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\bstract

At mature magma-rich continental rifts, extension focuses along discrete axial segments
vhere magmatism and diking are important in accommodating plate divergence. However, the role
of magma in influencing the deformation at rift-rift offsets is still unclear as direct observations are

are. Here we exploited high-resolution Pléiades-1 tri-stereo imagery to produce the first 1 m DEM
cf the Afrera Plain linkage zone between the Erta Ale and Tat Ali magmatic segments in Northern
sfar. We carried out a detailed structural analysis of both tectonic and magmatic features in the area
#nd observed different trends and kinematics of these features. Magmatic features at Afrera strike
N160°£5°E, similar to the Erta Ale segment and perpendicular to the extension direction. Conversely,
tectonic features fall into two families of ~NW-SE- and ~NS-striking oblique faults with right-lateral
.nd left-lateral components, respectively, as shown by Riedel shears. We interpret the extension
Jirection of tectonic features using observed opening of fractures, previous seismic and INSAR-based
fault models, and from that expected for the mapped conjugate fault pattern. While the results show
scatter in the range of N46°E to N68°E, it is similar within error to the regional extension direction.
“he simplest model that explains our data is that in the linkage zone there is both extensional and
shear strain. The dikes accommodate only extension while conjugate oblique faults accommodate
xtension and shear strain. Our study shows that both magmatism and faulting are important during

egment interaction and linkage.

“'lain Language Summary

When two tectonic plates separate the lithosphere extends through the intrusion of molten

ack (magma) rising from depth and with brittle faulting occurring in the upper crust. As extension
proceeds, the magma emplacement focuses in ~50-100-km long, and tens-of-km wide linear segments
nagmatic segment) of the rift valley floor, with a sideways step (lateral offset) commonly present
in-between adjacent segments. However the style of faulting and the role of magmatic activity in
1fluencing the deformation in the lateral offsets between magmatic segments is not well understood.
In this study we addressed this open question by creating high resolution combined three-
tridimensional models of the Earth surface and interpreting it with high-resolution satellite images.
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that two different types of co-existing deformation can be accommodated by either magmatic and or

non-magmatic processes.
Key Points

e We carried out a detailed structural analysis of the Afrera Plain linkage zone using 1m DEMs
obtained from tri-stereo Pléiades-1 imagery.

e Dikes and faults are coeval and both accommodate strain in the linkage zone.

e Diking accommodates pure extension, while conjugate faults accommodate both shear and

extension during rift-rift interaction.

1. Introduction

In mature magma-rich continental rifts, plate divergence mainly occurs in a narrow zone of
the rift valley floor as a series of discrete magmatic segments where magmatism and faulting are the
main mechanisms to accommodate the lithospheric extension (Hayward & Ebinger, 1996; Buck,
2006; Rowland et al., 2007; Keir et al., 2009). Extension in the magmatic segments commonly
manifests through recurrent single dike intrusions (e.g., Nobile et al., 2012; Xu et al., 2017; Moore et
al., 2019), and also through major diking episodes in which cubic kilometers of magma are emplaced
in tens-of-kilometers-long crustal portions (e.g., Einarsson & Brandsdottir, 1979; Grandin et al.,
2010; Wright et al., 2012; Sigmundsson et al., 2015). Such major events occur within ~102-10° year-
long cycles, including co-diking, post-diking and inter-diking phases (Wright et al., 2012; Pagli et al.,
2015).

As extension proceeds, adjacent magmatic segments interact through linkage zones that are
thought to potentially evolve to form oceanic transform faults once continental breakup occurs
(Manighetti et al., 2001; Corti, 2012; Brune etal., 2017; Doubre et al., 2017; Le Pourhiet et al., 2017,
IlIsley-Kemp et al., 2018; Pagli et al., 2018). However, the kinematics of faulting and rift-rift
interaction, along with the magmatism in linkage zones is debated, as is how tectonic and magmatism
interact in space and time. Previous studies have documented the occurrence of magmatism at linkage
zones along the East African Rift, such as in Central Afar, in the Kivu-Rusizi rift and the Rungwe
Volcanic Province (Ebinger, 1989; Ebinger et al., 1989; Acocella, 2010), in the Basin and Range
province (Faulds & Varga, 1998), but also along the Mid-Atlantic Ridge (Koopmann et al., 2014). It
was proposed that the presence of magma may favor the propagation and linkage of two graben-like
structures (Faulds & Varga, 1998). Alternatively, numerical models by Koopmann et al. (2014)

showed that a delay in the onset of extension may promote mantle decompression between two rift
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segments and the generation of magma at the linkage zone. Analog models by Corti et al. (2002,
2004) instead suggested a mutual relationship between magmatism and tectonics at linkage zones
with magma controlling the distribution of deformation and faulting influencing the pathways of

magma migration to shallow crustal levels.

In this study, we focused on the Afrera Plain, the offset between the two active magmatic
segments of Erta Ale and Tat Ali, in Northern Afar (Figure 1). Previous studies combined structural
data with InSAR and seismicity observations to show that the Afrera Plain is a right-lateral linkage
zone accommodating deformation mainly through a system of NS-striking, oblique left-lateral faults
(Figure 1c) (La Rosa et al., 2019, 2021). The existence of a minor conjugate population of oblique
right-lateral faults was also inferred on the basis of previous seismicity observations (llisley-Kemp et
al., 2018; La Rosa et al., 2019). INSAR time-series showed that faults at the Afrera Plain have varying
fault behavior encompassing stick-slip with My > 5 earthquakes and creep accompanied by minor
seismicity (La Rosa et al., 2021). Such behaviors were interpreted as influenced by the presence of
magma and hydrothermal fluids below the Afrera Plain (La Rosa et al., 2021). Magmatic activity in
the area is also suggested by the presence of eruptive fissures and recent lava flows close to active
faults. However, how strain is accommodated by intrusions and by faulting remains poorly

investigated.

