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Abstract

The Afar Triple Junction marks the confluence of the Red Sea rift, the Gulf of
Aden and the East African Rift System. The Afro-Arabian Rift System (AARS)
encompasses these three rifts, each in a different stage of continental breakup. 1
investigate the crust and mantle beneath this complex tectonic region using three
different seismological techniques.

I explore mantle flow using measurements of seismic anisotropy, and show that
mantle flow is coherent across the three branches of the AARS. Shear-wave splitting
of the SKS phase reveals patterns of density-driven flow in the upper mantle beneath
the Afar Triple Junction. Fast shear-wave polarisation directions in northeastern
Afar are directed NE-SW, coherent with observations further south. Rotation of the
fast direction in southwestern Yemen suggests that the flow then bifurcates around
the thick, cold lithosphere of Arabia and is channeled along both the Gulf of Aden
and Red Sea spreading centres. The magnitude of splitting is smaller in the Gulf of
Aden, indicating that mantle flow is less persistent beneath this branch of the AARS.

I interrogate crustal thickness and structure by calculating teleseismic receiver
functions across northeastern Afar and the Danakil microplate. I use the H-x
stacking method to estimate the Moho depth and bulk crustal Vp/Vg ratio. My
results reveal a heterogeneous crust with variable crustal thickness, and regions of
partial melt indicated by anomalously high Vp/Vg ratios. These variations are on
a shorter length scale than the mantle flow patterns, which suggests the influence
of pre-existing lithospheric structures on crustal properties. By investigating the
relationship between crustal thickness and topographic elevation, I estimate that the
regional crustal bulk density is elevated compared to the global average. I show that
topography is higher than would be expected due to crustal isostasy alone, implying
that dynamic support from the mantle contributes to the topography in the region.

Extensional processes in the region have facilitated magmatism throughout the
crust, producing volcanic episodes such as the 2011 eruption of Nabro volcano in
Eritrea. I use local earthquake traveltime tomography to invert for the the seismic
velocity structure (Vp, Vg, and Vp/Vg) beneath Nabro. Key observations are an
aseismic region of low Vp, low Vg and high Vp/Vg ratio at depths of 6-10 km b.s.1.,
interpreted as the primary melt storage region that fed the eruption; a zone of high
Vs, low Vp and low Vp/Vg ratio, representing an intrusive complex of fractured
rocks partially-saturated with over-pressurised gases.



By conducting my investigation on three different scales (upper crust, bulk
crust, and upper mantle), I provide critical insights into the dynamic extensional
processes driving the evolution of the Afar Triple Junction. Whilst rifting is driven
by the mantle, pre-existing structures in the crust control crustal properties and
the distribution of magmatism. Lithospheric thickness has dictated the pattern of
continental breakup in the region. The thick, cold, dense lithosphere of the Arabian
Platform acts as a backstop to density-driven flow in the mantle as it moves north
of the Afar Triple Junction. Rifting progresses along thin lithospheric corridors
beneath the Gulf of Aden and the Red Sea rift. The impingement of mantle flow on
the Arabian Platform helps drive the plate motion of Arabia, and thus the mantle
exerts a strong control on regional kinematics across the AARS.
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The process of continental breakup, commonly referred to as ‘continental rifting’,
has shaped our planet as we know it today. Not only has continental rifting
determined the configuration of continents and oceans across the globe, but it is
also responsible for the distribution of natural resources along continental margins
and within rift basins, and has produced dramatic geological features. Notably,

the East African Rift System was the home of the first known hominids, our
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earliest ancestors. The oldest fossils representing Homo sapiens were discovered in
Ethiopia and date back to 230,000 years ago. Rifting processes have been ongoing
for millennia in this region, creating a natural habitat for hominid migration—a
valley extending over thousands of kilometers, containing numerous lakes (both
food and water sources), as well as volcanic products for making tools. The East
African Rift System forms one branch of the Afro-Arabian Rift System, one of
the best examples of active continental rifting on Earth.

This introductory chapter reviews the considerable literature that has been
previously published on the Afro-Arabian Rift System (AARS) and its three rift
branches. I specifically focus on the region encompassing the Afar Triple Junction,
the meeting point of these rift branches—the East African Rift System, the Red
Sea rift, and the Gulf of Aden. I detail the main debates and ongoing questions
regarding the nature of the crust and mantle beneath the Afar Triple Junction and
its associated rifts, the driving forces responsible for rifting processes, and surface
manifestations of magmatism. I begin by summarising the theory of plate tectonics
and continental rifting mechanisms in Section [I.I] Section [I.2] gives an in-depth
overview of the rift zones within the AARS and the Afar region. In Section [I.3] I
review the debates on the nature of hot mantle flow from the African Large Low
Shear Velocity Province (LLSVP) and its interaction with the lithosphere under
the AARS. Section looks at magmatism and volcanism throughout the region,
with a particular focus on Nabro volcano and its 2011 eruption. In Section [1.5]
I describe the seismic methods I use to investigate these questions: shear-wave
splitting, receiver function analysis, and local velocity tomography. I focus on giving
an overview of each method, with further methodological details described later in

each relevant chapter. Finally, Section summarises the contents of this thesis.

1.1 Plate tectonics and continental rifting

Plate tectonics is the term given to the evolution of Earth’s lithosphere, defined as
the rigid part of the crust and upper mantle. The idea that the continents may not

be fixed through time was first proposed by [Wegener| (1912)). In the 1960s, Wilson
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Table 1.1: The Wilson Cycle of the opening and the closing of the ocean basins. Table
modified from Burke| (2011)).

Stage Examples Dominant Characteristic fea-
motions tures
1. Embryonic East African  Uplifts Rift valleys
Rift Valleys
2. Young Red Sea, Gulf of Spreading Narrow seas with
Aden central depression
3. Mature Atlantic Ocean  Spreading Ocean basin with ac-
tive mid-ocean ridge
4. Declining Pacific Ocean Shrinking Island arcs, adjacent

trenches

5. Terminal Mediterranean  Shrinking, uplifts Young mountains
Sea

6. Relic scar Indus Line in Hi- Shrinking, uplifts Young mountains

(geosuture) malayas

further developed the theory, observing that the lithosphere could be divided into
several large rigid plates (e.g., Wilson, |1965; Wilson et al.l [1966). These plates move
relative to one another due to convective heat flow from the Earth’s deep interior.
The Earth’s lithosphere can be classified as either continental or oceanic lithosphere.
Oceanic lithosphere is thinner, denser, younger, and of more mafic composition than
continental lithosphere. Crucially, continental lithosphere is weaker and deforms
more under a given stress (e.g., Molnar}, 2015), allowing continents to rupture and
separate. The Wilson Cycle (Table describes this cycle of continental breakup
and reassembly, and concurrent ocean opening and closing.

The formation and progression of continental rifts have been the focus of study
for geophysicists, geochemists and geodynamicists alike, aiming to quantify the
causes of continental breakup and how/whether it might develop into an ocean
basin. Some rifts fail before getting to the oceanic spreading stage and remain
preserved as fossil features within continents, such as the Midcontinental Rift in
North America (e.g., |Stein et al. 2018).

Continental rifting involves structural and rheological changes to the lithosphere.
There are two end-member mechanisms proposed to explain the initiation of

continental rupture: passive or active rifting (e.g., Sengor and Burke, [1978)).
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The former is mechanical, with thinning resulting from horizontal extension of
the continental lithosphere. Far-field stresses generated within the lithosphere
may arise from plate margins due to ridge push or slab pull (e.g., [Turcotte and
Emerman), 1983; McKenzie, |1978). Thinning of the crust and lithosphere through
this passive mechanism will lead to crustal uplift and volcanism as secondary
processes, as hot asthenospheric mantle ascends to replace the thinned lithosphere
(White and McKenzie, 1989).

Active rifting, by contrast, invokes crustal uplift and volcanism as primary
processes that directly contribute to the tensional failure of the lithosphere (e.g.,
Neugebauer}, [1978). Active rifting begins when a heat source directly acts on the
base of the lithosphere; for example, after the impingement of a mantle plume
(Burke and Dewey], [1973). The ascending hot material is responsible for crustal uplift
and generating large volumes of magma. The elevated temperatures associated with
the magmatic intrusion act to lower the yield stress of the lithosphere (Figure
1.1 Buck, [2004). Continental breakup can therefore begin without marked
thinning of the crust.

These two basic modes of rifting are complicated by various local physical
parameters (e.g., rate and duration of extension, geothermal gradient, rheological
profile of the lithosphere, initial lithospheric thickness, magmatic intrusions). A
great diversity of continental rifting style is thus observed globally: from wide areas
of extension such as the Basin and Range province (e.g., Brun, |1999) to narrow
rift basins observed in the Western branch of the East African Rift System in
Tanzania (e.g., [Ebinger et al.; [1989b)); from magma-poor rifted margins (e.g., the
Iberian-Newfoundland margins; Péron-Pinvidic and Manatschal, 2009) to volcanic
rifted margins (e.g., the Africa-Madagascar margins; [Menzies et al., [2002).

Eventually, if a continent rifts to completion, an oceanic spreading centre
is produced between two conjugate continental margins. Seafloor spreading is
associated with a narrow zone of magma, produced by decompression melting
of the mantle, which intrudes the plate to create new oceanic crust (e.g., Crisp,

1984; Schouten et al., |1985)). However, the evolution from initiation of breakup to
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Figure 1.1: Schematic of the difference between extension of thick lithosphere with
and without magmatic intrusion. Note the large difference in the yield stress, the stress
difference needed to get extensional separation of two lithospheric blocks. Figure and

caption from .

complete rupture is complex. The transition is characterised by extensional faulting

governed by large-scale border faults and half-grabens (e.g., [Hayward and Ebinger,
1996)), voluminous magmatism (e.g., White and McKenzie, 1989), and subsidence

and ductile deformation (e.g., Bastow and Keir| 2011} Keir et al., [2013; Daniels|
, 2014), but the relative timing of each of these mechanisms can vary.

To comprehensively understand rifting processes, studies of both crust and

mantle are required: the mantle, to map mantle flow and anomalous hot upwellings
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that influence rifting processes; the crust, to understand surface manifestations
of strain distribution caused by rifting and and quantify magmatic intrusion

throughout the rifting cycle.

1.2 Afro-Arabian Rift System

The Cenozoic Afro-Arabian Rift System (AARS) is one of Earth’s most dramatic
tectonic features (Figure [1.2]). The contemporaneous existence of different active
rifting stages, from initial continental breakup to full seafloor spreading, within
the AARS means it is an ideal locale to study the evolution and development of
continental rifting. The AARS encompasses the following elements: the East African
Rift System, which extends from Mozambique through the Turkana Depression to
the Main Ethiopian Rift and marks the separation of the Nubian and Somalian
plates; the Red Sea rift, an incipient ocean basin separating the Arabian and
Nubian plates; and the Gulf of Aden rift, where full seafloor spreading has been
established between the Arabian and Somalian plates (e.g., McKenzie et al., 1970;
Ghebreab, [1998; [Tesfaye et al., 2003; Leroy et al., 2004; Bosworth et al., [2005). The
meeting point of these three rifts is the Afar Triple Junction, currently located near
Lake Abhe on the north-eastern Ethiopia-Djibouti border (Tesfaye et al.l 2003)).
The existence of rift-rift-rift triple junctions is required by the geometrics of plate
evolution, and is the most stable of the plate boundary combinations (i.e., transform,
rift or thrust) where three plates meet (McKenzie and Morgan) [1969).

The Arabian plate is currently moving away from Africa at ~ 15 mmyr~!, which
has been fairly constant since 56 Ma (Chu and Gordon, (1999; McQuarrie et al.,
2003; DeMets et al.| 2010)). The absolute motion of the Nubian plate in a Eurasian
frame of reference decreased from ~ 30 mmyr~' to ~ 10 mmyr~!, co-eval with
the divergence of Arabia from Africa (Jolivet and Faccenna, [2000; Reilinger and
McClusky, 2011)). The Somalian plate is moving apart from Nubia at ~ 6 mmyr !
(Chu and Gordon| 1999; Stamps et al., [2008)). The variation in extension rates
across the three rift segments means that the location of the Afar Triple Junction

has migrated over time (McKenzie and Morgan, |1969)). [Tesfaye et al.| (2003) find
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Figure 1.2: Topographic map of the Afro-Arabian Rift System. The location of the Afar
Triple Junction is marked with a yellow star (Tesfaye et al., 2003) and its surrounding
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frame of reference (Chu and Gordon, [1999; [Stamps et al., 2008; DeMets et al., 2010)).
National borders are marked with thin black lines.
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that the triple junction is currently located at 11.20°N, 41.78°E, having migrated
~ 160 km in a NNE direction over the past 25 Ma.

1.2.1 Arabian Plate

Rifting processes initiated on the African plate in the mid-Oligocene with the opening
of the Gulf of Aden, followed by the Red Sea rift (Laughton, 1966; McKenzie et al.
1970). Eventually, the Arabian plate separated from the African plate. The fit
of the southern coast of Arabia into the Horn of Africa was one of the first case
studies used as evidence for plate tectonic theory (Keir et al., 2013). The two broad
geological terranes that make up the Arabian plate are the Arabian Shield in the
west (close to the Red Sea margin) and the Arabian Platform in the east (Stern and
Johnson, [2010). The boundary between these two terranes marks a fundamental
crustal and mantle heterogeneity in the plate, which is expressed magnetically by the
Central Arabian Magnetic Anomaly (Stern and Johnson, |2010). The Arabian Shield
has elevations of up to 3 km in the west, while the Arabian Platform descends to sea
level, leading to an asymmetric tilt of the plate towards the Persian Gulf (Daradich
et al 2003; |[Bosworth et al. 2005). Seismic tomography studies have shown that
the Arabian Platform is underlain by thick (200-250 km), cold, seismically-fast
lithosphere (Sandvol et al [1998; [Hansen et al., [2007; Koulakov et al.| 2016)).

1.2.2 Gulf of Aden

Rifting in the Gulf of Aden began in approximately the mid-Oligocene (~ 30 Ma);
there is no firm evidence that extension pre-dated the onset of magmatism in the
region (Bosworth et al.; 2005). The dating of magnetic anomalies indicates that the
earliest inception of seafloor spreading in the Aden Ridge is ~ 17.5 Ma (Leroy et al.,
2004; |[Fournier et al., 2010)). The young ocean basin trends N75°E, oblique to the
extension direction (d’Acremont et al., 2010). The trend is also oblique to the relative
plate motion of Arabia with respect to Africa (Bosworth et al., |2005). The Gulf of
Aden is divided by two major discontinuities: the Shukra-El Sheikh discontinuity in

the west, near the Gulf of Tadjoura, and the Alula-Fartak fracture zone, separating
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Figure 1.3: Bathymetric and topographic map of the Gulf of Aden area. Figure and

caption from |d’Acremont et al. (2010).

the Aden Ridge from the Sheba Ridge (Figure[L.3} [Manighetti et al,[1997). The

Sheba Ridge lies to the east of the Alula-Fartak fracture zone and connects to the

Owen fracture zone, with seafloor spreading dating to 19.7 Ma (Stein and Cochran),

11985; [Fournier et al., 2010). Magnetic dating youngs to the west, showing the

direction of propagation (along-strike migration) of the rift was from east to west

(Figure Leroy et al., 2004; |d’Acremont et al., 2005 [Fournier et al., 2010)),

with major stalling in places, particularly at the Shukra-El Sheikh discontinuity

(Manighetti et al.| [1997)). The Gulf of Aden propagated westward into Afar through

the Gulf of Tadjoura at ~ 2 Ma, coherent with the anticlockwise rotation of the

Arabian plate (Courtillot et al., [1980; Manighetti et al., 1998} |Audin et al., 2001).

1.2.3 Red Sea

The opening of the Red Sea rift post-dated the Gulf of Aden by some millions of

years, in the Late Oligocene (~24 Ma; |Ghebreab, |1998). The tectonic evolution of

the rift is debated amongst authors. There is general agreement that oceanic crust

exists along parts of the rift, and the onset of seafloor spreading has been dated

to ~5 Ma (Figure [zzeldin, |1987; |Schettino et al., 2016]). ~ 85 km of oceanic
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Figure 1.4: Dated oceanic magnetic anomalies in the Red Sea and Gulf of Aden rifts.
Figure and caption from Rime et al.| (2023) and references therein.

crust is thought to have formed in the south-central Red Sea (e.g., Cochran, [1983;

Bosworth et al., 2005). However, there have been disagreements as to whether the

oceanic crust is widespread within the Red Sea, as proposed by McKenzie et al.|

(1970), or whether part of the extension between Arabia and Nubia is still occurring

through thinning of continental lithosphere, particularly in the northern Red Sea

(e.g., |Cochran, [1983; Martinez and Cochran, [1988]).

Another open question is when and how rifting developed, with the Red Sea
featuring widely in the debate described in Section[1.1]of passive versus active rifting
mechanisms. Authors have claimed passive origins for the rift, with magmatism

occurring only after the crust had been sufficiently thinned by faulting (e.g.,

and Bohannon, [1989; Bohannon, [1989)), while others have argued for an intermediary

between passive and active (e.g., Davison et al., [1994; Drury et al [1994)). See
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Ghebreab| (1998) for a comprehensive discussion of the different models proposed
for the Red Sea tectonic development.

A notable feature of the rift is that it does not directly join with the Gulf of
Aden via the Bab el Mandeb Strait, despite their marine connection there. Instead,
the Red Sea bifurcates south of ~16°N (Barberi and Varet, [1977; [Eagles et al.,
2002; McClusky et al., 2010). It has been suggested that this transfer of strain is a
complete ‘rift jump’ into Afar (e.g., Wood, |1983)), but kinematic models show that
strain is partly accommodated in one arm continuing south to at least the Hanish-
Zukur Islands (Viltres et al. 2020). The rest of the extension is accommodated on

land in Afar, reaching ~20mmyr~! at 13°N (McClusky et al., 2010)).

1.2.4 Afar

Afar is a diffuse extensional province, where plate boundaries are difficult to identify
(Courtillot et al., |1980). Topographically, Afar is extremely low-lying, with parts
lying beneath sea level, and is sometimes termed the ‘Afar depression’ in the
literature (e.g., Tazieff et al.| [1972; [CNR-CNRS, 1973). Border faults mark the
transition from the rift valley floor to the 2-3 km high Ethiopian and Southeastern
plateaus that flank the Afar depression (Keir et all 2013). Rift-related processes
began ~29-30Ma on the western Afar margin (Wolfenden et al., 2005 and in
northern Afar at ~23-25 Ma (Barberi et all 1972).

The northern part of Afar is known as the Danakil Depression (e.g., [Bastow
et al., 2018)). To the west of the Danakil Depression are the Danakil Alps, part of
the Danakil block, alternatively called the Danakil horst or the Danakil microplate,
separating the southern Red Sea rift basin from the Afar depression (Mohr| 1970;
Tazieff et al., 1972)). The differential extensional motion between the two rift
branches is fully accommodated by rigid rotation of the Danakil block, as shown by
various kinematic models from GPS motions (e.g., Eagles et al. 2002; McClusky
et al., 2010; [Viltres et al. [2020).

Tectonics and volcanism in Afar are characterised by complex faulting over

wide areas, with as many as 8 linear Quaternary volcanic axial ranges in Afar
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(e.g., Barberi and Varet|, [1977; |(CNR-CNRS|, [1973). These axial ranges alternately

parallel the rifting trends of the three rifts that meet in the Afar Triple Junction:
the Gulf of Aden, the Main Ethiopian Rift and the Red Sea Rift (Manighetti et al.,

2001} Keir et al., [2013). Extension across these mismatched rift segments may be

accommodated by combinations of transform faults, strike-slip faults, basins, folds

and penetrative strain (Tesfaye et al., 2003). Rift segments are linked through

“accommodation zones” marked by intense zones of deformation (Tesfaye et al.,

2003). (Courtillot et al. (1980) proposes a model where the intense deformation in

Afar is that which takes place before a throughgoing lithospheric crack is established.

The motion of the Arabian plate has had a significant impact on Afar’s tectonic

evolution (e.g., Keir et al. 2011Db).

While the propagation of the Gulf of Aden into Afar is well-established (e.g.,

Manighetti et al, [1997), the development and progression of the Red Sea strain

migration into Afar is debated. The literature overwhelmingly describes the rifting
within Afar as a southward propagation of the Red Sea rift, or even ‘the subaerial
Southern Red Sea’ (e.g., Manighetti et al., |2001; Wolfenden et al., 2004; Reed
, . However, it has also been proposed that rifting propagates northward
through Afar, facilitated by the rotation of the Danakil block (e.g., Eagles et al.,
2002; Sani et al., 2017; Molnar et al., 2018). See Rime et al| (2023)) for further

discussion of the propagation direction of rifting in Afar.

