabian Plate is formed by Upper
Proterozoic metavolcanics and plutons of granitic composition
constituting the Arabian Shield (Stern and Johnson, 2010). The
Arabian Shield is affected by several regional fault systems (with
poorly known kinematics), inherited by the long geologic history
of the Arabian Plate. The NW-SE oriented Najd fault system
is an example (Figure la). The Najd fault is a 400 km wide
and 1200 km long left-lateral shear zone that can probably
be found in northern Egypt also (Sultan et al., 1988; Stern
et al., 1990; Stern and Johnson, 2019). The development of
this fault system has been assigned to 540-620 Ma, after the
collision that built up the Nubian-Arabian shield 620-640 Ma
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FIGURE 1 | Geological setting of Harrat Lunayyir and the 2009 dike intrusion. (a) Map of western Saudi Arabia and the Red Sea showing earthquakes (M > 2)
2007-2016 (small black dots), faults and lineaments (black and red lines) in the Arabian shield (Beziat and Bache, 1985) and the outlines (green dashed lines) of the
left-lateral Najd fault zone (Stern, 1985). The inset shows the location of the Harrat Lunayyir volcanic field (HL) within Saudi Arabia. (b) Satellite image of Harrat
Lunayyir showing volcanic cones (yellow dots), the inferred 2009 dike trace (red line; Pallister et al., 2010) and mapped surface fractures (white lines; Jonsson, 2012).
Dark colors on the satellite image are quaternary lava flows. (c) 3D surface displacements induced by the 2009 dike intrusion as estimated from INSAR data
(Jonsson, 2012) with arrows showing horizontal displacements and background colors vertical displacements. Yellow rectangles indicate the drone survey areas

ago (Moore, 1979; Stern, 1985; Agar, 1987; Al-Husseini, 2000;
Johnson and Woldehaimanot, 2003; Stern and Johnson, 2010,
2019; Bosworth and Stockli, 2016). The activity of the Najd fault
system, which consists of three main parallel shear zones (Al-
Husseini, 2000), led to the formation of several secondary faults
with different kinematics (from normal to thrust) and, in the past,
this system has been a preferential path for magma intrusions
(Moore, 1979). Nowadays, the Najd system does not appear to be
active as seismicity is mostly focused far away along the borders
of the Arabian plate. In particular, seismicity in the west mainly
occurs along the Red Sea rift axis and on the Dead Sea Transform
fault system (Figure 1a).

Several volcanic fields (called Harrats) are located on top of
the Shield and were formed by activity of monogenic cones.
The distance of the Harrats from the Red Sea ranges from
only a few kilometers to ~400 km (Figure la). A pre-rifting
(~31 Ma) and a syn-rifting (starting from ~23-24 Ma) stage

have been identified for the magmatism of the Harrats that are
still considered active (Bohannon, 1986; Bosworth et al., 2005;
Bosworth and Stockli, 2016; Stern and Johnson, 2019; Stockli
and Bosworth, 2019). Moreover, during the late Oligocene and
early Miocene a 1800 km-long swarm of several mafic dikes
intruded parallel to the Red Sea, from Sinai in the north to the
city of Jizan in the South (Figure 1a; Bohannon, 1986; Brown
et al,, 1989, Bosworth et al., 2005; Bosworth and Stockli, 2016;
Zanoni et al., 2019).

The origin of the intraplate Arabian volcanism is attributed
to a mantle plume propagating northward from the Afar triple
junction (Camp and Roobol, 1992; Chang et al., 2011). The
most prominent volcanic fields are the large NNW-SSE oriented
Harrat Rahat and Harrat Khaybar (Figure 1a). Indeed, the last
known eruption in Saudi Arabia occurred in 1256 A.D. close
to the city of Medina, at the northern edge of Harrat Rahat
(Downs et al., 2018).
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The Harrat Lunayyir volcanic area is smaller than Harrat
Rahat and Harrat Khaybar (Camp et al., 1991; Németh and
Moufti, 2017; Downs et al., 2018), and is located closer to the
Red Sea coastline (Figures 1a,b). The area is mainly formed of
Tertiary and Quaternary basalts (Al-Amri et al., 2012; Sanfilippo
et al., 2018; Vigliotti et al., 2018). The quaternary historic to
pre-historic units contain lava flows, scoria cones and ash fall
deposits from four eruption sites, the latest of which probably
erupted ~1000 years ago (Al-Amri et al, 2012). Less recent
Quaternary basalts consist of scoria cones and lava flows and
sedimentary units (e.g., wadi gravels, aeolian sands, pond silts,
etc.) are found deposited on top of the volcanic products
(Al-Amri et al., 2012).

Although the most recent eruption of Harrat Lunayyir is
poorly understood, the northern Harrat Lunayyir area was
recently affected by an intense magmatic and seismic activity in
2007 and 2009 (Pallister et al., 2010; Hansen et al., 2013; Zahran
and El-Hady, 2017). The most important activity occurred in
2009, when a swarm of ~30.000 earthquakes occurred between
April and May. This activity peaked on May 19th when a
M,, = 5.7 earthquake struck, as well as several M,, > 4.0
earthquakes (Pallister et al., 2010). A diffuse surface fracturation
associated with the seismic swarm was observed both by InSAR
and in the field (Figure 1c¢; Baer and Hamiel, 2010; Pallister
et al., 2010; Jonsson, 2012). A > 10 km long graben with
NNW-SSE orientation formed, with an increasing width from
south (2 km) to north (5 km). The western border fault of
the graben is continuous for more than 10 km and probably
continues further south-east in the sub-surface (Aboud et al.,
2018). On the contrary, the eastern section of the graben is
less well defined (Figure 1c). Spotted field observations on
cemented alluvium highlighted that the western border normal
fault slipped as much as 0.98 m, resulting from 0.78 m of
vertical displacement and 0.45 m of extension (Pallister et al.,
2010). Within the graben, several minor fractures and normal
faults formed (Baer and Hamiel, 2010; Jénsson, 2012), creating
an opening across the graben estimated at 1.5 m and a total
subsidence of 0.8 m in the graben center (Baer and Hamiel,
2010; Pallister et al., 2010). Inversion of InSAR data, showing
uplift to the sides and subsidence within the graben, suggested
an intrusion of a 10 km long dike with N340° orientation
(Figure 1c), a maximum opening of 4 m at 4-6 km depth and
with its top edge 1-2 km below the surface (Pallister et al., 2010).
However, a shallower and thicker dike has also been suggested
with its top only a few hundred meters below the surface and
with a thickness of 6-12 m (Al Shehri and Gudmundsson,
2018). Despite suggestions that the dike opening reflects a
low rock-mass strength (tensile strength of 1-3 MPa) in the
Harrat Lunayyir area (Jonsson, 2012), it has also been proposed
that additional extensional regional loading would have been
needed to induce such a large and diffuse surface fracturation
(Al Shehri and Gudmundsson, 2018).