Here, we address this question by carrying out detailed mapping of the tectonics and magmatic
structures of the Afrera Plain using very high-resolution Pléiades-1 satellite imagery. We combined
tri-stereo panchromatic Pléiades-1 images of the AP to produce a high-resolution (1 m) Digital
Elevation Model (DEM) of the study area. The dataset enabled us to map tectonic and magmatic
structures of the Arera Plain to an unprecedented level of detail, and to apply quantitative analyses to
our results. For the first time, we were able to solve for geometry, throws and kinematics of faults
and fractures across the study area. We also measured opening directions across tectonic fractures
and dike-related extension directions to understand whether and how the strain field varied. We find
that the strain is accommodated by intrusions with a ~N65°E extension direction and by conjugate
oblique faulting with extension varying between N46°-N68°E. We favor the interpretation that the
scatter in fault recorded extension is due to natural variability, and that dikes and faults form in the
same strain field. In this scenario the dikes take up extension and the oblique slip faults take up
extension and the shear strain consequent of rift segment link. We also discuss the implications of

interpreting the rotation of strain through time.
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2. Geological and Tectonic Setting

Since ~30 Ma, the Red Sea, the Gulf of Aden and the Main Ethiopian rifts have been
accommodating the plate divergence of Nubia, Arabia and Somalia (Figure 1a). These three rift arms
meet today in the Afar Depression to form a rift-rift-rift triple junction (Barberi & Varet, 1970;
Manighetti et al., 1998; Beyene & Abdelsalam, 2005). During the last 11 Ma, the southward
propagation of the Red Sea rift in Northern Afar led to the separation of the Danakil Block and the
rotational opening of the Danakil Depression (e.g., Eagles et al., 2002; McClusky et al., 2010; Zwaan
et al., 2020). Starting from the Quaternary, plate divergence in Afar is mainly accommodated along
a series of en-echelon magmatic segments where extension occurs through dominant magmatic
activity characterized by diking episodes, volcanic eruptions and minor faulting in the upper crust
(Hayward & Ebinger, 1996; Buck, 2006; Rowland et al., 2007; Barnie et al., 2016, Tortelli et al.,
2021). The axial zone of magmatic segments along the Danakil Depression mostly define an axial
high topography (e.g. Pagli et al., 2012). The magmatic segments are bounded on both sides by
conjugate systems of normal faults getting younger near the segment axis and develop a graben-like

structure similar to those observed at slow-spreading mid ocean ridges (Barberi & Varet, 1970).

Horizontal GPS velocities measured in Northern Afar during 2001-2016 show that the
ongoing separation of the Danakil Block has a mean direction of ~N60°E, with velocities
progressively increasing southward, from ~10 mm/yr at latitude N14.5° to ~16 mm/yr at latitude
N12.7° (McClusky et al., 2010; Viltres et al., 2020). In Northern Afar, the opening of the Danakil
Depression is accommodated by two main axial magmatic segments: The Erta Ale and the Tat Ali.
The Erta Ale segment is ~125 km long and strikes in a NNW-SSE direction, from the Dallol salt
plain, at latitude ~N14.3°, to the Afrera Plain, at latitude ~N13.3° (Barberi & Varet, 1970). The
segment is characterized by a series of axial volcanic centers whose shallow, < 3 km depth, magma
chambers fed the recent diking events at Dallol and Erta Ale in 2004 (Nobile et al., 2012; Barnie et
al., 2016; Battaglia et al., 2021) as also the last eruptions at Alu-Dalafilla and Erta Ale of 2008 and
2017, respectively (Pagli etal., 2012; Xu et al., 201; Moore et al., 2019; Battaglia et al., 2021). Besides
these recent episodes, the lava flow record shows that fissural eruptions have previously occurred
along fractures and vents near the axis of the magmatic segments (Barberi & Varet, 1970; Acocella,
2006, Waitts et al., 2020).

The Tat Ali segment is left-stepped with respect to the Erta Ale segment, it extends for ~60
km and hosts the main Tat Ali volcano (Figure 1). Similar to the Erta Ale, the Tat Ali segment shows
normal faults, axial volcanoes and eruptive fissures (Barberi & Varet, 1970). Unlike the Erta Ale

segment, the trend of the Tat Ali segment changes from NW-SE north of the Tat Ali volcano to NNW-
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SSE south of it, resulting in an arcuate shape of the segment (Figure 1a). Furthermore, south of
~N13.1°, the faults split into two main families trending NS and NE-SW, respectively (e.g., Barberi
& Varet, 1977; Schaegis et al., 2021). The latter trend has been proposed to be associated with a left-
lateral linkage zone developing south of the Afdera volcano and transferring the displacements from
the Tat Ali segment to the right-stepped Dabbahu-Manda-Hararo segment to the south (Figure 1a)
(Barberi & Varet, 1977; Muluneh et al., 2013; Schaegis et al., 2021).

The Afrera Plain is a ~20-km-wide zone where the Erta Ale and Tat Ali segments overlap.
This area hosts an hypersaline lake fed by hydrothermal springs, known as Lake Afrera (Bonatti et
al., 2017). The whole area is below sea level (b.s.l), with the lowest elevation of ~190 b.s.| recently
measured at the lake floor (Schaegis et al., 2021). To the west, Lake Afrera is bounded by a salt plain
hosting evaporitic, lacustrine and marine deposits (0.006-0.025 Ma) (Barberi & Varet, 1970; Barberi
et al., 1972). North and east of the lake, Quaternary (< 1.2 Ma) basalts and picritic basalts resulting
from subaerial eruptions are also observed (Barberi & Varet, 1970; Barberi & Varet, 1972). To the
north, the basalts are dissected by systems of fractures and oblique faults accommodating the right-
lateral shear between the two magmatic segments (llIsley-Kemp et al., 2018; La Rosa et al., 2019),
while the eastern lake’s shore is controlled by a system of W-dipping normal faults (Bonatti et al.,
2017).