Wide-angle seismic refraction studies and teleseismic receiver functions have
investigated crustal thicknesses in Afar. The results show significant variation
across the region: ~15 km thick beneath the Danakil Depression; ~40-45 km thick

beneath the western Ethiopian plateau; ~25 km beneath central and southern Afar

(Makris and Ginzburg, 1987; Maguire et al., 2006} Stuart et al., 2006} Dugda et al.,

2005; Hammond et al.; [2011c)). The nature of this crust is controversial. The Afar

crust has relatively fast shear-wave velocity, suggesting that most of the Afar crust

is made up of solidified mafic rock (Chambers et al.| 2019)). The origin of the crust in

Afar is debated. Some authors argue that new oceanic crust is being created in the

region (e.g., Mohr] [1989)), whilst others conclude that the area is entirely underlain
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by intruded, stretched continental crust (e.g., [Makris and Ginzburg, 1987). An
alternative proposal is that the overall crustal composition is transitional between
continental and oceanic (e.g., Redfield et al., |2003; Hammond et al., 2011c|). These
studies suggest that the region west of the current rift axis is predominantly made
up of mafic material with oceanic affinities, whereas continental material exists
to the east, potentially connected to the Danakil block.

Seismic moment release from earthquakes in Afar (from 1960-2000) contributes
less than half of the total geodetic moment expected from current plate separation
rates (Hofstetter and Beyth, [2003). Thus, magmatic extensional mechanisms such as
dyke intrusion are proposed to be the principal strain accommodation mechanisms in
Afar at present (e.g., Bastow and Keir, [2011; |Keir et al., 2011a). Crustal anisotropy
observations of the strain field around the Afar Triple Junction are explained by
an increase in dyke-induced fracturing and faulting into zones of magma intrusion,
combined with oriented melt pockets near active magmatic centres, corroborating
this conclusion (Keir et al.; 2011a). By comparing variations in volcanism, elevation
and crustal thickness with latitude, Bastow and Keir| (2011]) show that magmatism
during continental breakup is controlled principally by the strength and thermal
structure of the extending plate. They propose that extension by magma intrusion
initially occurs without marked crustal thinning, supported by the lack of crustal
thinning in Afar between 9.5°N-13°N (Makris and Ginzburg, 1987; Maguire et al.,
2006). Eventually, the plate strength is reduced sufficiently for ductile extension
to commence, with associated adiabatic decompression melting (Bastow and Keir,
2011). The seismic reflection study of [Hurman et al.| (2023) finds that upper crustal
axial faulting in a magma-poor area of the depression accommodates 30% of the
total extension. Thus, it has been suggested that the final stages of continental
breakup in northern Afar may be characterised by a return to ductile plate stretching

and upper-crustal brittle faulting (Bastow and Keir, 2011)).
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1.2.5 Main Ethiopian Rift

In the Miocene, rifting initiated between the Nubian and Somalian plates to form
the Main Ethiopian Rift (MER), the third and final branch of rifting into the
Afar Triple Junction (Wolfenden et al., 2004; Kazmin et al., |1978). The onset of
rifting in the MER post-dated extensional processes in southern Afar, as shown
by NE-NNE striking normal faults of the MER cross-cutting NW-NNW striking
faults in southern Afar (Tesfaye et al. 2003; [Keir et al., |2011b)). The northernmost
boundary of the MER is the Tendaho-Goba’ad discontinuity in southern Afar,
and rifting continues southwards through the Turkana Depression to terminate
in Mozambique; the entire system is referred to as the East African Rift System
(Wolfenden et al., 2004; |Chorowicz, 2005). For a comprehensive synthesis of the
tectonic evolution of the EARS, see |Chorowicz (2005)).

Extension began in the MER on large-scale border faults (Wolfenden et al., |[2004),
and has since shifted to ~30 km-wide, ~60 km-long en-echelon axial magmatic
segments (Ebinger and Casey, 2001; Keir et al., 2006)). The existence of partial
melt distributed throughout the lower crust and upper mantle beneath the MER
is well-established by seismicity and other geophysical studies, both within the
rift axis and beneath the bordering NW plateau (e.g., [Kendall et al., [2005; |Keir
et al., [2009a; Chambers et al., 2019)). Seismic images of low velocity beneath the
NW plateau indicate that localised melt emplacement and related hydrothermal
processes are ongoing outside of the rift valley (e.g.,(Chambers et all 2019). The
rift axis of the MER is underlain by very slow seismic velocities, interpreted as
accumulated melt residing for a long time in the crust (Chambers et al., [2019). The
intensification of magmatic activity from 2Ma has produced a range of differing
volcanic products in the MER, most notably large silicic calderas formed in the last
0.5Ma (Woldegabriel et al., [1990). These volcanoes are key geothermal resources
(Barbier, [2002). Aluto volcano in Ethiopia and Olkaria in Kenya currently have
operating geothermal power plants, and there are plans to develop other sites such

as Corbetti, Tendaho, Abaye, and Tulu Moye (Kebede, 2012]).
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1.3 The African Large Low Shear Velocity Province

It is well-established that a mantle thermo-chemical anomaly (or anomalies) of
some kind underlies the AARS. Often referred to as ‘plumes’ or ‘superplumes’,
anomalies such as these are influential on magmatism and tectonic processes around
the globe (e.g., [Hill, [1993).

Global seismic tomography models have identified a broad region of low shear-

wave velocity, known as the African Large Low Shear Velocity Province (LLSVP),

or the African ‘superplume’ (Ritsema et al., [1999; Ritsema and Van Heijst|, 2000

Garnero and McNamaral, 2008; [Koelemeijer et al., [2017)). The LLSVP originates

at the core-mantle boundary beneath southern Africa and rises to the base of the

lithosphere somewhere in Ethiopia (Figure , and is likely to be a long-lived

mantle feature (e.g., Torsvik et al., [2008]).

There is evidence that the upper mantle beneath the AARS has been affected by
this LLSVP. It is broadly characterised by anomalously slow seismic wave velocities;
the absolute shear wave delay times are some of the slowest in the world, evidencing a

significant hot anomaly in the upper mantle across the Arabian Shield, East African

and Ethiopian plateaus (e.g., Nyblade et al., [2000; Benoit et al., [2006; Park et al.)

2007; Bastow et al., [2008; [Park et al., [2008; Hansen et all, [2012; [Tang et al., [2019;
Lim et al., [2020; |(Corbeau et al., 2014; Chambers et al., 2019; |Civiero et al., 2022).

Studies of mantle transition zone structure across Afar and the Main Ethiopian Rift
have indicated that compositional and/or chemical heterogeneities exist at mantle

transition zone depths, with chemically distinct upwellings connecting the upper

mantle low velocities to the LLSVP in the lower mantle (Cornwell et al., [2011} |Julia|

and Nyblade, |2013; |Civiero et al., [2015; [Thompson et al., 2015). Elevated mantle

potential temperatures (Rooney et al., 2012) and isotopic anomalies (Manetti et al.|
11991}, [Pik et al., |2006; Halldorsson et all, [2014) in the region are also consistent

with the presence of material derived from deep in the mantle. Geodynamic models

have used the global seismic tomography models to successfully predict the pattern

and amplitude of plateau uplift in the AARS (e.g., [Daradich et al., [2003; Moucha

and Forte, [2011)). The study of |Chen et al.| (2015 shows low effective elastic
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Figure 1.6: Whole mantle cross-section centred on the AARS, from the global S-wave
tomographic model S40RTS (Ritsema et al., 2011]). Cross-section is taken as a vertical
2D section along a great circle path at the Earth’s surface and through its centre. The
depths of the dashed lines are 410 km, 660 km and 1000 km from the surface. Figure
produced using SubMachine (Hosseini et al., 2018).
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thickness along both the Red Sea and Gulf of Aden, matching the low seismic
velocity trends from seismic tomography studies. This implies that these regions
are being dynamically supported by hot upwelling mantle.

Despite consensus over the presence of a broad low velocity anomaly existing
in some form beneath the AARS, there is an active debate over the manner in
which deep, hot mantle material upwells from the core-mantle boundary across
the region. Three types of model have been proposed: a) a broad superplume;
b) one or multiple distinct diapiric plumes; ¢) multiple diapiric plumes arising
from the same common source.

The first model attributes the anomalous upper mantle velocity structure beneath
the AARS to a continuation of the lower-mantle LLSVP anomaly into the upper
mantle (e.g., [Bastow et al., [2008; Park et al., [2007, 2008; Hansen et al., 2012). By
contrast, the second model invokes plume head material ~100-200 km thick, fed
by a narrow (~100-200 km diameter) plume tail. There is little consensus over
how many plumes exist beneath the AARS. |Ebinger and Sleep| (1998)) propose a
single plume beneath southern Ethiopia, guided laterally by thin topography on
the lithosphere-asthenosphere boundary (LAB), whilst others suggest two plumes
located beneath Afar and East Africa (Montelli et al., [2006)), three plumes beneath
Ethiopia, Afar and central Kenya (Burke, [1996), two beneath Ethiopia and Kenya
(George et al., [1998; |[Boyce et al., [2021), one beneath Arabia (Camp and Roobol,
1992)). The difficulty of establishing exactly where plume heads arise from led
to the third series of models, which argue for isolated mantle upwellings in the
upper mantle, all fed from the common source of the African LLSVP (Furman
et al., [2006b; |Civiero et al., 2015| 2022).

The African LLSVP is central to debates over the driving forces behind the rifting
in the AARS. Kendall and Lithgow-Bertelloni| (2016) calculate stresses induced
by mantle flow, crustal structure, and topography using two different models. In
one model, mantle flow is exclusively driven by distant forces from ‘ridge-push’ or
‘slab pull’, while in the other it is derived from a shear wave tomographic model.

They find that the latter model produces more accurate dynamic topography and
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so conclude that mantle structure beneath Africa plays a key role in providing
the radial and horizontal tractions necessary for rifting’. Even so, the combined
stresses are still not enough to rupture thick, cold, dry continental lithosphere; and
therefore Kendall and Lithgow-Bertelloni (2016) suggest the presence of melt as a
mechanism for reducing the strength of the African plate. The abundant evidence
for strain localisation and focused melt upwellings within the EARS and Main
Ethiopian Rift (Section are further evidence for magma-assisted models of
rifting between Nubia and Somalia. Yet the mechanisms driving the opening of the
Red Sea and the Gulf of Aden are less clear. Numerical modelling by Bellahsen et al.
(2003)) shows that intraplate stresses are related to the evolution of the northern
convergent margin of the African plate, which changed from collision to active
subduction in the Neogene. However, they also emphasise that weakening of the
Arabian lithosphere from a hot mantle upwelling must have played a role in localising
strain and ultimately leading to the formation of the Red sea Rift and the Gulf of
Aden. A whole mantle convection cell is hypothesised by the geodynamic models
of Faccenna et al. (2013)) to explain the kinematics of the Arabia-Anatolia-Aegean
system, with slab pull exerted in the Aegean combined with a mantle upwelling

beneath Afar acting to drive Arabian plate motion.

1.4 Magmatism in the Afro-Arabian Rift System

Surface expressions of magmatism in the AARS occur throughout the Cenozoic
(Figure ) The earliest magmatism predates the opening of the rifts. Basalts
were first emplaced in southern Ethiopia and northern Kenya (Turkana) in the
Eocene, 40-45 Ma (Figure ; Ebinger et al., [1993; (George et al.l, [1998; Rooney,
2017). A second phase of magmatic activity occurred in the Oligocene, when ~2 km
of flood basalts were erupted over a short time period, beginning ~30 Ma (Hofmann
et al., |1997; Ukstins et al., [2002; |Coulié et al., 2003|). These basalts are often
referred to as the Ethiopian (or Ethiopia-Arabian) Traps, extending predominantly
over an area of at least 600,000km? from southwestern Ethiopia into the Yemen

highlands (Figure [I.7b; [Mohr, [1983) and causing substantial uplift (Barberi et al.,
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1975)). The Oligocene basalts are also observed to the south in Turkana, to the
west in Sudan, and to the east on the margin of the Somali plateau (Figure ;
2017). Mantle potential temperature estimates from these basalts reveal

significant elevation in temperature over ambient mantle values (Rooney et al.,

2012), indicating that the flood basalt episode was coincident with a significant

thermal anomaly within the mantle. This interpretation is also corroborated by

the rapidity of emplacement of the basalts (Hofmann et al., [1997)). Following the

Oligocene flood basalts, a dramatic decrease in volcanism occurred from ~25-20

Ma (Ukstins et al., 2002)). There was a resurgence in basaltic volcanism in the early

Miocene (~26-22 Ma), manifesting largely on the Somali plateau, the northwestern
Ethiopian Plateau and in Turkana (Figure [I.7p; [Kieffer et al) 2004} [Furman)
et al.l 2006b; Brown and Mcdougall, 2011)).

The origin of these pulses of magmatism are widely considered to be linked
to the African LLSVP, although the exact form of the ascension of material from

deep in the mantle is debated. As described in Section (1.3 explanations vary

from a single plume (Ukstins et al., 2002; [Rooney et al., 2012, e.g.,), two or more

plumes with different origins (e.g., George et all [1998; Pik et al., 2006} Nelson|
, 2008), two plumes from a common underlying source (e.g., [Furman et al.,

2006a; Furman, 2007), or a broad region of mantle upwelling with no distinct

plume heads (e.g., Kieffer et al., [2004).

Magmatism continued through the Miocene in the Main Ethiopian Rift, Kenya
Rift and Turkana Depression, co-eval with continental breakup processes (Wolfenden
2004). See Rooney| (2020al) and Rooney| (2020b) for a comprehensive synthesis

of geophysical and geodynamic studies of these episodes of magmatism. Meanwhile,
Yemen also experienced a mid-Miocene resurgence in magmatic activity, which is
temporally consistent with activity occurring in the northern Main Ethiopian Rift

and Afar (Capaldi et al., [1983) 1987} |Gass and Mallick, [1968; Mallick et al., [1990)).

Isotopic signatures of the volcanic products in Yemen show a strong similarity

to Ethiopian plateau basalts, the youngest Main Ethiopian Rift basalts and the

Afar basalts (Manetti et al., [1991). These are cut by abundant dykes, regionally
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Figure 1.7: a) Cenozoic magmatic activity in East Africa, coloured by age: Paleogene
(66 to 23 Ma); Neogene (23 to 2.6 Ma); Quaternary (2.6 Ma to today). Major volcanic
provinces are labeled. Background image is a colored SRTM (NASA) digital elevation
model (PTA04965). Major faults are labelled as grey lines. b) Magmatic activity in
Africa and parts of the Arabian Peninsula in the Paleogene (45 to 22 Ma) and divided
into three broad periods of magmatic activity: (A) Eocene Initial Phase (45-34 Ma),
(B) Oligocene Traps phase (~33.9-27 Ma), (C) Early Miocene resurgence phase (26.9
Ma to 22 Ma). Background image is a colored SRTM (NASA) digital elevation model
(PIA04965). Figures and captions from 2017), data from references therein.
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striking NNW-SSE to NW-SE, associated with Red Sea opening (Mohr|, 1991}

Davison et al., [1994). A third episode of magmatic activity in Yemen developed

during the Quaternary and has continued until recent times, with a significant

shift towards more alkaline compositions (e.g., Camp et al., 1987; Mattash et al.,
2014; Manetti et al. [1991)).

The Oligocene marked the opening of the Gulf of Aden and Red Sea rifts—the
initiation of Arabia separating from Africa, as discussed in Section [1.2.1l The Red

Sea syn-rift strata are all associated with basaltic magmatism, mostly in the form

of dykes striking parallel to the Red Sea margins (Baldridge et al., 1991; Coleman,

11993; Sebai et all [1991)). These dykes were emplaced from the Sinai Peninsula

through Arabia down to Yemen. Magmatism was less voluminous further north

in Arabia, as compared to Yemen (Baldridge et al., [1991)). However, abundant

intraplate alkali basalts were emplaced in Arabia from 30Ma, forming the harrats

(Coleman et al., 1983} [Sebai et al., |1991} Camp and Roobol, 1992). These cover

a large spatial extent and have been active as recently as 2009 (Pallister et al.,

2010]). There is no counterpart to the harrats on the western margin of the Red

Sea (Duncan and Al-Amri, 2013). The origin of the harrats is generally accepted

to be a response to Red Sea rifting, but the exact mechanisms are debated: a

plume upwelling directly beneath the Arabian shield (Moufti and Hashad, [2005);

radial flow from a single plume beneath Afar (Camp and Roobol, |1992; [Lim et al.
2020)); melting of lithospheric mantle (Shaw et al. 2003)). The continental margins

of the Gulf of Aden are volcanic and characterised by seaward dipping reflector

sequences dated from 40-16Ma and high heat flow at the ocean-continent transition

(Lucazeau et al., |2009; [Leroy et al., [2010). Major off-axis volcanic structures are

also observed by [Leroy et al.| (2010)), who interpret the source of melt as channelised

flow from the Afar hotspot along the Aden ridge.
The evolution of magmatism in Afar from the onset of Arabia-Africa separation
shows its progression from a rift margin to an active spreading centre. As the rift

margin developed during the Miocene, extension along the western Afar margin

dominated the tectonics (Wolfenden et al.l |2005; Stab et al., [2016)). Coincidentally,
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silicic magmatic activity occurred, such as the dominantly rhyolitic Mabla formation,
emplaced from 29 to 26 Ma (Varet| [2017; Wolfenden et al., 2005; Barberi et al.,
1980)). The next major fissural basaltic episode occurred between 8 and 4Ma, known
as the Dalha Series (Barberi et al., [1975; [Barberi and Varet), [1978). Following this,
magmatic activity localised into rift-marginal basins (Chernet et al., [1998; Wolfenden
et al., [2005). The most extensive magmatic event in Afar was the Afar Stratoid
Series. Erupted between 3.9-1.6 Ma, the Stratoid Series comprised a fissural flow
that erupted over an area of 55,000 km?, reaching thicknesses of 1 km (CNR-CNRS|,
1973; Barberi et al., [1975; [Varet and Gasse, |1978). It has long been associated with
extensional processes (Barberi et all 1980). Overlapping with the Stratoid Series is
the Gulf Series lavas, located around the Gulf of Tadjoura in Djibouti (Daoud et al.,
2010; [Rooney), 2020c). These are similarly associated with extensional processes,
specifically the propagation of strain from the western Gulf of Aden (Tadjoura Rift),
resulting in a more localised magmatic expression (Rooney, 2020c).

The Gulf Series marked the commencement of focused magmatic activity in Afar.
Quaternary to modern volcanism is generally located in discrete magmatic segments,
coincident with graben formation, known as ‘axial volcanic ranges’ (Tazieff et al.,
1972; Mohr} [1978). These magmatic segments are made up of faulted volcanic ranges
with aligned chains of basaltic cones and fissural flows (Hayward and Ebinger, [1996;
Barberi and Varet, [1977). The localisation of strain into these focused zones of
magmatism and deformation close to the triple junction has produced overlapping
extensional rift sectors parallel to the Red Sea, Gulf of Aden, and Main Ethiopian
Rift trends (Manighetti et al., [2001; Wolfenden et al.l 2005; |Rooney, [2020c).

The temporal evolution of magmatism in the AARS reflects the broader tectonic
processes affecting the mantle and crust, and thus is an important focus of study

to understand the progression of continental rifting.

1.4.1 Recent volcanic activity in Afar

One of the Quaternary focused magmatic segments in Afar, the ~60 km long

Dabbahu segment, was part of the 2005-2011 Dabbahu-Manda-Harraro dyke
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intrusions and rifting episode. This began in September 2005, when a ~2.5km?
volume of magma was injected into the upper 10 km of crust beneath the entire
length of the Dabbahu segment (Wright et al., 2006). The dykes were partially
fed by the Dabbahu and Gab’ho volcanoes, but this only accounted for ~20% of
the total dyke volume (Keir et al., 2009b). This volume imbalance is explained
by an additional source located in the middle to lower crust or upper mantle,
identified by Keir et al. (2009b) after subsequent dyke emplacement episodes in
June and July 2006. The sequence of dyke intrusions continued until 2010 (Hamling
et al| [2009; [Wright et al. [2012]).