In agreement with field evidence, most of the focal
mechanisms related to the 2009 earthquake swarm indicate
normal faulting. Only a few and isolated strike-slip events
have been observed (Baer and Hamiel, 2010; Pallister et al.,
2010; Al-Zahrani et al,, 2012). Analog models suggest that this

particular graben geometry can result from a dike intrusion
with an asymmetric along strike profile resulting in different
dike depths (Xu et al., 2016; Corbi et al., 2019). These models
also suggest a possible change in normal fault kinematics in
the south where the dike is shallower, to trans-tensional in
the north where the dike is deeper and the graben is wider
(Xu et al., 2016).

One of the main questions concerning the 2009 dike
intrusion addresses the reason why the dike didn’t reach
the surface and cause an eruption. Several processes might
have prevented further upward dike propagation, e.g., dike
depressurization along with compression near its top induced
by the graben normal faulting (Xu et al., 2016), reduction in
dike overpressure due to magma degassing, a too low regional
spreading rate (<1 cm/yr), magma drainage from the pre-
existing fracture network (see e.g., Bonforte et al., 2019), a
stress barrier due to a stiff basaltic layer (Abdelfattah et al.,
2017), or other crustal heterogeneities above the propagating dike
(Al Shehri and Gudmundsson, 2018).

A seismic tomography model of Harrat Lunayyir suggests
the presence of repeated magmatic intrusions located a few
kilometers south of the 2009 intrusion site at a depth of ~15 km
and becoming shallower toward N and NNE (Hansen et al,
2013). This link between deeper volcano-tectonic features to the
south (faults or magma) becoming gradually shallower to the
north has also been highlighted by the distribution of relocated
earthquakes that occurred during the 2009 event (Hansen et al.,
2013). After the 2009 seismic swarm, seismicity at Harrat
Lunayyir reached another peak in 2014. The 2014 earthquakes
were mostly located in the upper lithospheric mantle (depths 42—
48 km), 30 km southeast of the 2009 dike intrusion and aligned
along a N283° direction (Blanchette et al., 2018). Recently (2017-
2018), two new seismic swarms of a few hundred earthquakes of
M) < 3.8 took place ~40 km to the northwest and to the west
of Harrat Lunayyir without any detectable surface deformation
(Nobile et al., 2019).

Aeromagnetic maps covering the whole Harrat Lunayyir
area suggest the presence of shallow and deep faults that
have NE-SW and NW-SE orientations. The NE-SW oriented
faults may be related to transform systems from the Red Sea
spreading center, whereas the NW-SE oriented faults, which
are among the predominant directions in the shield area, could
be associated with the Najd fault system (Figure 1a). The
intersection of the two systems might have led to magma
upwelling, possibly defining the Harrat Lunayyir location
(Al-Zahrani et al., 2012).

MATERIALS AND METHODS

We combined high resolution drone mapping, field observations
and optical satellite imagery to produce a detailed structural
analysis of the main western graben fault and of a portion of the
eastern fracture zone formed during the 2009 dike intrusion in
the northern Harrat Lunayyir volcanic area (Figure 1c). In April
2017, we collected the drone data using a fixed wing UAV fitted
with a RangeVideo RVJet airframe modified by the FalconViz
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company'. The main advantages of using a fixed wing drone are
longer flight times (up to 75 min in a single flight) and higher
speeds (up to 55 km/h) compared to quad- or hexa-copters. This
allowed to cover a 10 km long and 0.6 km wide swath (5.9 km?)
along the western fault and a 3 km? area on the eastern fracture
zone in only 2 days, with an average ground sampling distance
(GSD) of 3.4 cm (see additional material for further details).
Due to topographical variations along the western fault, we used
a custom software to adapt the flight height above the surface
in order to maintain a flying altitude between 70 and 90 m
above the ground. We scanned the areas with parallel transects
acquiring a total of ~7000 images with 70% of front and 60%
of side overlap.

We used the Pix4d® software’ to construct full 3D (Digital
Elevation Models, DEM) and 2D surface images (ortho-photos)
of the surveyed areas. To minimize the image distortion and
optimize their ortho-rectification, we used a kinematic GPS to
place and measure 13 and 6 ground control points (GCPs) along
the western fault and the eastern fracture zone, respectively.
For example, for the western fault the GCPs revealed an overall
geolocation error bias of 0.35, 0.83, and 57.56 meters in X, y, and
z, respectively (Supplementary Material). After post-processing,
we finally obtained an RMS error of 0.018, 0.016, and 0.088
meters in X, y, and z, respectively.

We used the obtained DEM and the ortho-photos to map
fractures (Figure 2) and perform classical morphologic and
structural analysis by calculating, e.g., slope, roughness or aspect
maps, swath topographic profiles, etc., to unravel the deformation
patterns and the fault geometry (e.g., Wilson et al., 2007 and
references therein for example). We further extracted a few
fault kinematic indicators looking at asperity fits between two
sections of open fractures, both in the drone maps and in the
field (Figure 2). However, this analysis was successful only at a
few locations along the fracture network, since erosion of poorly
consolidated material had erased most of the potential indicators.