Recent INSAR and seismicity at the Afrera Plain provided a picture of the ongoing strain
showing that NS-striking faults with oblique left-lateral slip accommodate most of the right-lateral
shear (Figure 1c¢) while a conjugate fault system of NW-SE-striking oblique, right-lateral faults was
also inferred from seismic observations (llisley-Kemp et al., 2018; La Rosa et al., 2019). Recently,
echo-sounding measurements below Lake Afrera by Schaegis et al. (2021) also showed the presence

of systems of NS- and NW-striking faults, similar to those observed to the north.

3. Methods

We produced a high-resolution topography dataset of the Afrera Plain by applying photogrammetry
techniques on tri-stereo satellite imagery. The dataset has been then used to map manually tectonic
and magmatic structures in the study area and carry out an analysis of their geometry and kinematic

indicators.

3.1 DEM processing
In 2020 we tasked acquisitions of panchromatic (0.5 m resolution) and multispectral (2 m
resolution) imagery by the Pléiades-1 satellites of an area encompassing the Afrera Plain and its

connection to the Erta Ale and Tat Ali segments. The Pléiades-1 satellites made three separate
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adjacent acquisitions to cover the area, between August and September 2020 (Figure 1b). All the
acquisitions were obtained under excellent weather conditions (100% cloud-free) and in tri-stereo
allowing for three quasi-simultaneous images (triplet) of the same area from three different incidence
angles: a forward-looking (FL, average incidence angle 6.2°), a quasi-nadir (QN, incidence angle
1.6°) and a backward-looking (BL, incidence angle -6.3°) image (Gleyzes et al., 2012). Each triplet
was combined through photogrammetric processing to derive three 1 m resolution DEMs.

We used the Geomatica Banff OrthoEngine software (PCl Geomatics, e.g., Toutin & Cheng,
2002) to derive the DEMs from the panchromatic Pléiades-1 triplets (here referred to as T01, T02 and
TO3) (Figure 1b). The alignment of the triplets is a key step in the DEM extraction as precise image
overlap is necessary to obtain accurate tridimensional information of the Earth surface. For this step,
we used tie points (TPs) — the same feature identifiable in the different images. We identified a total
of 411 TPs over the whole study area: 92 TPs in T01, 101 TPs in T02 and 218 TPs in T03. The
horizontal shift between images calculated at the TPs has an average Root Mean Square (RMS) misfit
of < 0.09 pixels for TO1 (~ 0.05 m), < 0.1 pixels for T02, , and 0.2 pixels for TO3 (Text S1).

We generated three DEMs (Dataset S1) for each triplet using the image pairs FL-QN, QN-BL
and FL-BL. The three DEMs were processed with a sampling interval of 0.5 m and then stitched
together to extract a final DEM with resolution of 1 m. The residual artifacts (bumps and pits)
affecting the areas covered by sands were filtered out manually through a series of cascade spatial
filters with progressively decreasing window size (from 23 to 7 pixels) and gradient (from 15° to 5°)
(Figure Sla, b). As a last step, the Afrera lake was masked as artefacts occurred over the water surface
(Figure Slc, d). Finally, the three original QN panchromatic images were orthorectified and used

together with the derived DEMs to map the structures of Afrera Plain.

3.2 DEM Analysis

We manually mapped tectonic and magmatic features with ArcGis Pro. The majority of the
mapping was carried out using the novel Pléiades-1 dataset, but we completed the mapping on the
parts of the segments that were not imaged by Pléiades-1 (Figure 1b) using the 1 arc-sec (30 m)
Shuttle Radar Topography Mission (SRTM) DEM (Farr et al., 2007) and the SPOT (From French:
Satellite pour I' Observation de la Terre) Imagery (2.5 m). We use this low-resolution dataset just to
map faults with clear scarps and other features that were partially covered by the Pléiades-1 dataset.
We used the Pléiades-1 DEMs to calculate maps of the slope and topographic profiles for mapping
structures. Then we used DEMs together with panchromatic images to record the morphology,
geometry, and vertical displacement (throw) of the structures (e.g., Wilson et al., 2007; Bubeck et al.,

2018; Tibaldi et al., 2020). We divided our study area into three main domains: The southern Erta
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Ale segment, the northern Tat Ali segment and the Afrera Plain (Figure 1b) as previously done by La
Rosa et al. (2019) . For all the structures, we produced length-weighted rose-diagrams of the strikes

(measured tip-to-tip) to solve for the dominant trends in the different domaines.

Faults were mapped on the basis of the presence of a topographic scarp highlighted by the
slope layer. Faults were also inferred where monoclines and Riedel structures at the surface indicated
the presence of a buried fault (e.g., Holland et al., 2006; Dooley & Schreurs, 2012; Bubeck et al.,
2018). Fault scarps were grouped into W-SW-dipping and E-NE-dipping. Buried faults were mapped

separately as we could not constrain their dip.

Secondary faults can develop at the tips, but also at the footwalls and hanging-walls of major
faults and they may be differently oriented due to local perturbation of the regional stress field during
the growth of the major faults along which they form (e.g., Kim et al., 2004; Holland et al., 2006).

Therefore, we mapped secondary faults separately.