Another segment is the Erta Ale Volcanic Segment, consisting of six volcanic
centres. Recent volcanic activity includes a November 2010 overflow of the lava lake
at Erta Ale (Field et all) 2012), a November 2008 fissure eruption on Alu Dalafilla,
sourced from a shallow, 1 km deep, elongated magma chamber (Pagli et al., 2012
and a January 2017 eruption at Erta Ale, fed by a sill located ~1.4 km below the
caldera (Xu et al., [2017). Geodetic observations such as the latter two studies
provide evidence for the existence of shallow axial magma lenses along the length
of this magmatic segment. Dallol, located slightly to the north of the Erta Ale
volcanic centres, experienced a dyke intrusion in October 2004, fed by a 2.4 km deep
active magma reservoir (Nobile et al., [2012). These examples illustrate the shallow

depths of magma storage regions along these rift-related magmatic segments.

1.4.2 The Nabro Volcanic Range and Nabro volcano

The Nabro Volcanic Range (NVR) is a ~110 km lineament of volcanoes, trending
SSW-NNE from Bara’ Ale volcano in Afar to the Kod Ali formation in the Red Sea
(Wiart and Oppenheimer| 2005). The NVR bisects the Danakil microplate and aligns
with a marked trend in seismic activity (Goitom, 2017)). Unlike the other volcanic
segments in Afar, the NVR lies oblique to the dominant rifting trends, and shows
little surface evidence of faulting or extensional influence (Wiart and Oppenheimer,
2005). It is thus referred to as an “off-rift” volcanic lineament. Geochemically,

the NVR also shows a distinct compositional difference in erupted products to the
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on-rift volcanoes in Afar, with basalts of strongly alkaline composition containing
peridotite inclusions that are not observed elsewhere in Afar (Barberi et al., [1974)).
A conclusive explanation for the NVR’s extensive off-rift magmatism remains elusive.
Theories for off-rift volcanism (e.g., Maccaferri et al., [2014) often focus on isolated
volcanic centres, rather than an aligned chain of volcanoes. Potential theories
include the reactivation of an older, pre-rift structure (Tazieff et al., [1972), or
localised diapiric upwellings from depth (Hammond et al., [2013).

Nabro is the largest volcano in the NVR, with a summit at 2248 m above sea
level and a caldera of maximum diameter 8 km (Wiart and Oppenheimer] 2005]).
Together with the neighbouring caldera of Mallahle, it forms the Bidu Volcanic
Complex. Historically, Nabro has not been well-documented. Prior to 2011, the
only geological study of Nabro was that of Wiart and Oppenheimer (2005). Their
geological mapping revealed the presence of large ignimbrite deposits, trachytic
lava flows and rhyolite obsidian flows and domes, indicating a history of silicic
volcanism at Nabro and Mallahle. Also present are lavas with a more basaltic
composition, erupted from fissures between the calderas and aligned perpendicular
to the NVR trend. These are interpreted as being sourced differently to the silicic

volcanism (Wiart and Oppenheimer, 2005)).

1.4.2.1 June 2011 eruption

On 12 June 2011, between 20:27 and 20:40 UTC, Nabro volcano underwent its
first eruption on historical record. The lack of any local or regional geophysical
surveillance networks and no known historical eruptive activity meant that the
eruption began with very little warning, but a rapid response from emergency services
enabled the evacuation of the settlements in and around the caldera (Goitom et al.,
2015). In total, approximately 12,000 people were displaced and seven people lost
their lives during the course of the eruption (Goitom et al., [2015).

Precursors to the eruption were 7 seismic events of local magnitudes 2.8 — 4.5
in the period 23 February to 11 June 2011, with the largest occurring within
Nabro’s caldera on 31 March 2011 (Lapins, 2021a; |Ogubazghi et al., |2014). This
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event left visible tensional cracks trending NW-SE, parallel to the Red Sea rift
trend (Ogubazghi et al| [2014). In the hours prior to the eruption, a seismic
swarm and sustained tremor began, which were detectable regionally (Lapins,
2021a). Two ‘notable’ earthquakes occurred around the onset of eruptive activity,
and infrasound signal was detected at distances as far as 1708 km away (Goitom
et al., 2015 Fee et all| 2013]).

The eruption was notable for the vast amount of SO, erupted. It released 4.5 Tg
within the first 15 days, producing the largest stratospheric aerosol perturbation since
the 1991 Pinatubo eruption and the single largest SO, column ever retrieved from
space (Clarisse et al, 2012; Theys et al. 2013; [Fromm et al., |2014). The increased
fumarolic activity in the months following the eruption indicates that Nabro could
be an important source of geothermal energy in the future (Yohannes, 2012]).

The lava flows emplaced by the eruption are highly crystalline and have a
composition of trachybasalt to trachybasaltic andesite (Goitom et al., 2015). The
longest lava flow extended 17.5 km to the NW of Nabro (Goitom et al., 2015)).
Petrological analysis identifies two distinct batches of magma with zoning patterns
that suggest a complicated storage history (Donovan et al., |2018). One batch
is more primitive, while the other is higher in sulfur and water content. The
latter batch likely underwent isobaric crystallisation in a storage region at ~5-7
km below sea level (b.s.l.), with the former batch rising rapidly to the shallow
crust from depth (Donovan et al., 2018).

Observed volcanic tremor remained at a steady rate until 16 June 2011 (Goitom
et al., 2015)), when it fell to almost nothing. The next day, the largest event during
the entire syn-eruptive period (5.9 local magnitude) occurred beneath Mallahle and
tremor resumed (Goitom et al.; 2015). Other event epicentres on 17 June follow a
rough alignment with the NVR of SSW-NNE (Goitom et al., 2015)); subsequent to
this, the orientation of event locations rotates to a NW-SE trend. The seismicity
likely relates to changes in the local stress regime due to post-eruptive subsidence

or faulting (Goitom et al., 2015; [Hamlyn et al., 2014} [2018)).
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In the months following the eruption, Nabro experienced subsidence at a slowly
decaying rate. The source of this subsidence is modelled as a deflating Mogi source
at a depth of 6.4 + 0.3 km b.s.l. (Hamlyn et al., 2014} 2018). The Mogi source
is thought to relate to outgassing or removal of magma from a reservoir, or the
relaxation of a visco-elastic shell (Hamlyn et al., 2018)).

A temporary seismic array was established around Nabro, operational from 31 Au-
gust 2011 until October 2012. From this seismic data, |Lapins et al.[(2021)) calculated
hypocentre locations, local and moment magnitudes, path/site attenuation effects
and b-values. This analysis revealed that the seismicity beneath Nabro delineates
an aseismic zone, inferred to be a magma storage region due to its consistency with
the modelled Mogi sources from previous studies (Goitom et al., [2015; Hamlyn
et al} 2014, [2018) and the magma storage depth proposed by petrological analysis
(Donovan et al., 2018). Patterns of seismicity indicate that fluids are continuing to

migrate in the subsurface, potentially triggering movement on faults (Lapins, 2021a).

1.5 Seismic methods

Seismology provides us with the unique opportunity to probe the Earth’s interior
on multiple scales. Earthquakes release energy in the form of seismic body waves
and surface waves. Body waves are those which propagate directly through the
Earth: compressional P-waves and transverse S-waves. As these seismic waves travel,
they accumulate information about the different mediums they pass through—for
example, a change in velocity or a conversion from one form of body wave to another
can indicate a compositional difference between two layers. When the seismic signals
are recorded on the surface, the information can be decoded through several different
innovative techniques, revealing the internal structure and composition of the Earth.

Teleseismic earthquakes are those occurring at distances greater than 1,000 km
from the measurement (seismograph) site. The sensitivity of modern seismographs
means that energy from large magnitude (M, > 5) earthquakes can be detected at

sites all across the globe. This is useful, because it means that seismic events do
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Figure 1.8: Shear-wave splitting occurs for a shear wave traveling through an anisotropic
medium (yellow). When an incident shear wave arrives at an anisotropic medium, it splits
into two shear waves of perpendicular polarisation, along seismic fast and slow directions,
respectively. Traveling through the anisotropic medium, the two waves accumulate a
delay time 0t. Shear-wave splitting techniques invert for dt and the fast polarization
direction ¢. Figure and caption from (Wiistefeld et al., |2008).

not have necessarily have to occur locally to a region in order for seismic methods

to be used to investigate its substructure.

1.5.1 Shear-wave splitting

Anisotropic media show a directional dependence of certain parameters. In the case
of seismic anisotropy, this parameter is shear wave velocity. When a polarised seismic
shear wave enters an anisotropic medium, it splits into two almost-orthogonal shear
waves, which travel at different velocities (Figure. This process is known as shear-
wave splitting and is quantified by two parameters: ¢, the polarisation direction of

the fast shear wave, and dt, the time lag between the fast and slow shear waves.

1.5.1.1 SKS phase and calculation of splitting parameters

The SKS phase propagates as an S-wave from the source to the core-mantle boundary,
where it transforms into a P-wave to pass through the liquid outer core. Upon
emerging from the core, it reverts back to an S-wave. The transformation into a
compressional P-wave has the effect of removing anisotropy encountered by the
wave between the source and the core. Therefore, the shear-wave splitting observed
for the SKS phase solely describes the anisotropic medium (or media) encountered

by the wave between the core and the receiver.
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Seismometers measure motion in three orthogonal directions: vertical, radial
and horizontal. The vertical component is directed vertically from the seismometer.
The radial component is directed along the great circle path between the earthquake
epicentre and the seismometer. The transverse component is the horizontal direction
orthogonal to the radial component.

The transformation into a compressional P-wave has an effect on the polarisation
of the final upgoing S-wave. The particle motion of this S-wave will be entirely
within the vertical plane defined by the ray path, a polarisation denoted by “SV”.
If the ray path between the core and the receiver is isotropic, the SKS phase will
continue to exhibit linear particle motion perpendicular to propagation in the “SV”
direction and consequently will only be visible on the radial and vertical components
of a seismometer. However, passage through an anisotropic medium will split a
shear wave into two orthogonal components travelling at different velocities and
producing elliptical particle motion. In the case of the SKS phase, this will produce
measurable energy on the transverse component of the seismometer; i.e., particle
motion will no longer be confined to the vertical plane defined by the ray path.

To reverse the effect of anisotropy, the horizontal components must be rotated
by —¢ and their relative positions shifted by dt. This will linearise the particle
motion and minimise the energy on the transverse component. The eigenvalue
minimisation method, as formulated by [Silver and Chan| (1991) and automated by
Teanby et al.| (2004)), searches for the combination of ¢ and 0t which best linearise
the SKS motion within a particular time window.

For certain measurements, no shear-wave splitting of the SKS phase is observed.
These are known as null events, and they provide useful information: either that
the structure beneath a station is close to isotropic or that the initial polarisation

of the shear wave is aligned with the fast or slow axis of anisotropy.

1.5.1.2 Causes of seismic anisotropy

Interpreting shear-wave splitting observations can be challenging, because it is

difficult to localise the depth of the anisotropic medium. The lower mantle is
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considered isotropic, aside from the lowermost D” layer (Kendall and Silver, [1996).
The upper mantle, by contrast, contains large amounts of anisotropic olivine
crystals, which adopt preferred orientations under conditions of strain (Nicolas
and Christensen, |1987)). Anisotropy can also arise from periodic thin layering of
contrasting materials (e.g., Kendall, 2000). It is generally assumed that anisotropy
is mainly accrued in the upper mantle, with additional contributions from the D”
layer and crustal anisotropy. However, there are often multiple mechanisms acting to
produce this strain-induced orientation or layering of materials, and it is difficult to
discriminate between lithospheric and /or asthenospheric sources in the upper mantle.
Dynamic processes such as asthenospheric flow, mantle upwellings and aligned melt
intrusion zones within the lithosphere can all produce anisotropic fabric. This fabric
can also be frozen into the lithosphere from past deformation events (e.g., |Al-Lazki
et al.l 2013). Thus, shear-wave splitting observations have to be considered alongside

other geophysical observations to deduce the probable cause(s) of seismic anisotropy.

1.5.1.3 Previous measurements in the Afro-Arabian Rift System

Previous anisotropy measurements around the Afar Triple Junction and the Arabian
plate reflect the tectonic complexity of the region. On the Western Ethiopian plateau,
the anisotropy is consistent with pre-rift orogenic fabric, with two layers observed
in regions with significant aligned melt (Hammond et al., 2014b; Gashawbeza et al.,
2004)). Large parts of the Afar Depression show only one layer of anisotropy, with
fast directions oriented NE; two layers become ubiquitous moving south into the
Main Ethiopian Rift. Like Afar, the lower layer in the Main Ethiopian Rift has fast
directions oriented NE, which is linked to lattice preferred orientation of olivine
crystals due to flow from the LLSVP beneath Africa, rather than a localised conduit-
like plume (Bastow et al., [2010; Hammond et al., 2014b)). Local deviations from
this overall flow direction are observed close to locations of upper mantle diapiric
upwellings. The upper layer of anisotropy in the Main Ethiopian Rift is associated
with oriented melt pockets (Ayele et al., 2004; Kendall et al., 2005; Bastow et al.,

2010; Hammond et al. 2014b)). Overall, the anisotropy results can be modelled as
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Figure 1.9: Suggested anisotropy mechanisms of the Ethiopian rift mantle: layering of
seismically fast and slow layers in the top ~10 km and underlying oriented melt pockets due
to melt intrusion into the Main Ethiopian Rift lithosphere. Lattice preferred orientation in
the asthenosphere due to large-scale mantle flow associated with the superplume. Figure
and caption from Bastow et al. (2010).

low aspect ratio melt inclusions (e.g., dykes and veins) intruding into an extending

plate during late stage breakup (Figure Bastow et al., |2010)).

Studies using local earthquakes have also quantified anisotropy of the upper crust

in Afar and Ethiopia. Keir et al.|(2011a) map the strain field around the Afar Triple

Junction using shear-wave splitting of local earthquakes. They find that deformation-
related structures control anisotropy measurements across Afar. A dramatic increase

in splitting magnitude and concomitant rotation of the fast direction is observed

into the rift axis, which Keir et al.| (2011b) propose is due to an increase in density of

dyke-induced faulting combined with oriented melt pockets beneath active volcanic

segments. [llsley-Kemp et al.| (2017) extend this crustal anisotropy analysis further

into northern Afar. Crustal anisotropy measurements within the rift are generally
oriented perpendicular to the rift axis (NE-SW), changing to a W-E orientation
at the rift margin onto the Western Ethiopian Plateau. However,
observe regions north and south of the Danakil Depression where
seismic anisotropy is rift-perpendicular. These regions are further from the rift

axis and so the stress field is dominated by the gravitationally induced stress
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field originating from variations in crustal thickness. Crust within the rift axis is
characterised by rift-aligned structures and melt inclusions, implying that the rift
axis is currently accommodating tectonic extension. Further south, Keir et al.| (2005)
investigate anisotropy of the upper crust beneath the northern Main Ethiopian Rift.
Along the rift axis, the fast polarisation is oriented parallel to Quaternary-Recent
faults, aligned volcanic cones and the direction of maximum horizontal stress. The
magnitude of splitting is greatest in regions of shallow partial melt, and decays
away from the rift axis, consistent with reduced melt on the rift margins.

On the eastern side of the Red Sea rift, one layer of anisotropy is observed across
Arabia, with the fast direction of seismic anisotropy oriented in a N-S direction
(Hansen et al., 2006). This is interpreted as the combination of two different
asthenospheric flows. One is directed NE, driving the absolute plate motion of
Arabia, and the other is oriented NW, associated with a channelised upwelling
travelling along the Red Sea rift. South of the Gulf of Aden, |Ali et al.|(2023) identify
two distinct layers of anisotropy: a crustal layer, associated with the opening of
the rift in Oligocene times; and a deeper mantle layer, with anisotropy aligned
parallel to the regional Nubia-Arabia absolute plate motion.

North of the Gulf of Aden, different origins of anisotropy are proposed for
observations made in Yemen. |[Hammond et al. (2014b) observe two layers of
anisotropy, with upper layer orientations that are attributed to fossilised fabric
frozen into the pre-Cambrian lithosphere, whilst the lower layer indicates that mantle
flow is being deflected along the Gulf of Aden trend. (Gallacher| (2016), however,
explains the prevalence of null measurements in his study as a consequence of either
strong anisotropic heterogeneity or a vertical axis of mantle flow, most likely in
connection with a combination of small-scale convection and edge driven convection
occurring between the mid-ocean ridge axis and the margins of the Gulf of Aden.
Further east in Oman, |Al-Lazki et al.| (2013)) interpret observations of distinct abrupt
lateral anisotropy variation as representative of fossil lithospheric mantle anisotropy.
Across the Arabian plate, |Qaysi et al. (2018]) observe a systematic decrease in the

magnitude of anisotropy from beneath the Arabian Shield to the Persian Gulf.
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1.5.2 Receiver functions

When a P-wave impinges on a sharp velocity contrast, part of its energy is converted
into an S-wave. These are referred to as ‘Ps’ phases, with the lower-case ‘s’
indicating that the S-wave is travelling upwards after conversion. The Ps phases are
observed following the arrival of a direct P-wave. Also observable are subsequent
reverberations within a layer: the PpPs phase and the co-arriving PpSs + PsPs
phases (Figure [1.10p).

Receiver functions are calculated from three-component seismograms to capture
these Ps conversions and their reverberations (Figure [I.10} [Langston) [1979). The
vertical component of motion can be used as a good approximation of the event
source (e.g., |Jenkins et al., [2020) due to the incidence angle of teleseismic waves
being close to vertical (27° or lower). To isolate the response from local crustal
structure along this incoming, near-vertical raypath, the vertical component is
deconvolved from the radial components. Deconvolution removes information
common to both: the instrument response, path and source effects. The resulting
time-series are known as receiver functions, containing the phase arrivals of the
Ps conversions and reverberations (Figure [1.10p). The amplitudes of the arrivals
depend on the P-wave incidence angle (ray parameter), the size of the velocity
contrast, and whether the wave passes from a high velocity layer to lower velocity
layer, or vice versa. The arrival times of the converted phase and reverberations
depend on the depth of the velocity contrast, the P- and S-wave velocities between
the contrast and the surface, and the ray parameter.

Receiver functions are most commonly used to investigate the velocity contrast of
the Mohorovic¢ié¢ discontinuity (the Moho), which marks the boundary between the
crust and the mantle (e.g., Zhu and Kanamori, [2000; Stuart et al.; [2006; [Thompson
et al., [2010; |Gallacher and Bastow, 2012; |Ogden and Bastow, 2022). The H-x
technique, developed by |Zhu and Kanamori (2000), uses the travel times of the
Moho Ps conversion and its reverberations to determine the bulk crustal properties
beneath a seismograph station. These bulk crustal properties are crustal thickness

(H) and the velocity ratio of P- to S-waves (Vp/Vg; k). The stacking function
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Figure 1.10: (a) P-to-S converted phases of interest in crustal imaging. (b) Example of
a synthetic RF highlighting phases shown in (a). (c) Example of a multiphase time-depth
conversion and multiphase stacking procedure. Figure and caption from (Jenkins et al.;

2020)



1. Introduction 35

s(H, k) is determined for plausible values of crustal thickness and Vp/Vg ratio
using a grid search according to:
N
s(H, k) = z; wr;(t1) + war;(t2) — wsr;(ts) (1.1)
=
where 7;(t;) are the receiver function amplitudes at the predicted arrival-times of
the Ps conversion (¢;) and subsequent reverberations (PpPs, to; PpSs + PsPs, t3)
for the jth receiver function. wy, ws, w3 are stacking weights for phases Ps, PpPs

and PpSs + PsPs, respectively, with >?_, w; = 1. N is the total number of receiver

functions used. The traveltimes are calculated as follows:

/1 1
fo=H | o —p?— | — 1.2
1 - Vg p \/V}% p- ( )
[ /1 1
to = H ) — 2 1.3
1
ts =2H | — — p? 1.4

where p is the ray parameter, or slowness (s km™!). The stacking function reaches
its maximum as the three phases stack coherently and thus represents the best
estimate of H and « at a certain station.