In order to integrate and validate the drone data, we carried
out two structural field surveys in April 2017 and February 2018.
In these field surveys, we aimed at better characterizing the fault
geometry and kinematics (e.g., orientation, vertical displacement,
opening direction, footwall, and hanging-wall geometry) on
selected outcrops along the western fault to compare with
topographic profiles extracted from the drone observations. We
observed the typology of rocks (hard rocks such as basaltic
lava flows, unconsolidated deposits such as volcanic tephra,
or silt deposits) in the field in order to compare typology
with the ortho-photos. In addition, we also used kinematic
GPS to map the complex fracture pattern in detail at one
location (Figure 3d).

Finally, we compared our results with vertical and horizontal
displacement maps of the 2009 dike intrusion obtained by
InSAR data (Jénsson, 2012). This comparison allowed us to
appreciate, for the first time, the main advantages in combining
drone imagery, InSAR observations and fieldwork for structural
geology purposes.

Uhttp://www.falconviz.com/drones.html#fixed
Zhttps://pixdd.com

RESULTS
Fault Pattern

The horizontal distance between the western fault and the
inferred dike trace increases from south (~0.45 km) to north
(~3.30 km). However, our high-resolution dataset reveals that
the fault does not consist of a single continuous rupture.
Some parts (e.g., segments D, E, F and G in Figure 3 and
Supplementary Figure S1) are composed of several parallel open
fractures, smaller discontinued normal faults, secondary narrow
grabens (tens of meters wide) and elongated sink-holes defining
faulted areas that are tens to a few hundred meters wide. Based on
fracture orientations, we identified a total of 10 segments. These
are eight smaller segments located along the southern portion of
the fault (segments A to J; Figure 2), with one covering part of
the central portion (segment H) and another corresponding to
the northern portion of the fault (segment I). Interestingly, these
segments are divided into two orientation trends that are either
parallel or oblique to the strike of the modeled dike (orange and
gray areas in Figure 2 and Table 1).

In the eastern fracture zone, we observed several open
fractures a few hundred meters long and a few meters wide
(Figure 2); we did not observe any normal faulting. Here,
we grouped the fractures in four segments whose strikes are
consistent with those of the western fault, again with two main
orientations (Figure 2 and Table 1). The frequencies and mean
directions of all the segments are summarized in Table 1. The
strike difference between the dike and the dike parallel segments
(mean fracture orientations) ranges from 0 to 15°along the
western fault and from 15 to 20° in the eastern fracture zone.
The strike difference increases for the oblique segments to 30°-
45° along the western fault and ~40° in the eastern fracture zone
(Figure 2 and Table 1).

Fracture Kinematics

Some of the oblique segments show a left-stepping en-echelon
fracture pattern. In particular, we identified four areas in which
this pattern is more evident; two of them are located along the
western fault (segments H and G) whereas the other two are
located along the oblique segments of the eastern fracture zone
(segments L and M). The area along the western fault (segment
G) is located where the fault intersects a 150-m high scoria
cone (Figures 3a,b) and cuts across surrounding lava flows and
scoria deposits (Figure 3c). Close to the cone, we mapped the
fault pattern with both drone images (Figure 3b) and ground-
based kinematic GPS (Figure 3d). From south to north, the
fault gradually changes in strike when approaching the cone
from a NNW-SSE to a WNW-ESE direction at the top of the
western rim of the cone. In the WNW-ESE oriented portion
of segment G, the fault is divided into smaller fractures (a few
meters long, up to 10-15 cm wide, <10 cm vertical offsets)
arranged in a left-stepping en-echelon pattern (Figures 3b,d).
Field measurements of 20 fracture orientations in this area
highlight that these focus at ~N300° and ~N330° (Figure 3e),
in agreement with the overall orientation of oblique and dike
parallel segments.
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FIGURE 2 | Surface fractures (normal faults and open fractures; black lines) mapped from using the high-resolution drone dataset. Dike parallel (orange) and oblique
(light gray) segments are highlighted and labeled with capital letters. Corresponding rose diagrams show the frequency of fracture orientations in each segment. See

To the north of the cone, the fault bends to a WNW-
ESE orientation (segment H). Here, at the northern tip of the
segment (Figure 2), the fault passes through a small basin
filled with compacted silt deposits where it spreads into three
main faults and several minor fractures, forming a horse tail
structure (Figures 4a,b). The major faults show an overall
vertical displacement toward NNE varying from 1 m to 40 cm
(Figure 4c). A detailed analysis of the pattern of small fractures
close to the center of the basin shows the presence of left-
stepping en-echelon fractures at different scales (Figures 4d,e).
These fractures are of different lengths and this seems to reflect a
different degree of fracture merging: from several short-isolated
fractures (~10-15 m long), to fewer longer segments (~30 m
long) to a single continuous and larger open fracture (Figure 4e).
A similar smaller and shallow basin filled with fine silt sediments
is also present in the eastern fracture zone (Figure 5). This

is crossed by an oblique segment (segment L) showing largely
eroded open fractures with no vertical displacements and
arranged in a left stepping en-echelon pattern (Figure 5b).

To estimate the opening direction to characterize the
kinematics of the faults and the open fractures, we identified
some matching margins on the fracture sides, mostly from
the ortho-photos and at a few locations in the field. However,
our estimations are limited in number (15 measurements in
total) due to the erosion that affected soft and unconsolidated
deposits, and to the high degree of heterogeneity of the scoria
deposits and old lava flows (Figure 2). Although we observed
very different opening directions in some locations, we found
almost pure opening kinematics of the brittle fractures (deviation
from pure opening <15°) consistently along the whole western
fault and at the only spot in the eastern fracture zone that we
measured (Figure 2). We measured the highest deviation from
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FIGURE 3 | Fracture patterns of the western fault where it intersects a scoria cone. (a) Mapped fractures (white lines) on a background satellite image (Bing Map)
(map area coverage shown in Figure 2). Green dashed circle indicates the approximate base of the cone. (b) En-echelon fracture patterns (white lines) just south of
the cone. The background is the drone ortho-photo combined with the digital elevation model. (¢) Photo taken in the field toward the cone showing the surface
expression of the western fault where it intersects the southern slopes of the cone (photo location and azimuth indicated by an arrow in Figure 3a). (d) Fracture
patterns (black lines) south of the cone mapped using kinematic GPS. (e) Stereonet of field measurements showing fracture planes and the associated poles. The
pole color density was obtained with the 1% area method (%value = n(100)/N where n is the number of points falling within an area of the plot and N is the total
number of points). The stereonet was obtained using the Stereonet software by Almendinger et al. (2012) and Cardozo and Allmendinger (2013).
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TABLE 1 | Summary of rose diagrams of Figure 1.