Linear structures that were visible in the panchromatic images but lack a measurable throw in
our DEMs were classified as fractures. We excluded from our mapping fractures at the footwalls of
fault scarps, as they could be caused by gravitational motions rather than by tectonics (Tibaldi et al.,
2020). We assumed fractures to be caused by horizontal displacements (extension, shear or mixed
mode), yet we cannot exclude that some of the fractures have some vertical displacement, not
measurable at the resolution of our DEMs.

Regarding the mapping of magmatic features, we looked for distinctive structures at the
surface that indicate mdike intrusion in the shallow crust. In particular, dikes propagating through the
crust are known to generate graben-like structures with a depressed axial region bounded by normal
faults and uplifted flanks (e.g., Holland et al., 2006; Grandin et al., 2010; Trippanera et al., 2015a,
2015b). When a dike reaches the surface forming an eruptive fissure, lava-flows and often alignments
of vents occur. We thus mapped alignments of vents and fractures with lava flows as eruptive fissures.
Furthermore, faults and fractures spatially associated with volcanic structures, e.g. vents forming

along faults, or fractures forming along eruptive fissures, were classified as dike-induced.

In summary, we created six classes for the tectonic structures: E-NE-dipping faults, E-NE-
dipping secondary faults, W-SW-dipping faults, W-SW-dipping secondary faults, faults with no dip,
and fractures. Magmatic structures were instead grouped in three classes: Eruptive fissures, dike-

induced faults, and dike-induced fractures.
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We finally investigated the kinematics of the tectonic structures in the Afrera Plain by
collecting kinematic indicators across both faults and fractures. For the faults, we analyzed patterns
of secondary features, such as shallow splays, fracture systems and monoclines, to determine the
sense of slip and the direction of propagation of the fault rupture. For fractures, we measured the
opening directions using the Pléiades-1 orthoimages by matching pairs of asperities on both sides of
fractures (Acocella et al., 2000). This method is widely used in the field (e.g., Acocella & Korme,
2002; Gudmundsson, 2003; Tentler, 2005; Tibaldi et al., 2016; Bubeck et al., 2017) but recent studies
showed that it can be successfully applied on high-resolution satellite and airborne imagery (e.g.,
Trippanera et al., 2015; Trippanera et al., 2019; Tibaldi et al., 2020). Following similar previous
works (Acocella et al., 2000; Trippanera et al., 2019; Tibaldi et al., 2020) we took a series of
precautions to avoid misleading observations. In particular, we measured opening directions in flat
areas far from the fault scarps to avoid any effect of local gravitational motions, and we avoided
measurements at the fractures tips as rotations can occur between interacting fractures (Tibaldi et al.,
2020). When possible, we made multiple measurements along the same fracture to get statistically
meaningful values, and we avoided funnel-shaped fractures as this morphology could result from
collapses of the fracture walls (Tibaldi et al., 2020). Finally, we checked the reliability of our of
satellite imagery mapping by comparing remotely collected measurements to those collected in the
field (La Rosa et al., 2019).

4. Results

Using our high-resolution Pléiades-1 dataset, we mapped 8278 tectonic and magmatic features
within the southern Erta Ale segment, the northern Tat Ali segment and Afrera Plain (Figure 2). Here
we will present the results of the structural mapping by describing quantitative and qualitative
observations for these three areas separately. In the following analysis, we report the 95% confidence

interval for each average strike we calculated throughout the study area.

4.1 Southern Erta Ale

A total of 2511 tectonic and magmatic features were mapped at the southern tip of the Erta
Ale segment (Figure 3). Magmatic features are mainly focused on a 2-4 km-wide axial region where
dike-fed eruptive fissures and lava flows mark the locus of the recent-most magmatic activity. These
features occur over a progressively wider area moving northward, toward the Hayli Gubbi volcano.
The major eruptive fissures have a length between ~0.5 and ~1.5 km with vents aligned along the
axis and in some cases hosted within narrow, 10-40 m-wide, grabens (Figure 3 b, h-1, Figure S2 and
S3). Larger grabens (> 200 m-wide) are found where recent lava flows are observed flowing out from

fractures at both graben axis and flanks (Figure 3c and S3b). Overall, long eruptive fissures with vents
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alignments are just a small percentage of the whole population. Instead, ~92% of the eruptive fissures
originate from short separate (< 0.5 km) fractures. Irrespective of the varying length and morphology

of magmatic structures, all of them show a similar strike of N157°+3°E.

Tectonic features bound the axial portion of the Erta Ale segment on both sides with normal
faults having lengths > 4 km and maximum throws of ~15 m. Faults have dips of 65°-85°
southwestward-directed on the eastern side and northeastward-directed on the western side of the Erta
Ale segment. All faults show a consistent N157°+3°E strike, very similar to the magmatic structures

on the axis (Figure 3).

4.2 Northern Tat Ali

At the north-western portion of the Tat Ali segment, we mapped 719 tectonic and magmatic
features (Figure 4). Tectonic features are dominant with 717 faults and fractures while we observed
magmatic features only in the southern portion of the study area. Magmatic features consist of a
series of vents aligned in a N145°E direction and cut by a SW-dipping normal fault. Few major
eruptive fissures were also mapped outside the Pléiades-1 dataset using the lower resolution dataset.
We point out that our observation of dominant tectonic features is restricted to the area covered by
the Pléiades-1 dataset as vent alignments and fresh lava flows are also observed east and south of this

area (Figure 4a, b). Yet the resolution of the ancillary dataset does not allow for a complete mapping.

In the area covered by Pléiades-1, tectonic features show a homogenous distribution and
orientation with 2-4 km-long normal faults striking ~N147°+3°E (Figure 4c-¢). The interplay between
SW- and NE-dipping faults creates hundreds-of-meters-large grabens hosting secondary faults, recent

sediments and lava flows (Figure 4 a, b).