Ogden et al.| (2019) showed that H-x stacking can be unreliable in regions of com-
plex tectonic structure where the Moho is gradational or intracrustal structure exists,
such as near-surface sedimentary layers (Figure[L.11)). A rigorous exploration of H-
parameter space (chosen Vp, phase weights, choice of stacking procedure, receiver

function frequency content) is therefore necessary to produce accurate results.
1.5.2.1 Previous P-to-S receiver function studies

P-to-S receiver function studies in Afar and Ethiopia have revealed considerable
crustal heterogeneity across the region (Figure . Results show a variation in
crustal thickness, from 40-45 km beneath the western Ethiopian plateau, decreasing
to 20-26 km in central Afar and then thinning northward into the Danakil Depression
to ~17 km (Berckhemer et al., [1975; Makris and Ginzburg, (1987; Mackenzie et al.,
2005; Dugda et al., 2005; Maguire et al., 2000; Stuart et al., 2000, |Cornwell et al.|



1. Introduction 36

(a) Surface

A “DirectP
40k
m a Ps PpPs
=~ P-wave —
Sharp 5 Swave -ae |
yMoho S~ 6.5km/s PsPs+PpSs
/ / Mante /' / 8km/s 10 0 10 20 30 40
(b) Surface 1 lTlme (s)1 J
T ! !
'
25km i P-wave —
! S-wave ==~
Crust ! 6.5km/s Ps  PpPs
A : Lkl
15km Gradational 65-7.8km/s [ i
v Moho PsPs+PpSs
N D e
Mantle BRI/ o 0 10 20 30 40
(c) Surface . lTlme (S)l 1
3Km /\Low Vel. Sed.J\ & 3-akm/s
\ P
Pppssed
P-wave m—— Ps..q
S-wave ==~ PsMoho PPPSyoho
S S+ /,/\\f———A/L%F——f
6.5km/s Ppstd PsPS+PpSsMoho
8km/s 10 40
Tlme( )

Figure 1.11: The impact of crustal structure on receiver functions. (a) Sharp Moho
with high amplitude, impulsive P-to-S conversions. (b) A gradational Moho, for which
P-to-S conversions occur over a large depth range. Receiver function signals weaker and
more diffuse. (c) When near-surface layers exist, resulting P-to-S conversions can distort
Moho signals. Figure and caption from (Ogden et al., 2019).

2010; Hammond et al., 2011c; Reed et al., 2014; Ahmed et al [2022). High values of

Vp/Vg ratio are observed across the region. Values of 1.7-1.9 beneath the plateau

are higher than typical silicic continental crust Vp/Vg ratios, thus evidencing mafic

alteration of the crust (Hammond et al) 2011c; |Ahmed et al., 2022)). Further

elevated Vp/Vg ratios of > 2.0 within central Afar indicate widespread partial

melting due to magmatic intrusions (Hammond et al., 2011c; Reed et all 2014;

‘Ahmed et al., 2022)). The melt is likely stored in interconnected stacked sills in

the lower crust (Hammond, 2014).
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Figure 1.12: Moho depth and Vp/Vg ratios across Afar and Ethiopia, from the study
of Hammond et al| (2011c|). Black lines show the border faults separating Afar from
the western and southeastern plateaus. The dashed line shows the Tendahao-Gob’a
discontinuity (northern line) and arcuate accommodation zone (Tesfaye et al., 2003))
(southern line). The red lines demarcate the Quaternary volcanic segments. Regions
shaded grey mask regions with no data coverage. Green triangles show the location
of active volcanoes. a) A map of Moho depth based on receiver function results from
Hammond et al.|(2011c) and previous receiver function studies (Dugda et al., 2005} [Dugda]
and Nyblade, 2006; [Stuart et al., [2006) and controlled source work (Berckhemer et al.|
[1975; Makris and Ginzburg), 1987} [Egloff et al.l [1991; Mackenzie et all [2005; Maguire
. Triangles indicate the location of receiver function Moho depth estimates
(red: the study of Hammond et al.| (2011c); white: previous studies), and the cyan lines
show the location of controlled source Moho depth estimates. b) A map of Vp/Vg based
on receiver function results from this and previous receiver function studies
2005; Dugda and Nyblade, 2006} [Stuart et al. 2006). Inverted triangles indicate the
location of receiver function Vp/Vg estimates (red: the study of Hammond et al.| (2011c));
white: previous studies).
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1.5.3 Seismic body-wave velocity tomography

Seismic body-wave velocity tomography is a technique that inverts seismic data to
constrain the 2D or 3D P- and S-wave velocity structures and the ratio between
them (Vp/Vs ratio). The specific data used are arrival times of seismic body
waves from earthquakes.

The seismic tomography method involves the calculation of the ‘forward problem’
and then solving the ‘inverse problem’ The forward problem is predicting how long
it takes for a seismic wave to travel from source to receiver (traveltimes), given
an initial velocity model. If the initial velocity model is correct, the arrival times
observed in the data will be exactly the same as the predicted ones. However,
if anomalous velocity structure is present in the subsurface (such as a magma
body, or a region of hydrothermal fluid), the observed data will differ. Seismic
tomography uses these differences in traveltimes to reconstruct anomalies. An
image is built up by numerous seismic raypaths traversing the same anomaly, each
with their own difference to the predicted arrival time depending on the anomaly
structure, as illustrated in Figure |1.13

Thus, the inverse problem is that of finding a new velocity model such that the
differences between the observed and predicted arrival times (known as traveltime
residuals) are minimised. It is an inherently non-linear problem, because the
traveltimes are determined from earthquake locations, which themselves depend
on knowledge of the seismic velocity structure. The raypaths themselves also rely

on the model parameters that are being solved for. The relationship:
d = g(m), (1.5)

forms the basis of any tomographic method, where d is an array of data (e.g.,
traveltimes), m is an array of model parameters (e.g., velocity), and g is some
functional relating the model to the data. The form of g depends on the chosen
representation of Earth structure.

Typically, the inverse problem is linearised and then iterated several times to

converge onto (hopefully) the correct non-linear solution. The FMTOMO code
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Figure 1.13: Sketch showing earthquake raypaths used for a hypothetical tomographic
inversion. Raypaths that do not penetrate the anomalous body have a small residual
and do not contribute significantly to changing the model. Those ray paths that pass
through a low velocity magma region will have a positive anomaly, dt > 0. The travel-time
difference can be projected back along the raypath by distributing the residual along the
path. Colored blocks show two different rays intersecting the anomalous region, each with
a different level of perturbation. Where paths intersect back-projections will constructively
interfere and image reconstruction is attained. Figure and caption from , .

developed by Rawlinson and Urvoy| (2006) and modified by [Pilia et al.| (2013)) is

an example of a fast, robust software package that recovers 3D P-wave, S-wave
and Vp/Vs velocity structure, as well as relocating earthquake hypocenters. It
parameterises the Earth into a grid of nodes, each associated with a certain velocity,
which control the values of a cubic B-spline continuum. To produce a 3D seismic

tomography model, multiple iterations are performed, each of which involves:

 the solution of the forward problem through the current velocity model;
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e an inversion for velocity parameters using a subspace inversion scheme

(Kennett et al., |1988);

e hypocenter relocation based on both P- and S-wave arrival times, using a fully

non-linear grid search in the presence of the updated velocity model.

The process is then repeated with the updated velocity model as the new input for
the solution of the forward model. This continues until convergence is achieved:
when the traveltime residuals change only a minimal amount between inversions.

The tomographic inversion problem is under-determined (not all model param-
eters are well-constrained by the data alone), and therefore solutions are highly
non-unique. To reduce the non-uniqueness of the solution, regularisation terms
are included. These act to find a solution model that is similarly smooth and as
close to the initial model as possible, whilst still satisfying the data. FMTOMO
introduces the smoothing and damping parameters, n and €, which can be tuned
to minimise the data fit, model variance and model roughness.

Despite regularisation constraints, many different models are still able to satisfy
the data, meaning that it is imperative to assess the solution robustness before
evaluation of the estimated model. This is commonly done using synthetic resolution
tests. Parameterisations that involve continuous variations in seismic velocity
typically do this using resolution tests that attempt to reconstruct a synthetic
model using the same source-receiver configurations as the observed data. Examples
of synthetic models are “checkerboard tests”, where the synthetic model consists
of alternating regions of high and low velocity perturbations on different length
scales; or “spike tests”, where an isolated spike is placed at a region where a velocity
anomaly is observed in the solution model. The resolution tests are assessed on
the basis of the similarity between the recovered model and the initial synthetic
model. The smallest wavelength structure that is recovered from the synthetic

model indicates the limit of resolution of anomalies in the solution model.
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1.5.3.1 Regional seismic tomography studies in the AARS

Many regional studies throughout the AARS have used teleseismic body waves to

conduct seismic tomography (e.g., Benoit et al., 2006 [Park et al. 2007; Bastow|
et al.l [2008; [Park et all, 2008} Hansen et al., 2012} [Tang et all, [2019; [Lim et al.
2020; [Corbeau et al., 2014} [Civiero et al., 2022; Koulakov et al., 2016; (Chang
et all 2011} Korostelev et all, 2014} [Civiero et al., 2015, 2016} [Hammond et al.

. The resolving power of these seismic tomography models varies, but typically
resolution can be achieved at depths of at least ~600 km, with some models
extending deeper into the mantle. The models are therefore capable of describing
broad-scale mantle velocity variations and anomalies. Of particular interest in the
AARS is the extent and influence of the African LLSVP and how this deep, hot
mantle material upwells from the core-mantle boundary. Thus, seismic tomography
studies have played a large role in the debate over the form and number of mantle
plumes in the region (see Section .

Seismic tomography models have revealed broad regions of low P- and S-wave
velocities in the mantle beneath the Main Ethiopian Rift and Afar (e.g., Benoit et al.|
2006; Bastow et al., 2008; [Hammond et al. 2013), the Red Sea and Arabian Shield
(e.g., Koulakov et al., 2016} Park et al., [2007, 2008; [Hansen et al., 2012 [Tang et al.)
2019; Lim et al., 2020)), and the Gulf of Aden (e.g.,|Corbeau et al.,|2014; Civiero et al.|
. The Arabian Platform is associated with a high-velocity anomaly imaged

down to 200-250 km depth (Koulakov et al., [2016). Smaller zones of low velocity

extending through the upper mantle are observed throughout Afar and the Main

Ethiopian Rift, interpreted as zones of localised asthenospheric upwelling feeding

magmatism in the region (e.g., Hammond et al., [2013; Civiero et al., 2015 2016]).

1.5.3.2 Seismic velocity variations at volcanoes

Seismic tomography has frequently been applied on a local scale to deforming

volcanoes, in order to better understand the subsurface active magmatic processes

responsible for volcanic unrest (e.g., Patane et al.;2002; |Chiarabba and Moretti, 2006;
Korger and Schlindweinl, 2014} (Greenfield et al.l 2016} Wilks et al., [2020; Koulakov|
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et al., 2021). Active volcanoes are often well-monitored and have a high rate of
seismic activity, meaning there is plenty of local earthquake traveltime data available
for seismic tomography inversions. See Lees| (2007)) for an overview of seismic
tomography inversions for magmatic structure in a variety of tectonic settings.

Mapping seismic velocity variations gives information on a variety of physical
parameters, including rock characteristics (composition, porosity, fractures, miner-
alogy), saturation conditions, presence of fluids (gases or liquids), temperature, and
pressure. These physical properties often interplay or co-exist, making it a challenge
to interpret observed seismic velocity anomalies. The Vp/Vg ratio is often used
alongside P- and S-wave models, because it is sensitive to the type of fluid present
and can distinguish between regions of partial melt or hydrothermal fluids, both of
which are encountered beneath volcanoes. In saturated or partially-saturated rocks,
the content and physical state of fluids has a greater effect on P-wave velocities
than S-wave velocities (Vanorio et al., [2005). Fluid phase transitions induce changes
in fluid compressibility and thus bulk modulus (Ito et al (1979; Wang and Nur|
1986)). Shear moduli are little affected by fluid phase transitions and hence S-
wave velocities change insignificantly due to a density effect, meaning that low
Vp/Vs ratios tend to characterise gas-bearing rocks (i.e., those with high fluid
compressibility) whereas liquid-bearing rocks (with low fluid compressibility) are
characterised by high Vp/Vg ratios (Vanorio et al., 2005).

The only tomography study done on a volcanic system in the AARS is that of
Wilks et al.| (2020)) at Aluto volcano, located in the Main Ethiopian Rift. They
identify a large low velocity zone with high Vp /Vg ratio at depths of 4-9 km below
sea level (b.s.l.), interpreted as a melt-bearing ductile region. A shallower low
seismic velocity, very low Vp/Vg zone is interpreted as a hydrothermal system,
containing gases exsolved from the magma storage zone through a fault and fracture
zone. Their findings demonstrate the coupled nature of magma and hydrothermal

systems beneath this deforming volcano.
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Figure 1.14: The Aluto seismic tomography model for Vp/Vg ratio. Depth slices are
plotted at 1 km above sea level (top left) and 5 km below sea level (top right). East—west
and north—south cross-sections are also shown (bottom left and right). Yellow triangles
indicate station locations, black lines on the depth slices indicate mapped fault locations
and small open circles on the cross- sections indicate event locations. Topography is shown
above the cross-sections and indicated by hillside shading on the depth slices. Figure
from Wilks et al.| (2020).

1.6 Thesis overview

In this thesis, I examine the below-surface structure near the Afar Triple Junction
at three different depths: the upper mantle (> 200 km), the crust (> 50 km) and
the upper crust (> 15 km). I investigate deep mantle flow and crustal properties
on a regional scale to place constraints on the driving forces of rifting in the mantle
and understand how these tectonic processes manifest themselves within the crust.

I also carry out a study of Nabro volcano to analyse magmatism on a local scale.
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Chapter [2] uses shear-wave splitting of the SKS phase to investigate seismic

anisotropy in northeastern Afar and southwestern Arabia. I aim to:

elucidate mantle flow dynamics by constraining the orientation and magnitude

of seismic anisotropy in these areas;

o quantify the influence of density-driven flow from the African LLSVP on the
Afar Triple Junction;

» investigate the coherence of mantle flow along the three rift branches of the

Afro-Arabian Rift System;

o understand the impact of asthenospheric flow on Arabian plate motion and

continental breakup in the region.

In Chapter [3] I calculate receiver functions across northeastern and central Afar,

using the H-x stacking method. The aims of this chapter are to:

« constrain bulk crustal properties (crustal thickness and bulk Vp/Vg ratio);
o determine the crustal structure of the Danakil block;

« investigate the existence of partial melt across the region;

« quantify regional topographic dynamic support from the mantle;

o further our understanding of continental breakup.

Chapter [] presents the results of a seismic tomography study examining the

subsurface structure of Nabro volcano in Eritrea. I aim to:

« use a catalogue of earthquakes located by machine learning methods to produce
3D seismic models of P-wave, S-wave and Vp/Vs structure beneath Nabro

volcano;

o identify different regions of the magmatic and hydrothermal plumbing systems

by differentiating between fluids;
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o understand the post-eruptive state of this off-rift volcano.

Chapter [5 summarises the main results of this thesis and discusses future

research directions.
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Abstract

Mantle flow is shown to be coherent across the three branches of the Afro-Arabian
Rift System (the Main Ethiopian, Red Sea and Gulf of Aden rifts). We produce
the first estimates of seismic anisotropy that reveal there is a contiguous conveyer
belt of density-driven flow extending from the Main Ethiopian Rift through to Afar
and diverting around the Arabian Platform. The deep mantle flow arises from the

African Large Low Shear Velocity Province. Our shear-wave splitting results of the
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SKS phase show density-driven flow traveling through the upper mantle beneath
the Afar Triple Junction and northeastern Afar from Ethiopia. Rotation of the
fast direction in southwestern Yemen suggests that the flow then bifurcates around
the thick, cold, dense lithosphere of the Arabian Platform and is channeled into
two different thin lithospheric corridors: along western Arabia and the Red Sea
Rift, contributing to the uplift and tilt of the Arabian Plate, and along the Gulf of
Aden ridge. Our results directly support geodynamic models proposing that mantle
upwelling pushes on the Arabian plate and drives its convergence with Eurasia.
We posit that density-driven mantle flow is the principal driving force influencing

plate kinematics and continental rifting in the region.

2.1 Introduction

The Afar Triple Junction is the meeting point of the East African, Red Sea and
Gulf of Aden rifts (Figure [2.1). Known as the Afro-Arabian Rift System (AARS),
this complex tectonic region encompasses all stages of continental rifting, from
initial breakup to seafloor spreading. However, studies of the underlying mantle
present a simpler picture. Global and regional seismic tomography models identify
persistent low seismic velocities in the mantle beneath the AARS, rising from the
core-mantle boundary beneath south Africa and directed NE-wards: the African
Large Low Shear Velocity Province (LLSVP; e.g., Ritsema et al., [1999). Seismic
anisotropy measurements reveal the dynamic pattern of mantle flow through the
Main Ethiopian Rift (MER) with largely NE-SW fast directions indicating a uniform
flow channeled along the rift (Ayele et al., [2004; Gashawbeza et al., 2004; [Kendall
et al., 2005; |Gao et all 2010; [Hammond et al., 2014b)), possibly impacting on
broader plate kinematics (Faccenna et al. 2013; |Civiero et al., [2023)). Further
north and east of the triple junction, fast directions are aligned more N-S and
E-W, suggesting the large scale change in rift orientation from the MER to the
Red Sea Rift (RSR) and Gulf of Aden (GOA) respectively may control the flow
(Hansen et al., |2006; Qaysi et al., |2018). To date, limited data exists close to the
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triple junction in and around the RSR and the GOA, meaning that it is unclear
whether the same mantle flow is channeled along both rifts.

In this study, we examine shear-wave splitting in SKS phases from seismic
data in Eritrea and Yemen. We show that shear-wave splitting systematically
varies in this region, largely following gradients in lithospheric topography. In
particular, we observe a distinct rotation in splitting direction at the southwestern
tip of Yemen from E-W to N-S; indicating that density-driven flow from the mantle
bifurcates around the Arabian plate. We suggest that the mantle upwelling from
the African LLSVP and channeled along the MER is largely unaffected by the
shallower crustal tectonics within the Afar Depression but is deflected by the thick
lithosphere of the Arabian Plate, causing the flow to split and travel down the
GOA and RSR. This provides an additional force in the same direction as the
slab pull from subduction in the Aegean, acting to drive Arabian plate motion

(Faccenna et al., |2013; |Civiero et al., 2023).

2.2 Data and methodology

The seismic data were recorded on the Eritrea Seismic Project (ESP) network (red
inverted triangles, Figure ), operational from June 2011 to October 2012, and
the Young Conjugate Margins Lab in the Gulf of Aden (YOCMAL) network (orange
inverted triangles, [2.1p), operational between March 2009 and April 2011.

We search the ISC earthquake catalogue for seismic events with magnitude
M, > 5.8, occurring at epicentral distances 85°-130°, to capture the SKS phase
distinctly. 101 teleseismic earthquakes produced usable splitting results or null
results: 59 for the Eritrea Seismic Project stations and 42 for the YOCMAL stations
network (red and orange dots respectively in map inset, Figure )

Passage through an anisotropic medium will split a polarised shear wave into
two orthogonal components travelling at different velocities, producing elliptical
particle motion. Here we measure anisotropy of the SKS phase, which propagates
as an S-wave through the mantle, transforms into a P-wave at the core-mantle

boundary (CMB), and then reverts to an S-wave propagating towards the surface.
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Figure 2.1: Topographic map and seismic networks. a) Afar Triple Junction and its
surrounding plate boundaries (Red Sea rift, Gulf of Aden rift and Main Ethiopian Rift),
outlined with dashed green lines |Viltres et al|(2020); Bird| (2003). The orange and purple
boxes encloses the maps plotted in b) and c), respectively. The three tectonic plates are
labelled with red text, and other geographic domains are labelled in black text. b) The
seismic networks used in this study. Eritrea Seismic Project network stations are plotted
as red inverted triangles, and YOCMAL network stations are plotted as orange inverted
triangles. The bottom right inset shows the locations of teleseismic earthquakes that
produced usable results or null results (red dots for the ESP network, orange dots for
the YOCMAL network), with a yellow star marking the study area. c) Socotra Island
stations.

Thus, any effect of anisotropy between the source and the CMB is removed when
the shear wave becomes a compressional wave. The shear-wave splitting observed
for the SKS phase solely describes the anisotropic medium encountered by the
wave between the CMB and the receiver. The splitting is quantified by ¢, the
orientation of the fast component, and ¢, the time delay between the fast and slow
components, assuming a single dominant layer of anisotropy.

To reverse the effect of anisotropy, we use the eigenvalue minimization method to

search for the combination of ¢ and ¢t which best linearize the SKS motion within

a particular time window (see [Silver and Chan, [1991)). We deploy the automated
technique of [Teanby et al.| (2004)), as coded in the SHEBA software (Wuestefeld
, 2010). The code enables the stacking of error surfaces associated with each

measurement, resulting in an overall ‘stacked’ measurement at each station.
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The procedure is illustrated in Supplementary Figures 2-4 for a good result
used in the analysis, a poor result that was discarded, and a null result. Null
results are measurements for which no shear-wave splitting of the SKS phase is
observed. They provide useful information: either that the structure beneath a
station is close to isotropic or that the initial polarisation of the shear wave is

aligned with the fast or slow axis of anisotropy.