Segment Fault Segment Mean direction Segment Total Maximum Maximum Distance between Strike difference

name zone type (degree) length (m) fractures fracture fracture segment and dike (m) between fractures
length (m) length (m) length in % and dike (degree)

Minimum Maximum Min Mean Max
A W oblique N310 + 10 344 667 157 24% 657 709 20 30 40
B W parallel N335 + 5 653 1020 277 27% 682 738 0 5 10
C W oblique N295 + 5 189 268 118 44% 738 858 40 45 50
D W parallel N335 + 15 1235 1805 333 18% 858 993 —10 5 20
E W oblique N305 + 5 278 583 161 28% 993 1170 30 35 40
F W parallel N340 + 10 239 414 96 23% 1179 1202 —10 0 10
G W oblique N295 + 5 400 374 140 37% 1202 1533 40 45 50
J W parallel N335 + 5 520 719 168 23% 1533 1550 0 5 10
H W oblique N295 + 5 970 5327 1214 23% 1581 2218 40 45 50
| W parallel N325 + 15 2485 2534 455 18% 2986 3272 0 15 30
L E oblique N300 + 10 392 488 174 36% 2301 2589 30 40 50
M E parallel N320 + 10 766 639 116 18% 2428 2281 30 20 10
N E oblique N300 + 10 208 241 80 33% 2128 2257 30 40 50
(0] E parallel N325 + 5 (N290) 607 341 110 32% 1879 2040 10 15 20

Each letter corresponds to a segment.

a pure opening (31°) in the central segment of the western fault
(segment H) in the silt filled basin. In this case, the opening
direction indicates a dextral trans-tensive kinematic (Figure 2).

Fault Geometry and Vertical Offsets

Along the Western Fault

The fault geometry along the western fault shows a high spatial
variability, also between adjacent locations that are only a few
meters apart, depending on the topography and the ground
composition. We report three main examples in Figure 6.
The fault may have a simple “one-step” (or “multiple-steps”)
morphology with a clear vertical offset between a flat footwall
and a flat hanging-wall with no or large opening (up to 2 m) in-
between. We observed this geometry on the cemented alluvium
deposits (Figure 6a; same location as Pallister et al., 2010) and on
lava flows where the slope angle of the fault scarp is almost sub-
vertical (Figures 7a-d). In particular, at the center of segment G
in correspondence with a lava flow, we found one of the largest
vertical offsets (up to 3.5 m; Figures 7c,d). However, the fault
scarp outcrop in Figure 7c¢ shows two distinct colors of the rocks
suggesting that at least two distinct slipping events occurred on
this portion of the fault, with the more recent portion (white in
Figure 7c) likely representing the slip that occurred during the
2009 dike intrusion (Figure 7c).

At a few other locations of segment D, again within a thick
lava flow, the fault geometry is more complex. The almost flat
footwall is separated by an open fracture (up to 3-4 m wide) from
a tilted hanging-wall (up to ~25°; Figure 6b). This geometry
is similar to those found at the faults that cut lava flows in the
active Icelandic and Main Ethiopian Rifts (e.g., Gudmundsson,
1987a,b; Gudmundsson and Backstrom, 1991; Tentler, 2005;
Tentler and Mazzoli, 2005; Rowland et al., 2007; Trippanera et al.,
2015a). At these locations of segment D, we also measured the
highest vertical offsets along the western faults (locally reaching

up to 4.5 m) that are probably a result of multiple slipping
events, as in the previous example (but in this case not directly
observable in the field).

On the contrary, we observed a smoother morphology where
the fault cuts across poorly consolidated sedimentary or tephra
deposits (Figures 6¢, 7e,f). In these cases, the fault scarp is already
highly eroded with a few meters wide channel developed between
the footwall and the hanging-wall resulting in a low slope value of
the eroded fault scarp (Figure 7e).

In addition to these geometries, the deformation along
the fault may also be more distributed (e.g., Supplementary
Figure S1) where the fault is divided into several open fractures
without any vertical offset, or where it forms a narrow (a few
meters wide) graben-like geometry, or where an elongated sink-
hole has collapsed.

To quantify the overall vertical throw distribution along the
western fault, we measured the median fault throw along 100
topographic profiles crossing the fault using our high-resolution
DEM (Figure 8). To calculate the median, we used the swath
profile function in QGis software and we elaborated the results
using Matlab. By using this function, we avoided calculating the
throw at a single line and instead obtained a median profile
throw value representing a wider area (10-100 m). This helped
to avoid scatter due to single pixels and provided a more reliable
throw estimation. To compare our results with InSAR, we also
calculated the throw at the same profiles from the 3D ground
displacement map estimated from InSAR data (from Jénsson,
2012) of the 2009 rifting event. Both InSAR and drone data
show overall higher displacement values in the central portion
of the fault with a gradual decrease toward north. This is in
agreement with the increasing distance between the fault and the
inferred dike position (Figure 8A). However, the vertical throws
measured using the drone DEM are highly variable along the
fault compared to those from the InSAR data, which are more
homogeneous. The difference between the drone and the InSAR
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FIGURE 4 | Fracture patterns of the western fault (segment H) where it crosses a silt basin (map coverage shown in Figure 2). (a) Drone ortho-photo of the basin
that is filled with compacted silt / fine sand having a light brown color. (b) Mapped fracture patterns within the basin with the main faults highlighted as thicker lines.
(c) Digital elevation model showing higher vertical displacement at the main faults. (d,e) Close-ups of the central area of the basin with en-echelon fractures
highlighted with a transparent yellow color, whereas a major continuous open fracture is highlighted in white.
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FIGURE 5 | Fracture patterns in the eastern fracture zone. (a) Overview of the eastern fracture zone showing mapped fractures (white lines) along segments L-O
(area coverage shown in Figure 2). (b) Close-ups of segment L and (c) segments M and N. (d,e) Field photos of open fractures. The photo locations and azimuths
indicated by white arrows in (a).
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FIGURE 7 | Fault offsets and geometry in different lithologies for a portion of segment G along the western fault. (a) Ortho-photo and (b) DEM with the fault shown
as a dashed line. Locations and azimuths of photos in (c) and (f) are indicated by white arrows. (¢) Photo showing a pre-existing fault scarp (darker color) above a
recently emerged portion of the fault (lighter color scarp) and a (d) topographic profile (red line) and slope values (gray) for A-A.” (e,f) same as (c,d). In (f), the picture