Part of the recent sediments are associated with ephemeral river networks that are observed
flowing northwestward and following the regional decrease in elevation along the major axis of the
magmatic segment (Figure S2 and S4a). The sedimentary processes also occur at the northern
termination of the Tat Ali segment where eolian sediments and dunes cover almost all the basaltic
bedrock (Figure 4a).

Several generations of lavas are also observed flowing northwestward and partially filling the
tectonic grabens (Figure 4a and S4a). A structural control over the direction of lavas is evident where
the fault scarps act as a barrier for the flows, favoring the formation of lava channels (Figure 4a,b and
S4a). Here, fractures within the lavas striking parallel to major faults are observed to form due to
differential flows between the internal hot and the external cooler portions of the same lava flow
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(Figure 4b and S4a) (e.g., Wentworth, 1954; Cashman et al., 2013; Calvari, 2019). The channels are
also locally characterized by levée structures forming right above fault-controlled topographic highs
(Figure S4b). Where lavas overcame the fault scarps, the flows bifurcated and moved west-
southwestward following a secondary decrease in elevation controlled by the fault motions (Figure
4b and S4c).

The above-mentioned erosional, sedimentary and volcanic processes modify the original fault
morphology at the surface, preventing an accurate estimation of the faults’ dip angles and throws in
most of the area. However, where the fault scarps are neither eroded nor partially covered, they are
steep (~75°) and reach throws of ~30 m. While the two fault families have comparable lengths (Figure
4c, d), the highest throws were measured along SW-dipping faults with maximum values observed
along the shores of the Afrera Lake where such structures mark the strongest decrease in elevation
and control the evolution of the eastern shore of the lake.

4.3 The Afrera Plain

Mapping at the Afrera Plain revealed the presence of 4915 tectonic and magmatic features
(Figure 5a). These features are not homogeneously distributed over the Afrera Plain yet zones of
intense faulting, fracturing and magmatism can be observed to be separated by areas with minor
deformation. A striking characteristic is the presence of a main system of faults, fractures and dike-
related structures between longitudes E40.82° and E40.92°, where ~70% of the features mapped in

the Afrera Plain are present.

Magmatic activity in the Afrera Plain is observed in three main distinct areas. The first area
is located at latitudes between N13.34°-N13.41° where a volcanic field covering a ~32 km2-wide area
shows dark lava flows (Figure 5a). Here, lava flows are fed from eruptive fissures striking in a
N160°+5°E direction (Figure 5a, g-i), similar to the trend measured at the southern Erta Ale segment.
Most of the eruptive fissures are located within a half-graben, bounded to the west by an east-dipping
normal fault (Figure 5, 6). At the surface, this fault is characterized by a continuous monocline
structure (Figure 6). Local breaches in the monocline highlight a topographic scarp with dip angle of
~50° and throws of ~14 m (Figure 6b). The second area is located further to the north, where a NNW-
striking, WSW-dipping fault scarp, with throws > 30 m, dissects a series of vents and generates a
half-graben structure hosting eruptive fissures that strike in the same NNW direction (Figure 5 and
S5). Finally, further to the west (N13.40°-13.45°, E40.81°-40.85°), ~NS alignments of vents highlight
another area of intense volcanic activity. Here, lavas are observed to have flowed eastward, forming

the basaltic host rock where systems of young faults and fractures develop (Figure 5a).
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Beyond the areas of focused magmatic activity, a central fault system at the Afrera Plain
(Figure 5a) displays dominant tectonic features. By simply distinguishing between E-NE-dipping and
W-SW-dipping faults, the weighted rose-diagrams show two main structural trends in the area (Figure
5 a, c-e). The first trend is represented by the E-NE dipping faults which have an average strike of
N163°+ 10°E, similar to that shown by the magmatic features elsewhere in the area. These faults are
well developed, with maximum lengths and throws of ~4 km and 20 m, respectively (Figure 5c).
Among them, the longest faults strike ~NS, some of which were responsible for the My 5 earthquakes
that occurred at Afrera Plain (La Rosa et al. 2019, 2021). The ~NS-striking faults are observed to
either develop as individual segments or form part of a more complex network. In particular,between
N13.41°-N13.46, left-stepping, NS-striking faults interact, creating a ~4km-long, 2km-wide, pull-
apart basin with an architecture compatible to a left-lateral trans-tensional kinematics (Figure 5a, S2
and S6)) (Dooley & Schreurs, 2012). Here, the internal S-shaped faults result from the growth of

fractures and short fault segments that flip the dip-direction as they propagate to link (Figure 5a).

The second trend is represented by the W-SW-dipping faults which show an average strike of
N153°+4°E (Figure 5d). Although higher in number, such faults are shorter, with a maximum length
of ~2 km. Moreover, ~60% of the fault population consists of short segments forming within the pull-
apart basin (Figure S6). In other cases, such faults are arranged in conjugate systems with E-NE-

dipping faults.

The two structural trends can be also recognized in the rose-diagram of faults without clear
dip, likely due to the presence of both W-SW- and E-NE-dipping faults in this feature class (Figure
5e). In the Afrera Plain, the 50% of the faults without a clear dip have been mapped to the west in an
area at the interaction with the Erta Ale segment (N13.43°-13.50°, E40.76°-40.80°) (Figure 5). Here,
the faults are arranged in a conjugate system with monoclines and shallow splays resulting from

ruptures at depth that highlight structures with maximum lengths of ~4 km.