2.3 Results

We produce 162 usable SKS splitting observations across the ESP network (15-45
per station, Figure . We observe little backazimuthal variation in the shear-wave
splitting parameters (Supplementary Figure 1), evidence that anisotropy beneath
the stations is present in a uniform layer with a horizontal symmetry axis (e.g., Ayele
et al., 2004). Measurement error surfaces are stacked, producing an overall estimate
of ¢ and 0t at each station (Supplementary Table 1). The orientation of the stacked
fast directions shows a consistent NNE-SSW bearing, with an average 6t = 1.4 s.
We find 33 null results across the network. In each case, the backazimuthal direction
of the null event aligns well with the stacked fast direction, so we explain these
nulls as an alignment of event polarisation with a symmetry axis of anisotropy.
The YOCMAL network produces 153 usable SKS splitting results and 162 null
results, with 15 stations producing solely null measurements. 4 stations produce no
results or nulls. The backazimuthal coverage for the stations is not comprehensive
enough to observe any variation in splitting parameters with backazimuth. We
cannot definitively say that there is one uniform layer of anisotropy underlying
these stations, but in the absence of further constraints we stack the error surfaces
at the 29 stations which have > 2 splitting measurements (Supplementary Table
1). The stations in the southwest Yemen highlands display bimodal variation in ¢.
Stations on the west coast have ¢ aligned NNW-NW, while stations in the south
are aligned NE-NEE. Stations in Eastern Yemen show a more consistent eastward
¢, which rotates slightly towards Oman. The average dt for Yemen stations is

1.1s. On Socotra Island, the average 6t = 0.85s.
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The 15 stations with only null results tend to show consistent backazimuths.
We conclude that these likely reflect the initial polarisation of the shear wave
aligning with the fast or slow axis of anisotropy, but without better backazimuthal
coverage, we cannot constrain this further. Some stations have null results for
event backazimuths that are not well-aligned with the stacked result. We attribute
this to the fact that there are less usable data for the YOCMAL network due to
high amounts of noise, and therefore fewer splitting results per station, leading
to greater uncertainty in the stacked results. Our stacked results are, however,
consistent with previous estimates in our study region (Hammond et al., 2014b;

Gallacher, [2016; |[Elsheikh) 2019; Kumar et al., [2021)).

2.4 Discussion
2.4.1 Asthenospheric flow in northeastern Afar

The orientation of the fast direction across north-eastern Afar is coherent with
previous anisotropy studies further south in Afar and the MER, where the NE-SW
orientation is attributed to asthenospheric flow (Kendall et al., 2005; [Hammond
et al., 2014b). In concurrence with previous work, we see no evidence in our
results for a conduit-like plume upwelling beneath the Afar Triple Junction (e.g.,
Gashawbeza et al., [2004). We observe no correlation between pre-rift shear zones
and our results, indicating that fossilized lithospheric fabric has little effect on
the anisotropy. Our results also show no deflection in flow caused by a thicker
lithosphere associated with isolated continental material within the Afar region, such
as the Danakil microplate (e.g., Mohr, |1970). We suggest that asthenospheric flow
originating from the African LLSVP is the dominant mechanism for the anisotropy

we observe in north-eastern Afar.

2.4.2 Bifurcation of asthenospheric flow around the Arabian
Plate

The two groups of fast orientation directions in the Yemen highlands (Figure [2.2p)

indicate that the asthenospheric flow coming from Afar and the MER bifurcates
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Figure 2.2: Map of the SKS splitting parameters calculated in this study alongside
previous estimates. Plate boundaries are plotted as dashed green lines (Viltres et al., 2020;
2003). The individual results from this study are plotted as pink lines, with the
stacked estimates plotted in red. Null results are plotted as black crosses. Previous SKS
results are plotted as yellow lines (Ayele et al., 2004; Gashawbeza et al., 2004; Hansen|
let al., [2006; [Al-Lazki et al., 2013; [Hammond et al., 20145} [Gallacher] 2016} [Elsheikhl 2019}
Qaysi et al., 2018; Kumar et al.| 2021; Kaviani et al., [2021} |Ali et al., 2023). The orange,
green and purple boxes outline the map sections plotted in b), ¢) and d) respectively.

at the southwestern tip of Arabia. Stations in the west, close to the RSR, show

fast directions aligned with previous results from western and northern Arabia

(Hansen et al., 2006; Qaysi et al. |2018)). Stations in the south show fast directions
aligned with the GOA trend.

We propose that density-driven flow from the LLSVP continues to flow through
the upper mantle beyond the Afar Triple Junction. When it reaches the Arabian

plate, it is diverted from its previous NE-SW trend due to the thick, cold lithosphere
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seen in tomographic studies lying beneath the Arabian Platform (e.g., [Koulakov
et al., [2016) and corroborated by measurements of high effective elastic thickness
(Chen et all [2015). The Arabian Platform could therefore act as a backstop
which stops the asthenospheric flow from continuing to travel northeastwards. The
density-driven flow is then guided by topography on the lithosphere-asthenosphere
boundary along channels of thin lithosphere beneath western Arabia and the GOA
(Ebinger and Sleep), [1998; Hansen et al., 2007} |Civiero et al., |2022]).

Our proposal has been posited previously as an explanation for other observations
in the region, but our seismic anisotropy observations now constrain this hypothesis.
Asthenospheric flow from the African superplume has been invoked to explain:
the high topography of the Arabian Shield (Daradich et al., [2003); low-velocity
anomalies beneath western Arabia and the GOA (e.g., Hansen et al |2012; (Corbeau
et all [2014)); deep mantle isotopic anomalies in Yemeni volcanics (e.g., Manetti
et al., |1991)) and off-axis volcanism in the GOA (Leroy et al., [2010). In particular,
our results support geodynamic models that require a mantle upwelling to push
the Arabian plate northwards (Faccenna et al., 2013; |Civiero et al., 2023). Thus,
the bifurcation of asthenospheric flow as it impinges on the cold, dense lithosphere
of the Arabian platform is a driving force behind the absolute plate motion of
Arabia, its convergence with Eurasia and the subsequent extrusion of the Anatolian
plate. Flow from the African LLSVP has been influential on regional kinematics
and played a direct role in the formation and migration of the Afar Triple Junction.

We plot our SKS results and those from previous studies over the tomography
model of [Celli et al| (2020b) in Figure 2.3] The low velocity anomalies match
the bifurcated pattern of the seismic anisotropy very well, particularly at the
southwestern corner of Arabia. The low velocity anomaly in the RSR branch is
stronger and extends to greater depths than the GOA branch. This is reflected by
the decreased 0t and lack of coherent fast direction at Yemeni and Socotra Island
stations east of 50°E, indicating that fossil fabric frozen into the lithosphere has
started to dominate the anisotropy signal we observe, right as the low velocity

anomaly from the density-driven flow through the GOA dies away. These results
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Figure 2.3: Map of the SKS splitting measurements from this study (black lines) and
previous studies (grey lines) (Ayele et al., [2004; Gashawbeza et al., 2004; Hansen et al.,
[2006% [Al-Lazki et al., 2013} [Hammond et al.| [2014b}; (Gallacher], [2016} [Elsheikhl, 2019} [Qaysi]
et al., 2018; Kumar et al., 2021; Kaviani et al., |2021} |Ali et al., 2023) plotted over four
depth slices through the S-wave tomography model of |Celli et al.| (2020b)).

are coherent with observations in Oman, the conjugate margin to Socotra Island on

the other side of the GOA, where seismic anisotropy is due to fossilized lithospheric

fabric and average 6t = 0.6s (Al-Lazki et al.| [2013).
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2.5 Conclusion

We have produced the first seismic anisotropy measurements that conclusively show
that asthenospheric flow from the African LLSVP is ubiquitous beneath the three
rift branches from the Afar Triple Junction. Flow is channeled through the Afar
Triple Junction from the East African Rift System, then splits to flow along the
Gulf of Aden and Red Sea rift trends. We observe a consistent fast shear-wave
polarization oriented NE-NNE in north-eastern Afar, with a large average splitting
magnitude 6t = 1.4s. In southwestern Yemen, there is a distinct and dramatic
rotation in fast direction over a short distance. Stations close to the RSR are
aligned NNW-NW, while stations on the margin of the GOA have fast directions
aligned NEE. Further to the east, stations show E-W trends that mirror the GOA
trend, before losing coherence closer to Oman. The average 6t = 1.1s in Yemen.
On the other conjugate margin of the GOA, Socotra Island stations show a smaller
splitting magnitude (§¢ = 0.85s), reflecting fossilized lithospheric fabric.

We suggest that when the hot mantle flow meets the cold, thick, dense lithosphere
of the Arabian Platform, it bifurcates and is directed along corridors of thin
lithosphere down the GOA and north beneath western Arabia and the RSR. This
supports geodynamic models which invoke ‘plume push’ driving Arabia’s current
plate motion and its convergence with the Eurasian plate.

Our study provides the first direct data from this key region, confirming
the fundamental connection between dynamic mantle flow, plate kinematics and
continental breakup. We conclude that the density-driven mantle flow from the
African LLSVP has been a driving force behind regional kinematics, as well as

controlling and influencing rifting processes in the AARS.

Open Research

The seismic data used in this study are from the Eritrea Seismic Project and the
Young Conjugate Margins Lab in the Gulf of Aden network, publicly available
through IRIS Data Services (http://service.iris.edu/fdsnws/dataselect/1/). The
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SHEBA software (Wuestefeld et al., [2010)) is available online at
https://github.com/jwookey/sheba. The full SKS results are archived on Zenodo
at doi/10.5281/zenodo.11058890.
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the nature of the crust and continental breakup in the region, we calculate teleseismic
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receiver functions across northeastern Afar and the Danakil microplate, using new
data from a regional deployment in Eritrea. We estimate the Moho depth and
bulk crustal Vp/Vg ratio using the H-x stacking method. The heterogeneity of
our crustal thickness estimates (~19-35 km) indicates that the Danakil microplate
has undergone stretching and crustal thinning. By investigating the relationship
between crustal thickness and topographic elevation, we estimate the regional
crustal bulk density as p, &~ 2850 & 20 kg m~3, which is higher than expected,
given the crustal thickness of the region. We show that topography is 1.5 + 0.4 km
higher than would be expected due to crustal isostasy alone. We propose that
this topography is supported by the same hot mantle upwelling suggested to be
responsible for the onset of rifting in East Africa. Uplift is generated due to
the presence of a hot thermal anomaly beneath the plate and by thinning of the
lithospheric mantle. Our results are consistent with a number of independent
constraints on the thermal structure of the asthenospheric and lithospheric mantle.
Evidence of melt within the crust is provided by anomalously high Vp/Vg ratios
of > 1.9, demonstrating that magma-assisted extension continues to be important

in the final stages of continental breakup.

Plain Language Summary

Afar is an area of northern Ethiopia that extends into Eritrea. It hosts three tectonic
plate boundaries that are pulling apart from one another (rifting) as continental
breakup is occurring. These rifting processes have led to a complicated tectonic
history; isolating a small microcontinent (the Danakil) and giving rise to volcanism
across the region. To better understand the nature of the crust, we study seismic
data to estimate the crustal thickness and the ratio of seismic wave speeds. Our
results indicate that the crust shows substantial variation in thickness, meaning
that the Danakil microplate has undergone crustal thinning. We use our results
to determine that dynamic mantle processes are responsible for supporting the

elevation of the region. We also show that partially molten rock (magma) is likely
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to be present in the crust beneath northeastern Afar and the Danakil microplate,

which is evidence that magma assists with continental breakup.

Key Points

o Receiver functions produce the first estimates of Eritrean bulk crustal proper-

ties

e The crust of Afar and the Danakil microplate is denser than global average

and highly heterogeneous

o Evidence found for melt within crust and for support from hotter mantle

propping up topography beneath Afar and the Danakil microplate

3.1 Introduction

The Afro-Arabian Rift System is an ideal setting to investigate the temporal
and spatial evolution of continental rifting. It consists of a network of rifts that
developed asynchronously and are currently at different stages of the rifting process.
Initial continental breakup is occurring in the south of the EARS in Mozambique,
while further to the north, full seafloor spreading has been established in the
Gulf of Aden and the Red Sea (e.g., Manighetti et al. 1998} Tesfaye et al., 2003)).
Elsewhere, the Main Ethiopian Rift displays the characteristics of a continental rift
in its immediate stage of development, while Afar is undergoing the final stages of
continental breakup as it develops into oceanic rifting in the transitional Red Sea
zone (e.g., [Makris and Ginzburg), [1987; Kogan et al. 2012)). It is currently a matter
of debate whether full seafloor spreading has begun on land in Afar. Magnetic
anomalies have been identified in the region, analogous to those observed at oceanic
spreading centers (e.g., |Courtillot et al., [1980), which could indicate the onset of
seafloor spreading, or could be explained as a result of magmatism during late
stages of continental rifting (Bridges et al., |2012).

The Afar region is a diffuse extensional province which hosts a triple junction

formed by the meeting of three diverging plate boundaries: the Main Ethiopian Rift,
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the Gulf of Aden and the Red Sea, separating the Nubian, Somalian and Arabian
tectonic plates respectively (Figure . The Gulf of Aden and the Red Sea do
not directly connect in Afar, but are actively propagating through the region via
the subaerial development of a series of disconnected, propagating rift segments
(e.g., Manighetti et al., (1998, 2001)). Instead of directly connecting to the Gulf of
Aden through the Bab el-Mandeb Strait, the Red Sea bifurcates into two branches
south of 16°N (Barberi and Varet, [1977; McClusky et al. 2010). This process
has isolated the Danakil microplate (or Danakil block), a sliver of continental
crust rotating independently of Nubia (Figure 1a; |Sichler, 1980; Courtillot et al.,
1984; [Manighetti et all |2001]).

The coherent rotation of the Danakil block has been established by several
geodetic models and is associated with the formation of the Danakil Depression, a
region of very low topography in northern Afar (e.g., Eagles et al., 2002; [McClusky
et al., 2010; |Viltres et al., 2020), but there are fewer measurements around the
proposed borders of the microplate, meaning the exact boundaries are not well-
constrained by the models. Continental deformation models have two end-members:
the block model, where deformation is confined to major block-bounding faults, with
little internal deformation, and the continuum model, where deformation is diffused
and quasi-continuous across a wider region (Thatcher, 2007). The transition between
block and continuum models is gradational and has many intermediate stages. Thus,
despite the observed coherent rotation of the Danakil block, it may have undergone
internal deformation and stretching. Kinematic models have produced different
estimates for the extent of the Danakil block. [Viltres et al. (2020) highlight the
diffuse character of the boundary between the Danakil and Nubia in the northeast,
where inter-rifting deformation extends over a wide deformation zone. Varet, (2017)
place the southern boundary of the Danakil microplate near the Nabro Volcanic
Range. This boundary choice is supported by the distribution of regional seismicity
along this trend (Goitom, 2017)). As a result of geographic remoteness, very few

studies have been undertaken in northeastern Afar and the Danakil block, meaning
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there is a lack of information on the microplate and its role in partitioning strain
between the two branches of the Red Sea Rift.

The nature of the crust beneath Afar has been widely debated. Some authors
argue that new oceanic crust is being created in the region (e.g., Mohr} |1989)),
whilst others conclude that the area is entirely underlain by intruded, stretched
continental crust (e.g., Makris and Ginzburg, 1987)). An alternative proposal is
that the overall crustal composition is transitional between continental and oceanic
(e.g., Redfield et al., 2003; Hammond et al) 2011c). These studies suggest that
the region west of the current rift axis is predominantly made up of mafic material
with oceanic affinities, whereas continental material exists to the east, potentially
connected to the Danakil block.

Continental breakup involves extensional faulting, ductile plate stretching and
intrusive and extrusive magmatism (e.g., Barton and White, 1997; White and
McKenzie, [1989; Bastow and Keir, 2011). It is crucial to elucidate the extent
to which mechanical- or magma-assisted extension processes dominate at each
stage of continental breakup as it transitions into seafloor spreading. Indeed, this
transition process may be more complex than a smooth evolution from mechanical-
to magma-dominated extension into oceanic spreading. Previous studies in the
Main Ethiopian Rift have shown that upper-crustal extension throughout much
of Ethiopia is currently accommodated primarily by dyke intrusion along narrow,
magmatic segments; strain has migrated away from the border faults and localised
to rift-aligned magmatic intrusions since around 20 Ma (e.g., [Ebinger and Casey),
2001; Wolfenden et al.l 2004)). However, the Danakil Depression to the north, which
has been affected by magmatism since rift onset, now hosts significantly thinned
continental crust, coupled with marked subsidence and thick evaporite deposition
(Hutchinson and Engels, [1972; Wolfenden et al., 2005; Keir et al., 2013). The
seismic reflection study of Hurman et al.| (2023) found that upper crustal axial
faulting in a magma-poor area of the depression accommodates 30% of the total

extension. Thus it has been proposed that the final stages of continental breakup
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in northern Afar may be characterised by a return to ductile plate stretching and

upper-crustal brittle faulting (Bastow et al. [2018).

Hammond et al| (2011c) comment that the lack of data from Eritrea limits

overall regional interpretations of crustal structure. Eritrea hosts the Eritrean
plateau (an extension of the western Ethiopian plateau), the Gulf of Zula, the
Danakil Depression, the Danakil Alps and substantial off-rift volcanism in the
Nabro Volcanic Range. The strike of the Nabro Volcanic Range is almost parallel
to the trend of the Hanish-Zukur islands in the Red Sea and perpendicular to
regional Red Sea rift trends. The presence of these volcanic centers across the
Danakil block has led to proposals that they represent the surface expression of a
‘leaky’ transform fault accommodating strain transfer from the Red Sea into Afar

(e.g., Barberi and Varet|, 1977 |Viltres et al., 2020)).

Crustal thickness (i.e., depth to the base of the Mohorovici¢ discontinuity)
and the ratio of P-wave velocity to S-wave velocity (Vp/Vg ratio) provide key
constraints on crustal composition and the amount of partial melt hosted by the

crust (e.g., Zandt and Ammon, |1995; Dugda et al., 2005; [Stuart et al., 2006]).

Previous studies of crustal structure in the region have shown that the crustal
thickness varies from 40-45 km beneath the western Ethiopian plateau, decreasing
to 20-26 km in central Afar, and becoming as thin as 16 km in the Danakil
Depression (Berckhemer et al., [1975; [Makris and Ginzburg), |1987; Mackenzie et al.,

2005; [Dugda et al., 2005} [Stuart et al., [2006; Maguire et al., 2006}, [Cornwell et al.,
2010; Hammond et al., 2011c; Reed et al., 2014} |Ahmed et al., [2022). The Vp/Vg

ratio also shows spatial variation, from 1.7-1.9 beneath the plateau to > 2.0 near
magmatic segments where the crustal thickness is less than 26 km; the high values

of Vp/Vg are interpreted as the result of aligned melt stored in interconnected

stacked sills in the lower crust (Hammond, [2014).

Finally, it is widely accepted that a large low velocity province exists within the

mantle beneath the African plate (e.g., Ritsema et al.,[1999; [Koelemeijer et al. 2017).

It has been long-argued that this long-lived thermo-chemical anomaly has provided

the impetus necessary to incite rifting processes in the region, as well as inducing
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mantle flow that dynamically supports the excess elevation of Africa (Lithgow-
Bertelloni and Silver], |1998} [Ebinger and Sleep, [1998; [Kendall and Lithgow-Bertelloni,
2016). However, the exact form of mantle upwelling from the core-mantle boundary
to the surface is still a matter of debate, particularly in northeast Africa (e.g., Civiero
et al. 2015). Hence the regional effect of a sub-crustal thermal anomaly upon
northeastern Afar and the Danakil block merits investigation. The primary controls
on topographic elevation are the isostatic effects of variations in crustal thickness
and density (e.g., Tiberi et al., 2005); however, the density structure of the mantle,
particularly that of a hot thermal anomaly, can affect the pattern of topography
observed at the surface (e.g., Bird, [1978; [Hager and Richards, 1989; Stephenson
et al., 2021} Bertelloni and Gurnis, [1997)). By examining the relationship between
topographic elevation and crustal structure in the study region and comparing it to
the global relationship between these parameters, we can deduce information about
mantle structure in northeastern Afar and the plateaus within the Danakil block.
In this paper, we exploit a new dataset from a temporary regional seismic
deployment, the Eritrea Seismic Project, to calculate teleseismic receiver functions.
Using the H-x method developed by [Zhu and Kanamori (2000) and modified by
Ogden et al.| (2019), we calculate the crustal thickness (H) and bulk Vp/Vg ratio
(k) at each station. We supplement our analysis with data from another temporary
deployment in central Afar, AFAR0911. The use of the AFAR0911 deployment
enables us to update previous work by Hammond et al.| (2011c), Reed et al.| (2014)
and Ahmed et al.| (2022), as well as validating the method of |Ogden et al. (2019).
Finally, we investigate the relationship between elevation and crustal thickness in

order to understand the dominant control on topography within the region.