estimates is generally large (varying from zero up to ~3 m).
Where the fault cuts lava flows and shows evidence of multiple
slipping events, we observed the highest scatter in the drone
data, the largest differences compared to the InSAR data and the
highest median throw values (up to 3.5 m). In contrast, where
the fault cuts poorly cemented sedimentary or volcanic deposits
such as unconsolidated rocks (tephra or sedimentary deposits
and silt in Figure 8A), the throw values from the drone DEM
were almost homogeneous and generally smaller than those of
InSAR data (Figure 8A).

To characterize the overall terrain irregularity for each
lithotype, we used roughness terrain analysis based on our

high-resolution DEM. The roughness was obtained by finding
the maximum and minimum elevation value within a 3 x 3 pixel
square surrounding each location and calculating the difference
between these maximum and minimum values (Wilson et al,,
2007). We extracted the mean roughness values over 70 different
areas defined by uniform lithotype (Supplementary Figure S5
and Supplementary Table S1). As expected, the roughness
changes according to the lithology type (Figure 8C) with higher
roughness and roughness standard deviation (error bars) values
on lava flows and Precambrian rocks (Figure 8C). Moreover, for
the same areas, we also calculated the standard deviation of the
altitude (Figure 8D) to understand the topographic variability for
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FIGURE 8 | Comparison between vertical offsets measured from the drone-derived high-resolution DEM and vertical displacements due to the 2009 dike intrusion
estimated from INSAR data. (A) Vertical offsets at 100 locations along the fault from south to north with the background color indicating the lithology (“Alluvium”
indicates the cemented colluvium from Pallister et al. (2010); for “sediments,” we mean unconsolidated sediments) and the light blue line is the distance between the
fault and the inferred dike location (interrupted where the fault is not cropping out, i.e., between the segments H and |, see Figure 2). (B) Map of the 100
measurement locations (red dots) along the fault (black line) with some numbered for reference. (C) Mean values of surface roughness (error bars show standard
deviation) and (D) standard deviations of elevation for 70 selected areas with different lithologies (ID is the identification number of each area) with the color
background as in (A). For area locations and further details refer to Supplementary Figure S5 and Supplementary Table S1. (E) Vertical offsets measured (using
the drone DEM) along the fault for different lithotypes as a function of distance from the dike.

each lithotype. Whereas the variability is low (STD between 0 and
5 m) for unconsolidated deposits (tephra, sedimentary deposits,
and silt), the variability is scattered and overall higher (>5 m)
for hard rocks (e.g., lavas and Precambrian). In particular, the
higher roughness values and topographic variability of lavas in
Harrat Lunayyir are expected because these are usually a'a” type
lavas (Al-Amri et al., 2012), which typically give rise to an overall
irregular surface composed of several lava blocks of different
dimensions. Precambrian rocks, instead, are usually granitic in
composition, forming a high and steep topography resulting
in a rough surface. Lower and more homogeneous roughness
values are associated with unconsolidated deposits (e.g., within
the silt basin of segment H), which also show limited topographic
variations in the field (Figures 8C,D).

To better understand the effect of the lithotype on the fault
throws, we separately plotted the fault throws measured by using
drone data for each lithotype as a function of the distance from
the dike (Figure 8E). Fault throws are more variable closer to
the dike irrespective of the lithotype. However, with increasing
distance from the dike, the fault throws become homogeneous in
unconsolidated sediments whereas within lava flows they remain
highly scattered (Figure 8E).

DISCUSSION

Fracture Patterns

We grouped all fractures within the dike-parallel and oblique
segments mapped with the drone imagery into two separate
plots and weighted the orientation frequency by the length
of each fracture (Figures 9A,B). Fractures within dike-parallel
segments are mostly N330° £ 10° oriented (37% of the data;
up to 66% when considering an error of £ 20°), but those in
the dike-oblique segments are rotated ~30°, focusing around
N295° &+ 5° (24% of the data; up to 72% when considering
an error of = 20° Figures 9A,B). To examine whether our
fracture orientation dataset reflects larger scale structures seen
in Harrat Lunayyir and the surrounding region, we compared it
with orientations of: (1) all the fractures mapped from InSAR
data of the 2009 intrusion (Figures 1c, 9C; Baer and Hamiel,
2010; Joénsson, 2012); (2) eruptive fissures (or crater rows;
Figure 9D); (3) aeromagnetic lineations (Figure 9E; Zahran
et al, 2017) identified in and around the Harrat Lunayyir
volcanic field (Figure 1b); (4) regional Oligo-Miocene dikes
(Figures 1a, 9F; USGS map 1963; Bosworth et al., 2005; Bosworth
and Stockli, 2016); and (5) regional faults and lineaments
mapped in the northern Arabian shield (Figures la, 9G;
Beziat and Bache, 1985).