We analyzed patterns of fractures and splays along individual fault segments to determine
their sense of slip (Figure 7). The analysis revealed the presence of Riedel structures that usually form
above buried faults with a strike-slip component (e.g., Dooley & Schreurs, 2012). In detail, the ~NS-
striking faults developed systems of overlapping left-lateral R shears, right-stepped by synthetic P
shears with the same kinematics. Such a setting indicates the presence of a fault having a strike-slip
left-lateral component (Figure 7a-c, S2 and S7). We also observed horse-tail type fractures at the fault
tips which are compatible with the same kinematics (Figure S7). Riedel structures are also observed
along NW-striking faults but indicating an opposite sense of slip, namely right-lateral (Figure 7d-f,
S2 and S8). In detail, overlapping R shears with right-lateral slip are left-stepped by synthetic P
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shears. In some cases, restraining bends at the tips of the R shears also form clear push-up structures
elongated in the same direction of the buried fault (Figure 7). Some R shear is also characterized by
a normal dip-slip component (Figure S2 and S9), as predicted to form in trans-tensional settings by
analog models (Dooley & Schreurs, 2012). Figure 7 and S9 clearly show how ~NS- and NW-striking

faults represent a conjugate setting.

At the main central fault system of the Afrera Plain, we also made 46 measurements of
opening direction along fractures systems. From north to south, the fractures open with a direction
ranging between N45°E and N90°E (Figure 8). Fractures opening in a similar direction do not cluster
in specific areas, yet the measured values are randomly distributed across the whole fault systems.
Overall, the fractures open with an average direction of N56°E and with the majority showing a
N45°E direction (Figure 8). Furthermore, the fractures open orthogonal to their direction (pure
extension) but in few cases we also observed an oblique opening indicating a shear component. The
measured opening directions fit well the extension directions calculated from the INSAR models of
both co-seismic and time-progressive displacements by La Rosa et al. (2019, 2021) (Table S1).
Additionally, our measurements are compatible with both the left-lateral slip observed at the ~NS-

striking faults and the right-lateral slip along the NW-striking faults.

5. Discussion

In this study we used a high-resolution Pléiades-1 dataset to carry out a detailed mapping and
structural analysis of tectonic and magmatic features at the Afrera Plain linkage zone as well as at the
southern tip of the Erta Ale segment and the northern tip of the Tat Ali segment. Measurements of
main tectonic and magmatic trends, along with measurements of fractures opening directions.
provided new insights on the fault geometry, kinematics and the relationships between tectonics and

magmatism in a linkage zone between two magmatic segments.

The majority of features mapped at the southern tip of the Erta Ale segment are magmatic
with evidences of recent-most activity observed in the axial zone (Figure 3). Eruptive fissures and
dike-related narrow grabens are the expression of this magmatism indicating that diking is important
in accommodating extension in the area. These results are in agreement with the general models of
mature rift systems where extension is mainly accommodated along axial magmatic segments through
magmatic activity and associated minor faulting (e.g., Hayward & Ebinger, 1996; Buck, 2006;
Rowland et al., 2007; Keir et al., 2009). The narrow zone of magmatic activity is bounded on both
sides by normal faults that shape the typical axial graben morphology observed elsewhere at
symmetric spreading centers (e.g., Rowland et al., 2007; Ebinger et al., 2010). In topographically flat

areas dikes have been demonstrated to be emplaced orthogonally to the extension direction (e.g.,
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Nakamura, 1977; Rubin & Pollard, 1988; Acocella & Neri, 2009). Accordingly, being the surface
expression of dike emplacement, the orientation of the magmatic features can be used to retrieve the
direction of extension at the southern tip of the Erta Ale segment. In particular, considering the
N157°+£3°E direction measured for the eruptive fissures (Figure 3f-h), the extension is N67°+3°E
(Figure 9a and b). This value is consistent with the N65°E-oriented plate extension observed by GPS
measurements (Viltres et al., 2020), and also consistent with that derived by inversion of regional

focal mechanism data (Zwaan et al. 2020).

In the area covered by Pléiades-1, the northern tip of the Tat Ali segment is characterized by
dominant tectonic features with systems of SW- and NE-dipping normal faults having a very
homogenous N147°£3°E trend (Figure 4 and 9). The same trend is shown by the eruptive fissures
mapped in both the Pléiades-1 and the ancillary low-resolution datasets. This trend is rotated 10°
counterclockwise with respect to that measured at the EA segment, suggesting a different direction
of extension in northern TA (Figure 9). Using the same approach adopted for the EA, we can infer an
extension in northern Tat Ali oriented N57°+3°E (Figure 9d). Clearly, this direction is orthogonal to

tectonic features as well, suggesting they accommodate a pure normal dip-slip.

The structural mapping at the Afrera Plain highlighted three main zones of magmatic activity
at the center of the plain (Figure 5a). Here, eruptive fissures and dike-related faults have the same
trend as those at the Erta Ale segment indicating the same extensional regime. Dark basaltic lava
flows suggest that the recent-most fissural eruptions occurred in the south-central portion of Afrera
Plain. These recent eruptive fissures are hosted within a half-graben controlled by east-dipping
normal faults. An interplay between faulting at the flanks and magmatism at the center of the half-
graben is evident where vents form on both sides of the walls. This is also supported by the
observation of the fault cutting the older lavas but acting as a barrier for the recent-most ones (Figure
6a). In some cases, the recent lavas are also locally fractured above the scarp, likely indicating partial
reactivation of the fault after their emplacement. In the Afrera Plain, where evidence of dike
emplacement exists, the morphology of dike-related faults is characterized by monocline structures
indicating a fault nucleation above the intruding dike and an upward propagation of the rupture
(Figure 5b and 6) (e.g., Holland et al., 2006).