3.2 Data and Methodology
3.2.1 Seismic Network

To calculate receiver functions, we use seismic data from the Eritrea Seismic
Project, a temporary regional seismic network deployed across the country over a

period of 16 months from June 2011 until October 2012 (green inverted triangles
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in Figure (Hammond et al., 2011a)). Six broadband seismic systems were
provided by SEIS-UK (five CMGESP and one CMG3T). Stations were placed
on the Eritrean plateau (EITE, CAYE), near the Gulf of Zula (DOLE), at the
foot of the Danakil Alps (TIOE), near the Nabro Volcanic Range (FAME) and
close to the Bab el-Mandeb strait (ASSE).

We supplement seismic data from this regional network with data collected by
a temporary local seismic network deployed in the aftermath of Nabro volcano’s
2011 eruption (plotted collectively as station NAB in Figure (Hammond et al.|
2011b)). Eight 3-component broadband 30 s Guralp seismometers (five CMG-6TD
and three CMG-40TD) were provided by SEIS-UK to monitor Nabro’s post-eruptive
state. The network was fully operational from 31 August 2011 until October 2012.
The data were all initially recorded at 100 Hz sample frequency and then switched to
50 Hz sample frequency early in October 2011. We also calculate receiver functions
for stations from the AFAR0911 deployment, which ran from 2009 until 2013 (yellow
inverted triangles in Figure (Keir and Hammond}, 2009)). These stations are
3-component broadband 60 s CMG-ESP G;uralp seismometers, recording at 50 Hz
sample frequency. Due to the lack of cultural noise, all the data exhibit a generally

high signal-to-noise ratio, with excellent data quality (Hammond et al., |2014a)).

3.2.2 Teleseismic Dataset

We search the USGS earthquake catalogue for seismic events with body-wave
magnitude My, > 5, occurring at an epicentral distance greater than 30°. Events are
then sorted into two epicentral distance ranges, 30° — 90° and > 60°. The former
range is standard for calculating P-to-S receiver functions, as it eliminates the effects
of core phases and upper mantle triplications. To increase our azimuthal coverage,
we also calculate PP-to-S receiver functions from events in the distance range > 60°.

The data are filtered using a Butterworth bandpass filter with corner frequencies
0.04 and 3 Hz. Seismograms are inspected manually to remove poor quality traces,
and then analysed based on the signal-to-noise ratio. Source-receiver pairs are

kept for further analysis if the P-wave signal-to-noise ratio is > 3. This process
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Figure 3.1: Topographic map. The boundaries of the Danakil microplate and other
plate boundaries are outlined by a dashed green line (Viltres et al., [2020). a) Countries
are labelled with black text and solid black lines demarcate national borders. Other
geographic domains are labelled with red text. The navy box encloses the region plotted in
b). RS: Red Sea, GOA: Gulf of Aden, MER: Main Ethiopian Rift, NP: Nubian Plate, AP:
Arabian Plate, SP: Somalian Plate. b) Seismic stations used in this study are plotted as
inverted green and yellow triangles and labelled. Seismic stations from previous studies are
plotted as inverted blue triangles (Hammond et al., 2011c|) and inverted orange triangles
(Ahmed et all [2022]). Volcanoes from the Smithsonian Institution Global Volcanism
Program are plotted as red triangles (Smithsonian, [2023). Inset shows the locations of
the teleseismic earthquakes used in this study, with a yellow star marking the study area.
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results in the selection of 102 earthquakes for receiver function construction and

processing (inset in Figure [3.1b).

3.2.3 Methods

3.2.3.1 Receiver Function Calculation

Receiver function analysis is a well-established technique for investigating velocity
contrasts in the crust and upper mantle beneath three-component seismic stations
(Langston, [1979). When a P-wave impinges on a velocity contrast, part of the energy
is converted into a S-wave. In the absence of anisotropy and dipping boundaries,
these P-to-S conversions are preferentially recorded on the radial components of a
seismogram, whilst direct P-wave arrivals are recorded on the vertical component.
For teleseismic waves, the incidence angle of the incoming wave will be close
to vertical (27° or lower), meaning that we can use the vertical component of
motion as a good approximation of the event source. Deconvolution of the vertical
component from the radial components removes information common to both
(i.e., the instrument response, path and source effects). This isolates the response
from the local crustal structure along the incoming, near-vertical raypath from a
teleseismic earthquake. The resulting receiver functions contain phase arrivals that
represent the P-to-S conversion and subsequent reverberations within a layer (the
positive polarity PpPs phase, and the negative polarity co-arriving PpSs + PsPs
phases, see Figure 3 in Jenkins et al.| (2020)). The amplitudes of the arrivals depend
on the P-wave incidence angle (i.e., the ray parameter), the size of the velocity
contrast, and whether the wave passes from a high velocity layer to lower velocity
layer, or vice versa. The arrival times of the converted phase and reverberations
depend on the depth of the velocity contrast, the P-wave and S-wave velocity
between the contrast and the surface, and the ray parameter.

We calculate receiver functions using the iterative time-domain deconvolution
method of |Ligorria and Ammon| (1999)). This technique iteratively builds receiver
functions in the time domain from Gaussian pulses of a set width. For our analysis,

we use a range of Gaussian width factors at 0.2 intervals from 0.8-4.0 to produce a
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set of 17 individual receiver functions for each source-receiver pair. Since periods
less than the Gaussian width are not resolvable, our calculated receiver functions
have corresponding low-pass filters between 0.4-2.0 Hz. The radial receiver function
is then convolved with the vertical component and cross-correlated with the original
radial component to evaluate the iterative deconvolution variance (IDVAR). If this
variance is < 80%, the receiver function is rejected. We also undertake a final
manual inspection of the receiver function traces, removing poor quality traces (e.g.,
those where the maximum peak arrival is not the direct P-wave arrival, those with
anomalous long wavelength features, and those which are significantly different
from others that sample the same region). This results in a range of 9 to 63

receiver functions per station (Table [3.1)).

3.2.3.2 H-k Stacking

We use the H-x stacking procedure of Zhu and Kanamori| (2000) to estimate bulk
crustal properties beneath each seismic station (see Supplementary Information
Text S1 for further details on the technique). This method has produced accurate
estimates of these properties in regions where the crustal structure is simple (e.g.,
Thompson et al, 2010)). However, our study region is tectonically complex region,
and we therefore anticipate some potential difficulties in receiver function calculation
and interpretation.

The presence of thick sedimentary layers in the study area has been well-
established (see Rime et al.| (2023) for a comprehensive geological map). The
Danakil Depression hosts a sedimentary basin likely containing up to ~3-5 km
of Pliocene-Pleistocene-Recent evaporites (Hutchinson and Engels, 1972; Bastow
and Keir, [2011; Bastow et al., 2018} Rime et al., 2023). Extensional basins in
southern and central Afar are filled with Pliocene-Holocene lacustrine, allluvial
and volcaniclastic sediments, exceeding 200 m in places (e.g., Renne et al.; [1999).
Although parts of southern and central Afar are covered by the Stratoid basalts,
this cover is lacking to the north in the Danakil Depression and on the Danakil

microplate, which are dominated by sedimentary rocks (Barberi et al., |1980; |Varet,
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2017; Tortelli et al., [2022; Rime et al., [2023). Shallow sedimentary layers produce
significant P-to-S converted energy that can mask the signal from the Moho and its
crustal reverberations, increase the time delay of the direct P-arrival, and enhance
the ‘ringing’ nature of the receiver function signal (e.g., |Zelt and Ellis, [1999; Reed
et al) 2014; |Ogden et al., 2019).

Due to the complicated tectonic history of Afar and the Danakil block, we
expect significant local differences in the amount of extension and/or thickening
due to underplating and intrusion. This can be seen in the variability in previous
Moho depth estimates across Afar (e.g., Dugda et al., 2005; Hammond et al.; 2011c}
Reed et all 2014} Lavayssiere et al., 2018; Ahmed et al., 2022)). It is distinctly
observable at single stations with backazimuthal variation in Moho depth, due to the
receiver functions from different directions sampling crust of different thickness on
either side of the station (e.g., |Dugda et al., |2005; Hammond et al., 2011c). This is
particularly pronounced for stations in Afar that are close to the large border faults,
such as ABAE (Hammond et al., 2011c). Regions of lower crustal intrusions show a
gradational transition between the crust and mantle, as observed by |Lavayssiere
et al.| (2018) beneath the western Ethiopian plateau. Frequency content of receiver
functions is also an important consideration for reliable detection of the Moho
(e.g., Frassetto et al., [2011; Ogden et al., 2019). A gradational Moho—one with an
increased width including a series of small steps in velocity gradient—may cause
short period receiver functions to convert at different depths off the incremental
layers, causing scattered Ps conversions with low amplitudes (Gallacher and Bastow),
2012). This scattering means that H-x stacking becomes less reliable. To address
this issue, |Ogden et al.| (2019) observe from synthetic data that a correct H-x result
can be returned if longer period receiver functions are used (Figure 5 in |Ogden
et al) 2019), which is then validated experimentally with a study of the Ethiopian
plateau. The longer period receiver functions, with their increased wavelengths,
show less scattered Moho Ps conversions with greater amplitudes. Using longer
period data therefore allows the H-x stacking process to resolve the gradational

Moho discontinuity more reliably.
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For H-x stacking, Vp is held constant for the whole crust and has to be either
known a priori or assumed. Previous receiver function studies in southern and
central Afar use a wide range of values for average crustal P-wave velocity, from
4.65 — 6.5 kms™!, based on criteria such as wide-angle seismic reflection studies or
by examining the theoretical relationship between partial melt fraction and seismic
velocities. Some authors allow for variability in Vp between stations (e.g., [Reed
et al., 2014), whilst others assume fixed values for all stations in their study (e.g.,
Dugda et al [2005; Hammond et al., 2011c; |Ahmed et al., 2022]).

To produce robust estimates, we therefore employ the cluster analysis approach
of Ogden et al.| (2019). This methodology rigorously explores the H-x parameter
space, including frequency content of the receiver functions and assumed average
crustal Vp, to account for sensitivity of the method to complex crustal structure.
The quality control criteria applied to the receiver functions and the cluster analysis
provides quantitative evidence for the reliability of H-x stacking at a station. The
number of quality control criteria failed by a station gives an indication of why
H-k stacking has produced an unsatisfactory result. In regions where the Moho is
gradational, the ability to adjust the frequency content of the receiver functions
means that H-x stacking remains reliable. The final result will successfully identify
the centre of the Moho depth range if the Moho layer thickness is in the range of 0
km to 13 km (Ogden et al., 2019)). See the Supplementary Information (Text S2)

for more detail on the procedure and the associated uncertainty estimates.

3.3 Results

Seven stations from the Eritrean Seismic Project, including the composite station
NAB (made up of the six Nabro array stations), and seven stations from the
AFARO0911 network produce reliable results using our H-x stacking procedure
(Table [3.1] Figure [3.2). Ten quality control criteria assess the quality of these
results, and are described in the Supplementary Information (Text S3 for the
Eritrean Seismic Project, Text S4 for AFAR0911). Diagnostic result figures for each

station are plotted in Figures S1 — S19 in the Supplementary Information. One
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of the stations on the Eritrean plateau (EITE) shows strong variation in the Ps
arrival time with back-azimuth, a phenomenon previously observed in the region by
Dugda et al.| (2005) and Hammond et al. (2011c). Following these examples, we
split the receiver functions at EITE into those arriving from the east and those
arriving from the west, carrying out H-x stacking on each set separately. These
results are plotted as EITE E and EITE W, respectively, at the first Moho bounce
point of the PpPs multiple for the dominant back azimuth (Figure . We follow
a similar procedure for the central Afar stations ABAE and MAYE, as the receiver
functions are almost exclusively from the east for these stations (Figures S11 and
S18 in the Supplementary Information). In total, we calculate fifteen estimates
of crustal thickness and Vp/Vg ratio .

Almost all of the receiver functions show an obvious Ps Moho arrival between
2.5 and 5 s, corresponding to a crustal thickness range of 18.9 — 34.8 km across all
stations. This arrival is not always the first positive arrival, which is evidence of a
sedimentary layer at the surface. In general, the receiver functions show additional
P-to-S arrivals as well as the Moho crustal reverberations, indicating the presence
of complex intracrustal structure leading to these subsidiary conversions. The PpPs
Moho arrival is observable in most of the receiver functions between 8.5 and 15.5
s, whereas the final arrival of PpSs + PsPs is more ambiguous, occurring between
12 and 20 s. The stations show a range of Vp from 5.9 — 6.5 kms™!, which we
determine to be reasonable, given previous controlled source studies (Makris and
Ginzburg, [1987; Mackenzie et al., 2005; |[Maguire et al., 20006).

Within error, the crustal thicknesses we observe are consistent with previous
estimates by Hammond et al| (2011c|), who carried out H-x stacking at stations
ABAE, FINE, IGRE, KOZE, LULE, MAYE and SAHE. Our Vp/Vg results
are also generally consistent with the values found by Hammond et al.,| (2011c]),
although they tend to estimate a slightly higher Vp/Vg than our results. This
consistency gives confidence to the H-x stacking procedure we employ, as well

as our selected values of Vp.
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Figure 3.2: Regional map showing the results of this study (Table alongside previous
estimates of crustal thickness and Vp/Vg ratio (see Table S1 in the Supplementary
Information for a complete list). Seismic stations from this study are labelled and plotted
as black circles. Seismic stations from previous studies are plotted as black inverted
triangles. The boundaries of the Danakil microplate and other plate boundaries are
outlined by a dashed green line (Viltres et al.l [2020)). Dashed black lines demarcate
national borders. Volcanoes from the Smithsonian Institution Global Volcanism Program
are plotted as red triangles (Smithsonian| [2023]). a) The crustal thickness estimates.
Thick black lines mark the profiles for controlled source work by Berckhemer et al. (1975));
Makris and Ginzburg] (1987); [Egloff et al| (1991); Mackenzie et al.| (2005); Maguire et al.
(2006). Other estimates of crustal thickness come from Hammond et al| (2011c)), Reed|
et al. (2014) and |Ahmed et al.|(2022). b) Vp/Vg ratio estimates from this study and
from [Hammond et al.| (2011c]), Reed et al. (2014 and Ahmed et al.| (2022).
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3.4 Discussion

3.4.1 Stretching of the Danakil block

It is well-established that continental basement is exposed on the Danakil microplate,
particularly within the Danakil Alps (e.g., Freund, |1970; Bosworth et al., 2005;
Varet, 2017; Rime et al., 2023). Drury et al. (1994) propose that this crustal
segment was shortened and thickened by transpression in late Neoproterozoic to
Cambrian times. Our crustal thickness estimates for the stations located on the
Danakil block are lower than the global average value for extended continental
crust of 30.5 km (Christensen and Mooney, 1995). They are also 10-15 km thinner
than estimates for stations found on the western Ethiopian plateau (Figure [3.2).
Indeed, stations TIOE and FAME show thicknesses that are similar to those found
in the rift valley of Afar. While we lack constraints from the interior of the Danakil
Alps, we nevertheless propose that the Danakil is not ‘relatively unstretched’ as has
been previously claimed (Wolfenden et al. 2005)), but has undergone a significant
amount of deformation and crustal thinning. Two-dimensional area balancing in a
previous plate kinematic reconstruction study supports this conclusion, suggesting
that the Danakil block has undergone a minimum of 200% stretch since the onset
of rifting (Figure 3, Redfield et al., [2003). A geometric estimate by Morton et al.
(1975)) also gave a stretching factor (i.e., ratio of stretched width to original width)
of up to 2.5 in the Danakil Alps.

Station EITE (E) has a Vp/Vg ratio of 2.054, which is significantly higher than
the average value for continental crust of 1.768 (Christensen, |1996). Vp/Vg ratios
above 1.9 cannot be accounted for by differences in rock composition (Thompson
et al} 2010). Instead, these elevated values are typically explained by the presence
of fluid (e.g., melt) in the crust, which decreases the S-wave velocity without
significantly affecting the P-wave velocity (e.g., Watanabe, 1993)). This effect
is enhanced in the presence of aligned melt due to the influence of anisotropy
(Hammond, 2014). EITE (E) is located on the edge of the western plateau. It

shows strong similarity to stations MAYE and ABAE, which are positioned on
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the rift shoulder in central Afar and also show high Vp/Vg ratios. We therefore
propose that partial melt in the crust is present along the edge of the western
plateau in central Afar and persists northward. Another very elevated Vp/Vg
value of 2.042 is observed at station TIOE. In general, crustal thickness in the
region is negatively correlated with the bulk Vp/Vg ratio (see Figure S20 in the
Supplementary Information), implying that the thinnest crust is also the most
intruded. This indicates that the stretched, thinned nature of the crust beneath the
Danakil block has resulted in the presence of partial melt and focused magmatism,
similar to what is observed by |Dixon et al. (1989) in the Red Sea. It is possible
that this melting and volcanism was what initially caused the onset of crustal
extension, as postulated by Drury et al.| (1994). Our observations suggest that it is
likely that magmatic extension continues to play a dominant role in the final stages
of continental breakup in Afar. Stations ASSE, CAYE and FAME have Vp/Vg
values that are greater than 1.8, which are closer to the expected values for oceanic
crust (Christensen) [1996)). The most likely explanation for this is the presence of

magmatic intrusions causing the continental crust to be more mafic in composition.

3.4.2 Crustal sills beneath Nabro volcano

Our Vp/Vs result at Nabro volcano (station NAB, Figure is relatively low
(1.773). Nabro erupted in 2011 and therefore the crust beneath the volcano might
be expected to have an elevated Vp/Vg ratio, reflecting melt storage. However, it is
important to consider the pore geometry of melt storage and its influence on seismic
velocities (Takei, [2002). Hammond| (2014) demonstrated that the relative orientation
and alignment of melt has a significant effect on H-x estimates. If melt is vertically
aligned, the shear wave conversion will be split as it passes through, with each of the
split waves producing different x estimates due to their different velocities. When
there is good back-azimuthal coverage at a station, the overall stacking procedure
will be dominated by the slow shear wave velocity, and thus produces a higher Vp/Vg
estimate. This effect becomes less pronounced as melt becomes more horizontally

aligned. The petrological study of Donovan et al.| (2018)) concluded that Nabro hosts
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distinct batches of magma in sills throughout the crust, which might go some way
towards explaining the low bulk Vp/Vg ratio estimate produced by H-x stacking.

Other geophysical studies have proposed crustal magma reservoirs taking the
form of sub-horizontal lenses. Ground deformation observed at the Rhenish Massif
in Central Europe has been explained as melt accumulation in sub-horizontal sill-like
structures (Silverii et al., 2023). A seismic reflection study of the Juan de Fuca Ridge
concludes that sub-horizontal stacked magma lenses are present in multiple locations
beneath the ridge, providing sources for eruption events (Carbotte et al.| 2021]).
The volcanic plumbing system around Mayotte island includes a subhorizontal
magma reservoir lying between a new seamount and Mayotte, as suggested by
the deformation study of (Cesca et al.| (2020). A local velocity model for Mayotte
found an average Vp/Vg ratio of 1.6, an even lower value than our estimate for
Nabro, which the authors attribute to the presence of low aspect-ratio cracks filled
with gas-rich magma (Lavayssiere et al., [2022).

However, the low Vp/Vg ratio cannot be solely explained by horizontally-aligned
melt. Alternatively, the overall crust at Nabro could be melt-depleted, with melt
travelling directly up from the mantle to shallow storage regions just prior to
eruption. Nabro’s high crustal thickness could be due to these magmatic intrusions
and additions occurring through time. There is petrological evidence for a significant
amount of old eruptive products in the crust beneath Nabro, due to the presence of
xenocrystic material in the erupted magmas Donovan et al. (2018). Unfortunately,
the back-azimuthal coverage is not comprehensive enough to carry out a crustal
anisotropy study at Nabro to investigate these proposals further (e.g., |[Liu and

Niu 2012; |Hammond, 2014).