The InSAR dataset did not have enough resolution to clearly
distinguish between dike parallel and oblique fractures (in
Figure 1c) but did show that 34% of the data focus in the
NNW-SSE direction (N320° £ 10° up to 75% of the data in
the range N320° £ 30°), which is similar to the orientation
of fractures mapped from the drone images within the dike
parallel segments (Figure 9C). Eruptive fissures and crater rows
within the Harrat Lunayyir volcanic field that we mapped from
satellite images (Google Earth and Bing Maps; Figure 1b) also
show the same trend (40% are N330° 4 10° oriented; 60%
when considering £ 20°). Aeromagnetic lineations (enclosed
in the areas of 24°30'N - 26°00'N and 37°00'E - 38°30'E;
Zahran et al, 2017) show two main orientations (Figure 9E):
one NW-SE (N315° £ 5° for 28% of data) possibly related to
the Najd fault system, and the other NNW-SSE (N330° + 10°
for 30% of the data) probably related to the old regional gabbro
dikes parallel to the Red Sea (called “coastal dikes”; Zahran
et al., 2017). The presence of Red Sea parallel regional dikes
under Harrat Lunayyir agrees with surface observations along
the entire Saudi Arabian coastline where the Oligo-Miocene
rift-parallel “coastal” dikes (N325° £ 15° oriented for 88% of
data; Figure 9F) formed at the onset of Red Sea rifting (~24-
23 Ma; Figure 1a; Bosworth et al., 2005; Bosworth and Stockli,
2016). Overall, these data suggest that the main volcano-tectonic
trend in Harrat Lunayyir is NNW-SSE, broadly parallel to the
overall Red Sea trend (~N330°, Figure 10A) and only slightly
different from the fracture pattern orientation of the central Red
Sea axis (Figure 10A; Augustin et al., 2014). This observation
is consistent with the fact that magma-induced faults and open
fractures usually form parallel to dike intrusions, which in turn
are parallel to the overall orientation of a rift and perpendicular
to the minimum compressive stress o3.

The NW-SE fracture trend of the dike-oblique segments, on
the other hand, does not appear to be clearly linked to existing
structures, which raises questions about the origin of the dike-
oblique segments. Xu et al. (2016) used analog modeling of a
dike intrusion to investigate the geometry and kinematics of
fractures formed in 2009 at Harrat Lunayyir (Figure 11a). They
used an analog dike that was arch-shaped and asymmetrical
along the strike and thus closer to the surface, nearer to the
dike’s central part than its tips. The dike shape was inferred
from the InSAR-modeled dike and the seismicity of the 2009
event, which are both shallower under the southern part of the
graben than under the northern part (Mukhopadhyay et al,
2013; Xu et al,, 2016; Abdelfattah et al.,, 2017). In the analog
model, the fractures formed at the surface as a consequence of
the dike opening; the fractures were closer to the dike where
the dike was shallower but further away where the dike was
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FIGURE 9 | Rose diagrams showing orientations of (A) fractures in dike-parallel; (B) in oblique segments; (C) fractures extracted from INSAR data (Jonsson, 2012) in
the north-western Harrat Lunayyir of the 2009 dike intrusion (see also Figures 1b,c); (D) eruptive fissures (or crater rows) belonging to the Harrat Lunayyir volcanic
field and mapped by using BingMaps and Google Earth images (see also Figure 1b); (E) magnetic lineations in the whole Harrat Lunayyir volcanic field (Zahran,
2017; Zahran et al., 2017); (F) coastal tertiary regional dikes (mapped from USGS map 1963); (G) regional faults and undefined lineaments in the northern (from
23°00’ to 28°00’ N) Arabian Shield (Beziat and Bache, 1985; Figure 1a). Total length (Tot.) and maximum length of fractures for the highest frequency azimuth (Max)
are reported for each rose diagram. (H) Tensional stress axis orientation obtained by using focal mechanisms from earthquakes with M4.0 to M5.4 during the seismic
crisis associated with the 2009 intrusion event (Pallister et al., 2010) or 84 earthquakes related to the May 19th 2009 swarm (Al-Zahrani et al., 2012). Red solid and
black dashed lines, respectively indicate the inferred 2009 dike strike (N340°, Pallister et al., 2010) and the overall Red Sea orientation (N330°).
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deeper. The faults formed gradually by merging the small dike-
parallel fractures and they increased in length (along the strike)
as the analog dike width increased (Supplementary Figure S1).
Connections between dike-parallel segments were provided early
in the model run by dike oblique fractures (Supplementary
Figure S1 and Figure 10A). The fracture pattern observed in the
analog model is similar to that of the western fault in Harrat
Lunayyir. This suggests that the oblique segments formed to
link dike-parallel segments which, in turn, formed at different
distances from the dike because of its variable depth. The linkage
along the strike of propagating faults has been widely observed
in rifts with structures such as open fractures, zones of no
fracturation and relay ramps, which are expressions of soft
linkage in accommodation zones between shifted (in map view)
normal faults (e.g., Peacock, 2002; Peacock and Parfitt, 2002;
Tentler, 2005; Fossen and Rotevatn, 2016).

Based on the information above, detailed mapping of the fault
segmentation appears to be of crucial importance to understand
the relationship between dike intrusions and the associated

fracture patterns. Indeed, based on a lower-resolution Bing Map
dataset, Al Shehri and Gudmundsson (2018) suggested that since
the overall strike of the western fault is not parallel to the dike
strike; thus, it could not have formed as a direct consequence
of the 2009 dike intrusion. However, our drone mapping shows
that the apparent overall strike of the western fault is mainly a
result of many offset fault segments where each segment is parallel
to the dike and thus compatible with the expected strike of a
dike-induced fault. In addition, the same authors also suggested
that the dike itself could not account for the formation of new
fractures within the whole northern Harrat Lunayyir and that
an additional influence of the regional extensional tectonics is
required. This implies that the graben formed before the 2009
dike intrusion as a result of the continuous tectonic stretching
of the upper crust (Al Shehri and Gudmundsson, 2018). The
concept of a large deformed area with pre-existing fractures is
supported both by our field observations (Figure 7) and by
the fact that the western faults seem to be longer than what
is visible at the surface (Aboud et al., 2018). However, our
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RegD Os Ps InS Ef RS D