An important result of this study is the retrieval of the geometry and kinematics of tectonic
features in the Afera Plain (Figure 9). We observed a conjugate system of N163°+10°E striking, left-
lateral oblique faults and N153°+4°E striking, right-lateral oblique faults. Among the tectonic
features, the former fault family also shows major ~NS-striking faults and previous INSAR studies

indicate they currently accommodate most of the displacement in the area through oblique left-lateral
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slip (La Rosa et al., 2019, 2021). The detailed analysis of kinematic indicators also revealed the
presence of horse-tail type fractures and Riedel shears along NS-striking faults compatible with a left-
lateral slip component that confirm the previous INSAR observations. In the Afrera Plain, low
magnitude earthquakes with focal mechanisms indicating oblique right-lateral slip were also observed
during 2011-2013 (llisley-Kemp et al. 2018). Riedel shears at the surface confirm that such structures
represent a conjugate fault population and have oblique right-lateral kinematics (Figure 7, S8 and S9)

in agreement with the focal mechanisms provided by IlIsley-Kemp et al. (2018).

We observed a similar setting of conjugate faults further to the NW, at the interaction between
the Erta Ale segment and the Afrera Plain (Figure 7). Here, some faults display clear throws and dip
directions compatible with a normal component yet we also identified Riedel shears with the opposite
sense of motion, similar to those characterizing the conjugate faults at the center of the Afrera Plain
(Figure 5a, S8 and S9). While the fault pattern is fairly complex, the kinematics and orientations of
the conjugate faults can be interpreted as broadly consistent with the same ~N65°E horizontal
extension recorded in the magmatic features at the Erta Ale segment and the Afrera Plain (Figure 9).
For example, assuming the N163°+10°E striking left-lateral oblique faults and N153°+4°E striking
right-lateral oblique faults as a conjugate pair, yields ~N68°E extension.The measurements of
fractures opening directions collected across the whole main central fault system scatter around an
average N56°E direction. Additionally, previous INSAR models of fault displacements show that the
major faults at the Afrera Plain are characterized by an extension direction that varies between
~N46°E and ~N68°E (La Rosa et al., 2019, 2021).

The various structural and geodetic indicators, therefore, show extension in the Afrera linkage
zone in the range of ~N46°E to N68°E, a scatter that can be explained by the natural variability of
fault strikes and slip sense due to factors such as rock anisotropy, and the local stress deflections and
fault block rotations common in linkage zones (e.g., Corti et al., 2003; Muirhead et al., 2015). An
interpretation that the dikes and faults form in the same strain field implies that they can be coeval,
with dikes accommodating extension and the oblique slip faults accommodating extension and the
shear strain. The tectonic interpretation and scatter of structurally recorded extension directions would
be similar to other studies made across the East African Rift by Muirhead et al., (2015) and in Iceland
by Tentler (2005) where dikes and faults orientations have been shown to joinly respond to the

regional strain fields but also to their local perturbations at rift linkage zone.

An alternative scenario would imply the dikes and faults as being non-coeval. In this case, the
dikes would have formed earlier compared to faults, which have then progressively accommodated

the linkage between the Erta Ale and the Tat Ali segments with counterclockwise rotations, producing
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the wide range of interpreted extension directions that are biased in a counter-clockwise sense. In
literature, analog and numerical experiments, as well as field surveys have shown that rotations of
strain field can occur as a result of the mechanical interactions between adjacent magmatic segments
(e.g., Rowland & Sibson, 2010; Morley, 2010; Muirhead et al., 2015; Bubeck et al., 2017; Molnar et
al., 2017; Glerum et al., 2020; Zwaan & Schreurs, 2020: Neuharth et al., 2021). Similar block
rotations have also been suggested by Muluneh et al. (2013) to occur further south in Afar, at the
interaction between the Dabbahu-Manda-Harraro and Tat Ali segments. In the Reykjanes Peninsula
oblique rift (Iceland), intrusions and fissural eruption also strikes differently to faults and may occur
at different times (e.g., Johannesson and Einarsson, 1998; Clifton & Schlische, 2003; Einarsson et
al., 2008). Fully testing an hypothesis of progressive strain rotation through time would require
combined age determination of the fault cut lava flows, combined with paleomagnetic measurements

of rock rotations.

In previous studies, the variability in the extension direction at the Afrera Plain has been
interpreted as resulting from a counterclockwise rotation of the strain field in the linkage zone due to
interaction between the Erta Ale and Tat Ali segments (La Rosa et al., 2019). However, our new
measurements of the orientation of magmatic features, along with the potential that the structurally
interpreted extension simply reflects natural variability, makes an interpretation of counterclockwise
rotation of the strain field less certain. However, our results do show that both diking and faulting
could occur in the Afrera Plain, with intermittent diking accommodating pure extension and conjugate
oblique faults accommodating both extension and the shear strain resulting from the linkage between
the Erta Ale and Tat Ali segments. This interpretation explains well our observations in the Afrera
Plain and support the idea that magma is important in controlling plate spreading not only at the rift

segments but also within the rift linkage zones.

6. Conclusion

A detailed mapping of the Afrera Plain from Pléiades-1 data allowed us to get a new picture of
its structural architecture, sheding light on the fault geometry and kinematics, and also on the
relationship between magmatism and tectonics at this linkage zone. Our observations expand on
previous studies on the area (La Rosa et al. 2019, 2021) and the main results of our study can be

summarized as follows.

1. Astructural architecture made by conjugate oblique faults characterize both the center and the
tips of the linkage zone. The analysis of surface structures allowed us to interpret the fault
kinematics where Afrera Plain meets the Erta Ale segment and identify the faults responsible

for right-lateral motions previously inferred just by seismicity. All the kinematic indicators in
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this study also confirm previous geodetic and seismic observations on the Afrera Plain,
supporting the model of right-lateral linkage-zone proposed for the area.