3.4.3 Implications for rifting through the Gulf of Zula

Afar is a diffuse extensional province; Courtillot et al.| (1980) note that it is difficult
to identify plate boundaries in Afar due to the homogeneous stretching of the region.
Manighetti et al.| (2001) find that strain within Afar is localized in disconnected

rift segments, currently opening and propagating through numerous active faults,
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open fissures and volcanism. The active rift axis passes from the Red Sea through
the Gulf of Zula to the west of the Danakil block and becomes more distributed
further south in Afar, eventually spanning distances of ~175 km (Figure 26 in
Manighetti et al., 2001; Kogan et al., |2012)). The rotation of the Danakil block
towards Arabia favours this propagation of rifting on land in Afar rather than a
southward propagation of the Red Sea Rift beyond 16°N (Sani et al., [2017)).

We note that station DOLE, despite its proximity to the rift axis through the
Gulf of Zula, has a relatively thick crust of 27.2 km. However, it is important
to notice that the receiver functions mainly sample the crust to the north-east of
the station (and thus further from the rift), due to the back-azimuthal coverage.
Therefore, the crustal thickness recorded at this station likely reflects a portion
of unstretched continental crust on the Danakil microplate.

Viltres et al.| (2020) conclude from their GPS study that inter-rifting deformation
is not localised directly in the Gulf of Zula. Instead it is accommodated by volcanic
vents and distributed faults 20 km west of the Gulf of Zula. Station EITE (E)
lies to the west of this area of active deformation, with a crustal thickness of
25.5 km and a relatively high Vp/Vg ratio of 2.05. We postulate that extension
may continue to shift westwards if the crust is rheologically weak and magma-rich

at the edge of the plateau.

3.4.4 Topographic elevation and crustal structure

Topographic elevation can primarily be attributed to the isostatic effects of crustal
thickness and density variations (e.g., Airy, [1855; [Pratt, |1855). However, a
secondary control on continental topography is the density structure of the mantle
(e.g., Hager et al., 1985} [Lithgow-Bertelloni and Silver;, |1998; [Hoggard et al., 2021;
Sembroni et al., 2016; Stephenson et al., 2021). Our results can therefore place
indirect constraints on crustal and mantle density structure. We investigate the
relationship between topographic elevation (¢) and crustal thickness for central and

northeastern Afar and the Danakil block (Figure [3.3h).
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There is a demonstrable linear relationship between H and €, suggesting that 3 km
of variation in the topographic elevation in the study area can be ascribed to variation
in crustal thickness (Figure ) A similar relationship between topographic
elevation and crustal thickness is widely accepted from global observations (see
Figure 5 in [Stephenson et al., 2024; |[Lamb et al., 2020) and plotted in Figure
for comparison). However, two characteristics of the distribution of H and € in our
regional study provide a rare opportunity to quantify the regional properties of the
crust and uppermost mantle. First, the slope of the relationship between H and €
is on the lower end of globally averaged estimates (e.g., Lamb et al.; 2020). This
difference is not unexpected given the rift setting of the region since the value of the
slope is largely controlled by the density of the crust, although it has seldom been
quantified (e.g.,|Ebinger et al., 1989a; Tiberi et al., [2005). Furthermore, the intercept
crustal thickness value is shifted upwards, which implies significant levels of sub-
plate topographic support which must arise from processes operating in the mantle
beneath the region. In other words, topographic elevation is generally higher than
would be expected for a given value of crustal thickness if crustal isostasy were the
only control on topography (Airy}, 1855; |Pratt|, 1855). Here, we use these observations

to provide new constraints on lithospheric and sub-plate density structure.

3.4.4.1 Bulk crustal density

We can quantify the difference in average crustal density between our study region
and the global average by using the gradient of the plot in Figure to estimate
crustal density beneath central and northeastern Afar and the Danakil block (e.g.,
Lamb et al., 2020; [Stephenson et al., [2024]). Assuming Airy isostatic equilibrium,
the slope of the relationship between crustal thickness, H and topographic elevation,
€, is given by on the ratio (p, — pc)/pa, Where p. is crustal density and p, is
asthenospheric mantle density. This relationship further assumes that topography
is compensated in the asthenospheric mantle and that lithospheric mantle structure

and crustal density are both consistent across the region of interest (c.f. Lamb et al.|
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2020). Hence if we can estimate the local value of p,, it is possible to place a bound
on the average density of the crust in our study region.

To estimate the value of p,, we must calculate the effects of temperature and
pressure upon mantle rocks given local constraints on asthenospheric tempera-
ture structure. Mantle density as a function of pressure, P, and temperature,

T, is given by

P
p(P,T) = pp, exp (K — aT) , (3.1)

where o = (3.28 +0.25) x 107° K~! is the thermal expansivity, K = 140 + 20 GPa
is the bulk modulus of the mantle and p,,, = 3330 kg m~2 is mantle density at
surface pressure and temperature. In this way, we place constraints on 7" and P
in the asthenosphere beneath our study region.

Ball et al.|(2021)) use inverse modeling of rare earth element concentrations in
mafic volcanic rocks to estimate that the sub-plate potential temperature beneath
north-eastern Ethiopia is ~ 1442+ 50 °C and lithospheric thickness a; = 30+ 20 km.
Shear wave velocity can also be converted into temperature using the experiment-
based parameterisation of [Yamauchi and Takei (2016), as carried out by |Priestley
and McKenzie (2013), Richards et al.| (2020) and Hoggard et al. (2020). This
approach minimises the weighted misfit between: predicted and observed values of
seismic velocities as a function of oceanic plate age and depths < 112.5 km; the
predicted shear wave velocity as a function of the mantle isentrope between 225
and 400 km depth; the globally averaged shear-wave attenuation as a function of
depth; and finally published and calculated values of mantle viscosity (Richards
et al., [2020; [Hoggard et al., 2020). When applied to the recent tomographic model
of |Celli et al.| (2020a), this approach yields an asthenospheric potential temperature
of Tp ~ 1440 + 30 °C. To extract a lithospheric thickness, this temperature model
is contoured at the 1175°C isotherm, which approximates the temperature at
which convection begins. We find that the lithosphere beneath Afar and the
Danakil microplate is between ~ 40 and 50 km thick. To ensure that we place

the depth of isostatic compensation within the asthenospheric mantle, we choose
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a depth to the base of the lithosphere of 50 + 20 km. Assuming that the mantle
is isentropic, we assume a mantle potential temperature beneath the study region
of Tp = 1440 4+ 50 °C. Hence, using

T, = (Tp + 273) exp <ggf> — 273, (3.2)
we obtain asthenospheric temperature at this depth of T, = 1465 4+ 52 °C, given
acceleration due to gravity, g = 9.81ms™? and heat capacity, C), = 1187 & 50J°C~*
(Mckenzie and Bickle, [1988).

These values for asthenospheric temperature and lithospheric thickness are
corroborated by several other studies. Petrogenic modelling by [Ferguson et al.| (2013])
finds a mantle potential temperature of 1450°C, corroborated by the geodynamic
models of Armitage et al. (2015). Stephenson et al. (2023) use major element
thermobarometry of mafic magmas to estimate a lithospheric thickness of 40-60 km
beneath northern Afar (see methodology of McNab and Ball, 2023 Plank and
Forsyth), 2016 . Using a similar approach as we have followed above, |Fishwick
(2010) also obtains a lithospheric thickness of about 50 km. Finally, Ebinger
and Hayward (1996) find that the elastic thickness of the plate in the Danakil
Depression is between 3 and 8 km. Although they obtain a higher value on
the Ethiopian plateau of 56 km, this value is still lower than the stable cratonic
elastic thicknesses of 64-79 km observed elsewhere on the African plate by Ebinger
et al.| (1989al). These results suggest that the lithosphere is anomalously weak
beneath our study region and therefore consistent with thin lithosphere and elevated
sub-plate potential temperatures.

We use the relationship P, = pga; to find the pressure at the base of the
modern-day lithosphere, where p ~ 3000 kg m~ is overburden density, and a; is
depth to the base of the lithosphere. We find that P, =~ 1.3 + 0.5 GPa. Therefore
pa ~ 3210 kg m~3. In Figure we apply a non-biased linear regression (i.e.,
a total least squares regression; see Supplementary Information Text S4) that
assumes uncertainty in both topography and crustal thickness (£30 m and +3 km,
respectively) and find that (p, — p.)/pa = 0.11, which is on the lower end of the
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global average value of around 0.11-0.13 (Lamb et al., |2020; |Stephenson et al.|
2024)). Using our estimated value of p, and by propagating uncertainties in 7, and
Py, we find that in our study region, p, ~ 2850 % 20 kg m~3. In our study region,
crustal thickness is 26 £ 10 km (i.e., median and interquartile range). |Stephenson
et al.| (2024) provide a function to predict average bulk crustal density as a function
of crustal thickness, which for this range yields a predicted mean crustal density of
2800 £ 10 kg m~2, which indicates that the crust in our study region is somewhat
denser than the global average. We compare the result to the results of [Tiberi
et al.| (2005), who carry out inverse modeling of gravity anomalies in Afar. In the
upper 10-20km beneath northern Afar, they find a large positive lateral density
contrast compared to other areas of their study region. This large change in density
is interpreted to be a result of a combination of crustal thinning and the addition
to the crust of dense mafic material due to magmatic intrusions.

In summary, this somewhat elevated crustal density likely reflects the substantial
magmatic intrusions and additions to the crust by mafic volcanic rocks that have
taken place in this region. It furthermore provides a new and independent constraint
that adds weight to our earlier conclusion that the high Vp/Vg ratios we observe
are likely to be due to magmatic activity. Indeed, it is probable that these density
estimates represent a lower bound for the thinnest crystalline crust in Afar and
the Danakil microplate, much of which is overlain by thick sedimentary layers. In
the Danakil Depression, the layers of sediment reach 5 km in extent (Hutchinson
and Engels, 1972; Bastow and Keir}, 2011; [Bastow et al., 2018} Rime et al., [2023)).
If crystalline crust of thickness 15 km is overlain by 5 km of sediment of density
2700kgm 3, and if the bulk density of both layers combined is 2850kgm 3, it follows
that the density of the crystalline crust is ~ 2900kgm 2. This value is consistent

with significant mafic intrusion.

3.4.4.2 Sub-plate topographic support

Next, we turn our attention to the topographic effects of elevated mantle potential

temperatures beneath Afar and the Danakil block. It is well-established that mantle



3. The dynamic crust of northern Afar and adjacent rift margins: evidence from
receiver functions 81

upwelling from a large low velocity province has had a significant effect on the
tectonics and topography of Africa (e.g., |[Ebinger and Sleep|, 1998 Ritsema et al.,
1999; Kendall and Lithgow-Bertelloni, 2016; Nyblade and Robinson, |1994). While
the magnitude of sub-crustal support from the mantle has been estimated in the
Main Ethiopian Rift, a paucity of data means that the extent of the hot mantle
swell northwards towards Afar and the Danakil block has not been well constrained
(Stephenson et al., |2024; Holdt et al. 2022; |Sembroni et al., 2016|). From the
relationship between crustal thickness and elevation, it is clear that topography
is anomalously high given the crustal thickness in our study region. It is notable
that, for H =~ 10-20 km, the topography is approximately at sea level. However,
globally, the average crustal thickness is about 32.1 km for regions at sea level
(Lamb et al., 2020; Stephenson et al., [2024). To illustrate this point, take station
CAYE, which has crustal thickness of H = 32.7 km, which is very close to the
thickness of crust that is globally expected to reside at sea level. Instead, CAYE
is located at an elevation of about e = 2.1 km. This marked offset implies a
significant level of regional sub-crustal support that sustains the topography in
Afar and the Danakil microplate.

Using our results, we can for the first time quantify this dynamic support
regionally. Some proportion of this locally anomalous topography will be supported
by the flexural rigidity of the lithosphere. However, the size of our study region
exceeds the expected elastic half-wavelength given an elastic thickness of 5-49 km
that would result in regional elastic support (Ebinger and Hayward, 1996)). It is
therefore possible to assess the extent of regional excess topography by using the
regression of H against €. The difference between the mean intercept values of the
local and global regressions of H against € indicates that the study region is on
average 1.5+ 0.4 km (i.e., 2 standard errors on the mean) higher than would be
expected as a result of crustal thickness variations alone (Figure [3.3p).

A hot mantle upwelling can generate uplift in three interconnected ways (Hager
et al., 1985; Hager and Richards, |1989; Molnar et al., [2015; Hoggard et al., [2021)).

First, the upward flow of hot mantle produces viscous forces that cause vertical
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tractions on the base of the plate (e.g., [Forte et al., [1993; [Molnar et al., [2015).
Secondly, the buoyancy of the hot mantle material generates isostatic uplift at
the surface (e.g., Rudge et al., 2008; [Richards et al. 2020). Finally, erosion of
the base of the lithosphere by heat and/or melt and fluid infiltration can thin
the lithospheric mantle (e.g., Bird, [1979). Here, we explore the effects of the
second and third processes in our study region by estimating the uplift that is
generated by the combined effects of a hot thermal anomaly beneath the plate
and by thinning of the lithospheric mantle.

Uplift above a hot asthenospheric anomaly of thickness H and excess temperature

AT is given by

a1y al  ag AT
U= A —nh 3.3
1-— OéTl (2&0 + 2 o+ Tl ’ ( )

where ag and a; are initial and final lithospheric thicknesses and T} is ambient
mantle temperature. We assume an initial lithospheric thickness of ay = 120 km,
and take an asthenospheric channel to be A = 100 km thick (McKenzie, [1978; Rudge
et al.l 2008). The effects of using different values of ag and H are reported in the
Supplementary Information in Text S5 and Figure S21.

Next, we return to the independent estimates of mantle temperature and
lithospheric thickness determined from tomographic and geochemical constraints.
We carry out a grid search by sweeping through the range of reported values for
a; and AT using Equation (3.3) (see, e.g., [Hoggard et al., 2020; Ball et al.| 2021;
Stephenson et al., [2024; [Ebinger and Hayward, [1996))). The residual topographic
estimates calculated from our simple regression between H and € in Figure [3.3a are
consistent with the magnitude of uplift generated above a temperature anomaly
of around 110° C residing in an asthenospheric channel of 50-150 km thickness
beneath lithosphere that has been thinned by around 80 km (i.e., from 120 to
40 km; compare hatched area with circles and star on Figure[3.3p). These values are
corroborated by the aforementioned independent estimates for sub-plate temperature
and lithospheric thickness. It is important to emphasise that this signal of sub-

plate topographic support is regional, extending beneath regions of both thick and
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thin crust, necessitating the emplacement of a hot sub-plate thermal anomaly and
removal of the lithospheric mantle beneath both rift and plateau.

These results are consistent with the presence of a major mantle upwelling
beneath Afar and the Danakil microplate. We note that our results do not attempt
to estimate the mantle flow component of sub-crustally supported topography, nor do
they attempt to quantify the component arising from below the uppermost 200 km of
the mantle. Furthermore, a potentially significant component of topographic support
from the lithospheric mantle arises from lithospheric extension. However, the mantle
swell is clearly a widespread feature that extends from the Main Ethiopian Rift into
northern Afar and the Danakil microplate and sub-plate temperature anomalies

appear to be required to explain the height of topography in the region.

3.5 Conclusion

We have produced the first estimates of crustal thickness and bulk crustal Vp/Vg
ratio in Eritrea, across an area encompassing northeastern Afar and the Danakil
microplate. We calculate receiver functions from a temporary regional seismic array
and apply the modified H-x stacking technique of |(Ogden et al.| (2019) to constrain
the bulk crustal properties at eight locations in Eritrea. To validate this procedure,
we also carry out H-x stacking at stations in central Afar, producing estimates
that are consistent with previous studies in the region.

This study has revealed the heterogeneity of crust in Afar and the Danakil
microplate. We calculate a variability in crustal thickness of ~16 km throughout the
study area, ranging from ~19-35 km. This reveals that the Danakil microplate is
not an undeformed, unified block, but rather has experienced extension and crustal
thinning resulting in crust as thin as 18.9 km. We also see variation in Vp/Vg
ratio across our study region. Some stations have values typical of continental crust
(~1.77). Others show higher values of 1.8-1.86, likely a consequence of alteration by
magmatic intrusion or addition to the crust. Two stations have Vp/Vg greater than
2.0, which we associate with the presence of partial melt, suggesting that magmatic

extension continues to be important in the final stages of continental rifting.
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Figure 3.3: Crustal and mantle structure. (a) Topographic elevation plotted against
crustal thickness estimates (coloured circles) for the study region, from this study and
the previous receiver function studies of Hammond et al.| (2011c|); Reed et al. (2014);
'‘Ahmed et al| (2022). Elevation estimates are from the GMT Global Earth Relief grid,
with the topography low-pass filtered for wavelengths > 30km (Wessel et al., [2019). The
black line is the best-fitting regional isostatic relationship where (p, — pc)/pa = 0.11; the
dotted black line is the average global isostatic relationship (Stephenson et al., 2024)). (b)
Sub-crustally supported topography as a function of asthenospheric mantle temperature
and lithospheric thickness, assuming a temperature anomaly is constrained to a 100 km
thick channel and equilibrium lithospheric thickness is 120 km. Contours indicate regional
elevation anomaly, €, generated by lithospheric thickness and sub-plate temperature. The
shaded area represents the range of regional sub-crustal support (Ae = 1.5 £ 0.4 km)
estimated from the offset in intercept values between the regional crustal thickness-
elevation relationship and the global one. The red square is plotted at the sub-plate
temperature and lithospheric thickness given by the tomography model of
2020a)) after conversion into temperature following the methodology of
2020) and [Richards et al.| (2020). The yellow star is plotted at the sub-plate temperature
and lithospheric thickness given by inverse modelling of rare earth element compositions
(Ball et al., 2021).

By examining the relationship between topographic elevation and crustal thick-
ness, we observe a deviation from the global relationship between these parame-
ters. We estimate a denser bulk crust (i.e., including both crystalline basement
and sediment) across northern and central Afar and the Danakil microplate
(pe ~ 2850 4+ 20 kg m~3), which is evidence for intrusive magmatism altering
the composition of the crust to be more mafic. Our results reveal that the
topography is anomalously high for the observed crustal thicknesses in Afar and

the Danakil microplate, implying a level of sub-crustal support from a hot thermal
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anomaly beneath the crust.

Our observations of crustal properties address the previously existing data
gap in northeastern Afar and the Danakil microplate, provide a useful base for
further investigations of the crust and mantle within the Danakil microplate and at
its boundaries, and give insights into the processes responsible for topographic

elevation in the region.

Open Research

The seismic data used in this study are from the Eritrea Seismic Project (Hammond

et al., |2011al), the Nabro Urgency Array (Hammond et al., [2011b), and the
AFARO0911 network (Keir and Hammond|, 2009)), all publicly available through
IRIS Data Services (http://service.iris.edu/fdsnws/dataselect/1/). When analysing
the seismograms, we made use of the Seismic Analysis Code software (Helffrich
et al., |2013)) and the iterative deconvolution code “iterdecon”, available online at
http://eqgseis.geosc.psu.edu/cammon/HTML/RftnDocs/thecodes01.html. Figures
and maps were plotted using Generic Mapping Tools (GMT) version 6 (Wessel et al.,
2019)) licensed under LGPL version 3 or later, available at https: //www.genericmapping-

tools.org.
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Abstract

Understanding the crustal structure and the storage and movement of fluids beneath
a volcano is necessary for characterising volcanic hazard, geothermal prospects and
potential mineral resources. This study uses local earthquake traveltime tomography
to image the seismic velocity structure beneath Nabro, an off-rift volcano located
within the central part of the Danakil microplate near the Ethiopia-Eritrea border.
Nabro underwent its first historically-documented eruption in June 2011, thereby
providing an opportunity to analyse its post-eruptive state by mapping subsurface
fluid distributions. We use a catalog of earthquakes detected on a temporary seismic
array using machine learning methods to simultaneously relocate the seismicity and
invert for the three-dimensional P- and S-wave velocity structures (Vp, Vg) and
the ratio between them (Vp/Vg). Overall, our model shows higher than average P-
and S-wave velocities, suggesting the presence of high-strength, solidified intrusive
magmatic rocks in the crust. We identify an aseismic region of low Vp, low Vg and
high Vp/Vs ratio at depths of 6-10 km b.s.1., interpreted as the primary melt storage
region that fed the 2011 eruption. Above this is a zone of high Vg, low Vp and low
Vp /Vg ratio, representing an intrusive complex of fractured rocks partially-saturated
with over-pressurized gases. Our observations identify the persistence of magma in
the subsurface following the eruption, and track the degassing of this melt through
the crust to the surface. The presence of volatiles and high temperatures within the

shallow crust indicate that Nabro is a viable candidate for geothermal exploration.