field observations of the reactivated fault plane also suggest
that the last slip event of the western fault (about 1.5 m)
occurred over a short time interval (dike-driven slip), which
is in agreement with the InSAR data that show the whole
fractured area was reactivated during the 2009 event (Baer and
Hamiel, 2010; Jonsson, 2012), thus supporting strong dike -
fault interactions. However, if one dike is not sufficient to form
such a large fracture zone (Al Shehri and Gudmundsson, 2018),
repeated dike intrusions may account for the gradual growing
of the graben and repeated fault reactivation, which would
also explain the higher vertical displacement (Figure 8A) and
longer length (Aboud et al., 2018) of the western fault. This
process is common in slow spreading rifts, where repeated dike
intrusions at depth enhance the graben growth at the surface
by reactivating pre-existing faults and creating new ones (e.g.,
Mastin and Pollard, 1988; Biggs et al., 2009, 2013; Nobile et al.,
2012; Trippanera et al., 2015a,b; Urbani et al., 2015; Wauthier
et al,, 2015; Acocella and Trippanera, 2016; Hjartardéttir et al,,
2016; Ruch et al,, 2016). The presence of several NNW-SSE
aligned eruptive fissures in the Harrat Lunayyir provide further
proof that repeated similar dike intrusions have occurred over
time. From this perspective, the dike opening simulated in
the analog model performed by Xu et al. (2016) may possibly
be associated with the intrusion of a swarm of dikes with
similar geometry, rather than a single dike, which gradually
shaped the asymmetric graben. In addition, a fault slip due
to magma migration at depth during the inter-diking periods
cannot be excluded (Dumont et al, 2017). In this case the
tectonic stretching may have played a key role in creating the
conditions (in terms of strain deficit accumulation) to focus the

dike swarm along the NNW-SSE direction while dike intrusions
may easily reactivate the graben faults and create new fractures
in the nearfield.

In contrast to the western fault, the portion of the eastern
fracture zone covered by our drone survey is composed of
isolated fractures that do not connect different parts of a single
fault. Several isolated NW-SE oriented fractures are also present
to the east of the dike, both to the north and south of our survey
area (Figure 1c). This orientation is comparable with the strike
of regional faults and lineaments (54% of the data N310° % 20°,
or 16% of the data N305° £ 5° considering an area from
23°00'N to 28°00'N; Figures 9G, 10A) of the Najd fault system
affecting the Arabian Shield (Figure la; Moore, 1979; Stern,
1985; Agar, 1987; Sultan et al., 1988; Al-Husseini, 2000; Johnson
and Woldehaimanot, 2003; Bosworth et al., 2005; Stern and
Johnson, 2010) and probably encompassing the Harrat Lunayyir
area (Zahran et al, 2017). This indicates that during the dike
intrusion small patches of pre-existing old structures may have
been reactivated. While at a regional scale these faults are largely
aseismic, some recent activity has been detected close to one such
NW-SE oriented structure ~70 km northwest of Harrat Lunayyir
(Youssof et al., 2018). This suggests that changes in co-diking
stress possibly triggered a slip at depth on old inherited regional
structures, breaching the surface along the NW direction.

Stress Estimation and Fracture

Kinematics
Considering a purely extensional kinematic of the NNW-SSE
oriented structures, the estimated orientation of the present-day
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FIGURE 11 | Kinematic interpretation of the western fault pattern. (a) Fracture pattern (black lines) in map view from the analog model by Xu et al. (2016); dataset
from Corbi et al., 2019 EPOS repository), (b) Schematic figure of the accommodation zone in which o3 can be locally re-oriented at the tips of the overlapping faults.
(c) Horizontal displacement vectors (blue arrows) and fractures (black lines) mapped using INSAR data in the area affected by the 2009 dike intrusion (Jonsson,
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represent the dike parallel faults whereas dashed lines are en-echelon fractures on the oblique segment. (e) Western fault pattern (white line) and topography along
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showing the fault surface rupture across the cone (gray shaded) and the overall o3 orientation.

minimum horizontal compressive stress (03) would be ENE-
WSW (N60° £ 10° considering both fractures mapped from
drone images within the dike-parallel segments and eruptive
fissures and crater rows in the whole Harrat Lunayyir). This
orientation is in agreement with the o3 direction inferred
from focal mechanisms of earthquakes (My 4.0 to M,, 5.4)
that occurred during the 2009 dike intrusion (Figure 9H;
N78° £ 8° in Pallister et al., 2010 and N65° &+ 5° in Al-Zahrani
et al, 2012), and the expected o3 (N70°) for the dike with
N340° orientation (Figure 10B). Moreover, since the age of the

volcanic products in Harrat Lunayyir varies from Tertiary to
Quaternary (Al-Amri et al., 2012), the focusing of the eruptive
fissures and crater rows in the same direction suggests that the
principal stress directions in the area have remained stable for
millions of years.

The angle between the orientation of the dike-oblique
fractures (NW-SE oriented) and the estimated direction of the
03 is 20° - 40°, but not 90° as would be expected for pure
opening kinematics. This suggests that dextral shear stresses
could be present on these dike-oblique fractures (Figure 10B).
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However, in the case of linkage structures, the local stress
field in fault-overlap areas may be rotated (stress heterogeneous
zones), due to the influence of along-strike fault propagation
(Figure 11b; Crider and Pollard, 1998; Rowland and Sibson, 2001;
Fossen and Rotevatn, 2016; Zwaan et al., 2016). Thus, prominent
lateral shear on the oblique fault planes is not required. In
fact, we detected no clear evidence in the field of right-lateral
shear displacement on the oblique segments linking dike-parallel
faults. However, segment H within the central portion of the
western fault (Figures 2, 11c¢) represents a major oblique feature
(~45° from the dike strike) that goes through a silt basin.
This feature expresses a left-stepping en-echelon pattern at a
small scale (Figures 4d,e), similar to that of a pull-apart at an
embryonic stage (Figures 4a,b). Our observations suggest the
presence of some dextral shear motion along this central segment
of the fault; an interpretation that agrees with the horizontal

displacement field derived from the InSAR data (Figures 11c¢,d;
Jonsson, 2012).