2. New measurements of magmatic features at the Afrera Plain indicate they accommodate an
extension oriented ~N65°E similar to the Erta Ale segment. Furthermore, the horizontal
extension from new measurements of fracture opening direction and the conjugate setting of
oblique faults across the whole Afrera Plain show scattering in the direction between N46°E
and N68°E. Spatial relationships between lavas and faults also suggest that diking and faulting
likely co-exist in the area and both should respond to a similar strain field. The scatter of the
extension could be thus related to local and intrinsic complexities of the linkage zone.

3. Intermittent dike intrusions and long-term oblique faulting occur at the Afrera Plain, with dikes
accommodating pure extension, and oblique slip faults accommodating extension and the shear

resulting from the linkage of Erta Ale and Tat Ali segments.
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Figure 1. Tectonic setting of Afar and main structures of the Afrera Plain. (a) Afar region with major
faults (black lines) and magmatic segments (orange polygons): EA = Erta Ale segment, TA = Tat Ali
segment, AP = Afrera Plain, DMH = Dabbahu-Manda-Harraro segment. RS is the Red Sea rift, GA
is the Gulf of Aden rift. GPS horizontal velocities (black arrows) with respect to stable Nubia are
from Viltres et al. (2020). The green line marks the Danakil Block (DB). The white box marks the
study area in (b) where black lines are structures (modified from La Rosa et al. 2019) and the yellow
dashed polygons show the area covered by three Pléiades-1 triplets used in this study. c) Sketch of
the kinematic model proposed for the Afrera Plain by La Rosa et al. (2019).

Figure 2. Full structural map of the southern Erta Ale segment, the northern Tat Ali and the Afrera
Plain. The area in greyscale is that covered by Pléiades-1, with the panchromatic image draped on the
Pléiades-1 DEM. The color area outside is covered just by the ancillary low-resolution dataset with
the SPOT multispectral imagery available in ArcGis PRO draped on the SRTM 30 m DEM. The inset
shows the topography of the study area obtained from the Pléiades-1 DEM. A detailed view of the
three separated domains can be found in Figures 3-5.

Figure 3. Structural map and statistical analysis of the southern Erta Ale segment. a) Map showing
the tectonic and magmatic features identified in the area. The area in greyscale is that covered by
Pléiades-1, with the panchromatic image draped on the Pléiades-1 DEM. The color area outside is
covered just by the ancillary low-resolution dataset with the SPOT multispectral imagery available in
ArcGis PRO draped on the SRTM 30 m DEM. (b, c) Details of magmatic features in the southern
Erta Ale (d-1) Length-weighted rose diagrams of the mapped structures. The binning is 5 degrees and
the number reported on each diagram is the average strike.

Figure 4. Structural map and statistical analysis of the northern Tat Ali segment. a) Map showing the
tectonic and magmatic features identified in the area. As in Figure 3, the area in greyscale is that
covered by Pléiades-1, with the panchromatic image draped on the Pléiades-1 DEM. The colour area
outside is covered just by the ancillary low-resolution dataset with the SPOT multispectral imagery
available in ArcGis PRO draped on the SRTM 30 m DEM. b) details of the magmatic features and
relationship between lavas and faults. (c-e) Length-weighted rose diagrams of tectonic features. The
binning is 5 degrees and the number reported on each diagram is the average strike.

Figure 5. Structural map and statistical analysis of the Afrera Plain. a) Map showing the tectonic and
magmatic features identified in the area. b) details of magmatic features observed in the northern part
of the Afrera Plain (c-i) Length-weighted rose diagrams of tectonic features. The binning is 5 degrees
and the number reported on each diagram is the average strike.

Figure 6. Map view, tridimensional view and cross sections of a dike-related fault at the Afrera Plain
see Figure 5 and S2 for location. (a-b) the figures show an E-dipping dike-related fault characterized
by a continuous monocline structure and several eruptive fissures along the hanging-wall. Note some
dark lava flowing out of fractures close to the fault scarp in the northern sector. In (b), the fault can
also be seen to act as a barrier for another lava flow. The view direction is reported in the white box
in (a). (c-f) Cross-section showing the along-fault variations of throws and morphology. Local
breaches in the monocline highlight a fault throw (orange arrow) of 14 m in c).

Figure 7. Conjugate faults in the Afrera Plain showing Riedel shears with opposite sense of motion.

(a-c) ~NS-striking fault with R and P shears indicating a left-lateral kinematics. (d-f) NW-striking
fault at the interaction between Erta Ale segment and Afrera Plain with R shears indicating a right-
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lateral kinematics The insets in (c) and (f) show a schematic reprisal of Riedel shears (modified from
Dooley & Schreurs, 2012). The location of these faults are shown in Figure 5 and S2.

Figure 8. Fracture opening directions (orange arrows) measured at the main central fault system of
Afrera Plain. (a) Map view showing the distribution of observation. (b-f) close up on the fracture
measurements (the scale is reported in b). g) Rose diagrams showing the distribution of opening
directions. The binning is 1 degree. Note that the average value is N56°E, yet most measurements
indicate a N45°E direction.

Figure 9. a, b) Updated structural map and kinematic model of the Afrera Plain reporting the faults
geometry and kinematics (dark green arrows) as also the main extension directions retrieved in this
study. The fractures are not reported for an easy reading of the figure. The grey polygons are the main
magmatic segments while the orange ones represent the areas of magmatic activity in the Afrera Plain.
The dark green arrows indicate the right-lateral shear motions. (c-e) simplified sketches showing the
directions of extension (white arrows) with respect to the average magmatic (orange thick lines) and
tectonic trends (green thick lines). The shadowed green area in (c) represents the strike variability
observed in the main oblique left-lateral fault system. The dashed green line is the bisector of the
angle formed by the average strikes of the two fault families in the Afrera Plain.
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