We also observed a clear left-stepping en-echelon pattern
where the western fault crosses the monogenic volcanic cone
(Figures 3, 11e). In this particular case, the fault trace in the
map view bends toward the crater rim suggesting an effect of the
topography of the cone (Figure 11f). A similar effect has been
observed both in analog models and in nature; for example, along
the eruptive fissure of Lakagigar (Iceland), the graben induced
by the dike intrusion widens in correspondence with the higher
topography of Laki hill (Figure 11b; Trippanera et al., 2015b) and
no shear is required on these fault planes.

Ultimately, we suggest that the fault pattern of Harrat
Lunayyir is mainly controlled by the present-day stress field
with a o3 oriented roughly ENE-WSW. We suggest that the
fault pattern is also influenced by several local and regional
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factors that are, in order of importance: the depth to the
upper tip of the dike (or dike swarm) (Figure 12); the linkage
between propagating fractures (Figure 11a); the presence of high
topographic areas (Figures 11e,f) and the presence of NW-SE
inherited structures.

Vertical Offsets

The vertical offsets along the western fault are highly variable and
large discrepancies exist between our drone data and the InSAR
derived offsets at several locations (Figure 8A). The origin of
these discrepancies is mainly related to the different spatial and
temporal resolution of the two techniques. While the resolution
of InSAR imaging can reach ~1 m or even better for some
sensors, the data are usually spatially averaged, yielding a final
pixel size of tens of meters that is about three orders of magnitude
larger than that of the drone imagery (a few centimeters).

Thanks to the high resolution of the drone dataset we
revealed that the fault-scarp geometry and its vertical offsets
are highly dependent on the local lithology (Figures 6, 7).
In particular, the higher variability and the largest fault offset
values correspond to lava flows. The morphology of these
flows is usually undulated with small-scale local topography
highs (as suggested by the variable roughness values and high
standard deviation of elevation values; Figures 8C,D), which
can lead to apparent vertical fault offset values that are highly
variable (Tentler and Mazzoli, 2005; Rowland et al., 2007;
Tentler and Temperley, 2007).

Considering the temporal resolution, the InSAR data capture
only the displacement related to the 2009 dike intrusion (i.e., the
changes over days to months) whereas the drone data provide the
current topography and thus, the cumulative vertical offsets of the
fault that is likely related to multiple intrusion events, possible
post-diking deformation and long-term tectonic stretching (Al
Shehri and Gudmundsson, 2018). Our field observations clearly
show that a 3-4 m fault scarp expressed in a lava flow along
the western fault was not formed entirely during the last
intrusion event, but was reactivated during the 2009 intrusion
with additional 1-2 m of slip (Figure 7c). These latter values are
closer to the maximum offset seen in the InSAR data (Pallister
et al., 2010). This observation of fault reactivation has not been
reported by previous studies (Pallister et al., 2010) but it is
in agreement with Al Shehri and Gudmundsson (2018), who
suggested that only the fractures in the very near field of the
2009 dike are newly formed fractures. The evidence of a pre-
existing graben fault, subjected to reactivation, also agrees with
data from seismic sections showing that several buried faults
are present in northern Harrat Lunayyir (Zahran, 2017), and
these faults are arranged in a graben-like configuration with large
vertical offsets.

The inhomogeneity of the lava flows cut by fault throws is
due to a combination of several factors, such as the irregular
surface with blocks of various dimensions, small scale undulation
due to the flow, the presence of pre-existing cooling joints and
the cumulative slip of pre-existing, partially buried, reactivated
faults. In contrast, the unconsolidated deposits are strongly
affected by wind and water erosion, resulting in a retro-gradation
of the fault scarp (Figures 7e,(f) and in an overall flat and

smooth surface, as suggested by the homogeneous roughness
values and the low standard deviation of the altitude (Figure 8).
The drone-derived fault offsets on unconsolidated deposits may
be slightly underestimated after 10 years of erosion compared
to those measured by InSAR in 2009 (Figure 8A). Therefore,
our results suggest a strong interplay between the lithology
and the temporal evolution of displacements in shaping the
fault geometry and producing the final amount of vertical
offset at the surface.

Using high spatial resolution drone images combined with
InSAR data acquired during the 2009 dike intrusion and during
fieldwork, we were able to observe the along fault offset variations
due to the lithology, and to isolate the displacement induced
by a single episode from the cumulative deformation in place
following thousands of years of activity. This study verifies the use
of drones and InSAR as two complementary tools that allow us to
unravel deformation in volcanic areas covering different spatial
and temporal scales.

CONCLUSION

In this work, we performed a drone-based structural mapping
survey to map an extensive dike- induced fault and fracture zone
in western Saudi Arabia. We integrated high-resolution drone
data with classical structural field observations and compared our
results with InSAR data and other regional tectonic information.
The drone survey allowed us to obtain a 3.4 cm ground resolution
dataset, i.e., much higher resolution than that of InSAR, and to
cover larger areas than typically covered by classical fieldwork
alone. The use of drones therefore fills a resolution gap between
field and satellite observations.

By applying our integrated approach to the fractures
induced by the 2009 dike intrusion in the northern portion
of the Harrat Lunayyir volcanic area, we have reached the
following conclusions:

e The fracture pattern induced by the 2009 dike intrusion
has two dominant structural orientations consisting of
dike-parallel (NNW-SSE: ~N330°) and oblique segments
(NW-SE: ~N300°).

e The NNW-SSE dike-parallel segments represent the
main tectono-magmatic deformation trend in the Harrat
Lunayyir area, indicating that o3 is oriented WSW-ENE
(~N70°E).

e The NW-SE oblique segments are accommodating zones,
allowing a soft linkage between spatially shifted NNW-SSE
segments, whose shifts are due to differences in dike depth
along its strike.

e The possibility that inherited regional NW-SE oriented
structures were reactivated by the dike intrusion
cannot be excluded.

e The 2009 dike intrusion induced a fault slip of up to 1.5 m
on the western fault. Cumulative slip on reactivated faults
was detected in several places and was found to be as large
as ~4 m, indicating that the fault zone has been activated in
multiple rifting events in the past.
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FIGURE S5 | Map of sampled areas used to calculate the roughness and the
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