Plain Language Summary

Understanding the structure of the crust and the distribution and movement of
fluids beneath a volcano allows for the assessment of volcanic hazard, geothermal
potential and possible mineral extraction. To identify different regions of the crust
and differentiate between fluids, we use the fact that the speed of seismic waves
depends on the material they are travelling through. For example, seismic waves

will travel through magma (molten, or liquid, rock) at lower speeds than in the
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surrounding rock. The focus of this study is Nabro volcano in Eritrea, which erupted
in 2011. We use earthquakes that have been automatically detected following the
eruption to image the structure of the crust in the form of 3D variations in seismic
wave speeds. This identifies a volume of magma stored at depths of 6—10 km
below sea level, which fed the eruption. Above this, we observe a region of rocks
that are likely remnants of earlier eruptions at Nabro, with fractures containing
gases at high pressure. The source of this high pressure is the release of gas from
the magma storage zone. The presence of hot fluids means Nabro could be used

as a source of geothermal power in the future.

Key Points

o 3D seismic modelling reveals the structure of the magmatic and hydrothermal

systems beneath Nabro volcano in Eritrea.

o The primary melt storage region feeding the 2011 eruption is located at depths

of 6—10 km below sea level.

o Degassing from the magma storage zone causes overpressure in partially-

saturated, fractured intrusive complex above.

4.1 Introduction

Modelling the crustal architecture of a volcano is of fundamental importance;
interactions between magmatic and hydrothermal systems play a central role in
volcanic unrest and eruption (e.g. Chouet and Matoza, 2013; Pritchard et al., 2019;
Wilks et al., 2020)). However, these systems are often poorly characterized, both
due to their complexity and to the difficulty of probing the crust in sufficient
detail. Further motivation for investigation is that volcanic-hosted hydrothermal
systems may be a source of geothermal energy production (Reinsch et al.l 2017)
or metal-rich brines (Blundy et al., 2021)).

Seismic body wave tomography is a powerful geophysical tool used to image the

Earth’s interior on various scales. It has been applied locally to deforming volcanoes
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in order to understand their subsurface active magmatic and hydrothermal processes
(e.g. [Patane et al., 2002 |Chiarabba and Moretti, 2006; Korger and Schlindwein,
2014} |Greenfield et al.l [2016; Wilks et al.l [2020; Koulakov et al., 2021)). Seismic
velocities of rocks are influenced by a multitude of factors, including lithology,
fractures, temperature, the presence of fluids and gases, fluid saturation and porosity.
Knowledge of the seismic velocity structure can therefore help to identify melt-
bearing regions, hydrothermal fluids and over-pressurized gases beneath a volcano
(e.g. Londono and Sudoj, 2003; [Vanorio et al., [2005; [Lin), 2013; |Wilks et al., 2020)).
These observations are crucial to understanding volcanic unrest, characterising
future volcanic hazard and assessing geothermal potential.

Using seismic data collected following the 2011 eruption of Nabro, we present
high-resolution tomographic images of the crust with the aim of improving under-
standing of the post-eruptive state and dynamics at depth beneath the volcano.
Nabro volcano is located on the central part of the Danakil microplate near the
Ethiopia-Eritrea border in the Afar region. The Afar depression is part of the
East African Rift System, an active continental rift system, and contains the triple
junction between Arabian, Nubian and Somalian plates (Hammond et al.| |2011c]).
Most of the active volcanism associated with continental rifting is found along
the central rift axis. However, Nabro is offset from the axis of spreading and is
thus known as an “off-rift” or “off-axis” volcano (Barberi et al., |1974; Wiart and
Oppenheimer}, 2005). Together with the neighbouring caldera of Mallahle, Nabro
makes up the Bidu Volcanic Complex. Nabro and Mallahle are characterized by
large calderas, thought to have been formed circa 130 and 295 ka, respectively
(Oppenheimer et al., |2019)). The alignment of the volcanic centers bears NE-SW,
striking obliquely to the NW-SE trend of the Red Sea (Wiart and Oppenheimer)
2005; |Goitom et al.; 2015)). Nabro is the largest volcano in the Nabro Volcanic Range
(NVR), which runs in a NNE-SSW direction from Bara’Ale volcano in Ethiopia to the
Kod Ali formation in the Red Sea (Wiart and Oppenheimer, 2005). Nabro’s summit
is 2248 m above sea level, and its caldera reaches a diameter of 8 km (Wiart and

Oppenheimer], 2005). It remains unclear how magma is supplied to off-rift volcanoes
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such as Nabro; further, their role in accommodating extension is not well understood
(Maccaferri et al) 2014). Indeed, the propagation of strain transfer from the Aden
and Red Sea plate boundaries into the Afar region south of Nabro is complex
and transient, with active faults distributed over hundreds of thousands of square
kilometres (Manighetti et al., 2001). Possible explanations for the NVR’s extensive
off-rift magmatism include reactivation of an older, pre-rift structure (Barberi et al.
1974)) or localized diapiric upwellings from depth (Hammond et al., |2013]).

On 12 June 2011, Nabro volcano underwent its first eruption on historical record—
the last dated activity occurred within the caldera circa 23 ka (Oppenheimer et al.,
2019). The volcano was unmonitored at the time of the eruption, with no geophysical
surveillance networks operating in Eritrea. The eruption resulted in seven fatalities
and displaced some 12,000 people (Goitom et al., |2015)). The explosive activity
generated significant tephra clouds and released 4.5 Tg of SO5 into the atmosphere
within the first 15 days, producing the largest stratospheric aerosol perturbation
since the 1991 Pinatubo eruption (Theys et al., 2013; |[Fromm et al., 2014)). Since
the eruption, Nabro has been identified as one of the main geothermal prospects in
Eritrea due to increased fumarolic activity at the surface (Yohannes, 2012).

Geodetic modelling suggests that a shallow, NW-SE-trending dyke fed the
eruption, which triggered slip on parallel normal faults, consistent with the orien-
tation of vents within the crater (Goitom et al., 2015). Petrological analysis by
Donovan et al.| (2018) identifies two distinct batches of magma, one more primitive
and the other high in sulfur and water content. The authors propose that the
latter batch underwent isobaric crystallisation in a storage region at ~5-7 km
depth below sea level (b.s.l.), while the more primitive batch rose rapidly to the
shallow crust from depth. In the months following the eruption, Nabro experienced
subsidence at a slowly decaying rate (Hamlyn et al., 2014, 2018). By inverting
the deformation field, Hamlyn et al.| (2018)) propose a best-fitting deflating Mogi
source at 6.4 + 0.3 km depth b.s.l..

A temporary seismic network was established around Nabro in the aftermath of

the eruption, operational from 31 August 2011 until October 2012. [Lapins et al.
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(2021) trained and validated a novel deep learning model on this data in order
to automatically detect phase arrivals. When deployed, the deep learning model
significantly augmented the seismic catalog analysed in previous studies. From
this catalog, Lapins| (2021a) calculates hypocenter locations, local and moment
magnitudes, path/site attenuation effects and b-values. A key result is that seismicity
beneath Nabro lies above and below an inferred, aseismic magma storage zone at
depths of 6-9 km b.s.l., consistent with the modelled Mogi source from previous
studies (Hamlyn et al., 2014; |Goitom et al., 2015) and petrological inferences about
magma storage depths (Donovan et al., 2018). Events below the reservoir are thought
to result from small pulses of magma or volatile migration, while events above the
aseismic zone could reflect outgassing processes, migrations of fluid or melt into the
reservoir or intense fracturing as a result of the observed subsidence (Lapins, [2021al).
The patterns of seismicity to the northeast of Nabro indicate that deeper fluid or
magmatic processes have triggered movement on a shallower fault, suggesting that
fluids may play an important role in regional extensional processes (Lapins, [2021al).

Lapins (2021a)) notes that one of the major limitations of their study is the lack
of a well-constrained velocity model. Here, we apply seismic tomography methods to
the dataset from Lapins et al.| (2021) to derive a more accurate velocity model. We
then use this new model to jointly carry out 3D P-wave (Vp), S-wave (Vg) and Vp/Vg
tomography and earthquake hypocenter relocation, in order to yield further insight
into the subsurface processes responsible for the seismicity and surface deformation
at Nabro. By interpreting these tomographic images, we aim to characterize the
migration and distribution of volcanic fluids in Nabro’s active magmatic system.
These results have particular relevance for the assessment of Nabro’s geothermal

energy potential, as well as its future seismic and volcanic hazard.

4.2 Data
4.2.1 Network and Data Collection

The seismic data used in the tomographic inversion were collected by a temporary

local seismic network deployed in the aftermath of Nabro’s 2011 eruption. Eight
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3-component broadband 30 s Giiralp seismometers (five CMG-6TD and three CMG-
40TD) were provided by SEIS-UK to monitor Nabro’s post-eruptive state (Hamlyn
et al., [2014)). The network was fully operational from 31 August 2011 until October
2012. However, one of the 40TD stations, NAB6, was damaged due to flooding and
thus was inoperable, producing no useable data (Lapins, 2021a). NAB7 also had
frequent data gaps but was still used for phase arrival picking and event location,
and therefore we also use it in our tomographic inversions, along with the other six
stations. The data were all initially recorded at 100 Hz sample frequency and then
switched to 50 Hz sample frequency early in October 2011 (Lapins| 2021al).
Manually picking seismic phase arrivals is time-consuming, and can be especially
difficult in volcanic settings due to the fact that volcano-tectonic earthquakes
tend to be fairly low magnitude (< 4) events. A previous manual analysis of the
Nabro seismic data only covered the time period 31 August — 31 December 2011
(Goitom, 2017)), which left eight months of data unpicked. Therefore, a new deep
learning model for automated phase arrival detection based on a convolutional neural
network, known as U-GPD, was applied to the seismic data from the temporary
network around Nabro (Lapins et al. [2021). The U-GPD model is trained and
validated using 35 days of manually picked data from (Goitom| (2017). To overcome
issues surrounding the use of a small training set, they use transfer learning on an
existing deep learning model for phase arrival detection (Ross et al., [2018)) trained
using millions of phase arrivals from earthquakes in Southern California. The
resulting U-GPD transfer learning model was shown to outperform two existing,
comprehensively trained models, PhaseNet (Zhu and Beroza, 2019) and GPD (Ross
et al.| 2018), and the existing manual catalog in terms of pick error and number of
phase arrivals detected (Lapins et al., 2021)). When the automated phase arrival
picks and original manual pick times are compared, the root mean square deviation
for P-wave picks is 0.038 s and for S-wave picks it is 0.053 s (Figure 6 in Lapins
(2021a)). The model is far more efficient than manual phase picking, processing the
14 months of seismic data in less than 4 hours. The three output channels of the

U-GPD model give the probability of a P-wave arrival, S-wave arrival or neither
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(noise), respectively. A P or S prediction probability must exceed a threshold value

of 0.4 to be identified as a true phase arrival detection (Lapins et al., 2021)).

Events are then located using NonLinLoc, a probabilistic, nonlinear hypocenter
location package (Lomax et al., [2000). The 1D starting velocity model used in the
NonLinLoc inversion is based on the crustal structure of the Afar region deduced
from wide-angle controlled-source seismology and assuming a Vp/Vg ratio of 1.76,
the approximate average for continental crust (Ginzburg et al., [1981}; |Goitom,
2017)). This produces an initial catalog of 31,387 events with at least four P-wave
arrivals and one S-wave arrival that are available for subsequent use in seismic

tomography inversions (Lapins et al., |2021]).

4.2.2 Data Selection

Seismic tomography is highly reliant on accurate traveltime picks, and therefore we
restrict the catalog produced by U-GPD and located in NonLinLoc based on the
inversion statistics and event properties. We select earthquakes with at least four P
and four S phases, azimuthal gaps that are less than 180° and location errors of

less than 2 km, reducing the catalog to 11,319 earthquakes (Figure [4.1)).

The U-GPD deep learning model does not include explicit pick uncertainties, but
following Lapins (2021a)), we associate errors to the picks based on the probability
of being a true arrival. If this probability exceeds 0.85, a pick error of 0.05 s is
assigned to it. Pick arrivals with probabilities 0.7 — 0.85, 0.55 — 0.7, and 0.4 — 0.55
are assigned pick errors of 0.1 s, 0.2 s, and 0.3 s, respectively. The tomography
results are independent of the absolute values of these errors due to the application
of regularization (see Section ; rather, it is the relative difference in the
pick errors that matters, giving less weight to the picks we are less confident in

during the tomographic inversion.
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Figure 4.1: The final event catalog after relocation in a joint inversion for velocity
structure and earthquake location. Thin black lines represent the caldera rims of Nabro
and Mallahle calderas. Seismic stations from the temporary seismic network are plotted
as inverted yellow triangles, excluding the inoperational station (NABG). The dark orange
line shows the extent of the 2011 eruption lava flow, and the orange star shows the location
of the vent region (Hamlyn et al 2014). The cross-sections show the catalog projected
into the longitude-depth and latitude-depth planes, with the Mogi source from
represented by a purple star. The seismicity is coloured by depth below sea
level (b.s.l.) and the histogram uses bins of 1 km depth b.s.l.. The inset shows a regional
map of the Afar Triple Junction. Red triangles represent Holocene volcanoes recorded in
the Smithsonian catalog "Volcanoes of the World’ database. The white star indicates the
location of Nabro. Dashed lines are political borders. DM: Danakil Microplate, RS: Red
Sea Rift, GOA: Gulf of Aden Rift, MER: Main Ethiopian Rift, ARZ: Afar Rift Zone, NP:
Nubian Plate.
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4.3 Methodology
4.3.1 Tomographic Method

To investigate the subsurface velocity structure at Nabro, we make use of an iterative
nonlinear tomographic inversion package, FMTOMO (Fast-Marching TOMOgraphy)
(Rawlinson and Sambridge, 2004ajb; de Kool et al., 2006). FMTOMO inverts seismic
traveltime data to constrain 3D Vp and Vg structure. The package has been adapted
by |Pilia et al.| (2013)) to permit the fully nonlinear relocation of hypocenters and
to solve directly for Vp/Vg structure. It has been applied in a variety of tectonic
settings, using either passive or active source datasets, or a combination of the two
(e.g. Rawlinson et al., |2006; [Rawlinson and Kennett, 2008; Brikke, 2010; Pilia et al.,
2013; Korger and Schlindwein| 2014} |Zenonos et al., 2019; Wilks et al., [2020)).

The key innovation of FMTOMO is the use of an efficient, consistent and robust
grid-based eikonal solver known as the fast marching method (FMM) (Sethian, 1996;
Sethian and Popovici, [1999)) to solve the forward problem of predicting traveltimes in
a 2D or 3D heterogeneous, layered medium. Since the subsurface structure beneath
volcanoes is often highly heterogeneous, this makes FMTOMO an appropriate choice
for our study of Nabro. Furthermore, FMTOMO can invoke traveltime reciprocity
when solving the forward problem. The FMM source points are interchanged with
the receivers, and the eikonal solver computes traveltimes from each receiver location
to all the other grid points, so that the complete traveltime field for each receiver
is available rather than for each source. Typically, most of the computing time
of FMTOMO is dedicated to calculating these traveltime fields, and a large ratio
between the number of sources and receivers means that invoking the reciprocity
principle can lead to a significant increase in efficiency. We refer the reader to
de Kool et al. (2006) for a more detailed overview of FMM.

FMTOMO defines the seismic velocity field with a regular 3D grid of nodes,
which are used as the control vertices of a mosaic of cubic B-spline volume elements.
Cubic B-spline functions preserve continuity of the second derivative whilst also

being defined in terms of local basis functions, meaning that changing the velocity
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value of one node will only affect the velocities at nodes in the immediate vicinity.
This creates a smoothly varying, locally-controlled velocity continuum. Cubic B-
spline functions can also be rapidly evaluated, which is useful, since the multi-stage
FMM requires several evaluations of the spline function.

The next step of the algorithm solves the linearized problem of matching observed
and predicted traveltimes, i.e., finding model parameters that best satisfy the data.
In this case, the data are the arrival time residuals, and the unknowns are the grid
of vertices which control the pattern of the cubic B-spline velocity field. FMTOMO
implements the gradient-based subspace inversion scheme of |[Kennett et al.| (1988)),

which minimizes the objective function:

S(m) = ! [(g(m) — dobs)TCgl(g(m) —dops) + €(m — mO)TC;ll(m —my) + anDTm} ,

2

(4.1)

where the vector m represents the model vector of unknown velocity parameters
that are adjusted during the inversion process, g(m) are the predicted traveltime
residuals associated with the model defined by m, d.,s are the observed residuals,
my is the reference model, C, is the data covariance matrix and C,, is the a priori
model covariance matrix. S(m) is minimized when the model traveltimes most
closely resemble the observed traveltimes. The subspace method locally minimizes
the objective function by projecting the quadratic approximation of S(m) onto an
n-dimensional subspace of the full model space. In this case we choose a maximum
of n = 20 orthogonal search directions, with singular value decomposition used
to reduce the size of the subspace based on the magnitude of the singular values.
Regularization constraints are applied to address solution non-uniqueness: the
damping term encourages the search for models to remain within the vicinity of
the reference model, whilst the smoothing term minimizes the amount of structural
variation required to satisfy the observational constraint. Further information on the
inversion scheme and how it is implemented can be found in Rawlinson et al.| (2006).
Many local earthquake tomography algorithms rely on a linearized approach

to the tomographic inversion (e.g. [Evans et al., [1994). However, the hypocenter

location problem is more strongly nonlinear than the velocity recovery problem,
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meaning that the linearized approximation leads to poor results in regions where
there is significant velocity heterogeneity and/or where source locations are not
well constrained (Pilia et al. 2013). Since the computational cost of having a fully
nonlinear inversion scheme for both velocity structure and source location would be
huge, we opt for a compromise approach using a fully nonlinear source relocation
algorithm, which exploits the grid-based nature of FMM. The availability of the
complete traveltime field for each receiver means that a fully nonlinear grid search
for the best source location can be done efficiently, regardless of how complex the
velocity model is (Pilia et al., |2013). The objective function minimized in the grid
search is given in the Supplementary Information (Text S1).

Although the source relocation algorithm is fully nonlinear, the use of a linearised
velocity inversion scheme means that an iterative approach is needed to account for
the trade-off between velocity variations and hypocenter locations. The source and
velocity inversions are done sequentially. Sources are first relocated using P- and
S-arrival times via the nonlinear grid search method. Next, Vp and Vg are updated
using the new locations, which involves two steps: 1) the solution of the forward
problem using FMM; 2) an inversion for velocity parameters using the subspace
inversion scheme. This is undertaken separately for P-wave and S-wave velocity
structure, but both Vp and Vg models must be updated between each relocation as
both P- and S-arrival times are used to constrain hypocenter location. We then
repeat the entire process of source relocation and velocity inversion. In this case,
an acceptable level of convergence is attained after six iterations.

Following this, we use the final hypocenter locations (as determined by the
“joint" inversion for Vp, Vg and earthquake location) in the modified FMTOMO
algorithm developed by [Pilia et al.| (2013)) in order to calculate Vp/Vg. This
procedure inverts S-P differential traveltimes for Vp/Vg structure along the ray
paths from the S-wave model. We assume that 1) each S-wave path between two
points has a corresponding P-wave path; 2) the P- and S-wave paths taken between
two different points are identical and have similar Fresnel zones. Under these

assumptions, the inverse problem is linear, as any lateral heterogeneity will cause a
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divergence of the P- and S-ray paths (Walck, 1988; Thurber, [1993; Eberhart-Phillips
and Reyners, 2012). The method requires common P- and S-arrival times, so
rays with only S-phases or P-phases will be removed. In our case, this does not
result in significant data loss between the calculation of the Vp and Vg models as
compared to the Vp/Vg model , as the U-GPD model phase association method
has already discarded rays which only have S-arrivals (Lapins et al., 2021). See
the Supplementary Information (Text S2) for more detail on how the problem is
formulated within a linear framework, and Pilia et al.| (2013)) for a full description
of the direct inversion of S-P differential traveltimes.

We choose to directly invert S-P differential traveltimes rather than dividing
the P-wave model by the S-wave model to obtain Vp/Vg. S-wave data coverage
tends to be poorer than P-wave data coverage, and is usually noisier, due to S-
wave arrivals being more difficult to pick. The imposition of relatively arbitrary
regularization constraints on the amplitude of anomalies means that the resulting
S-wave solution models are comparatively smoother than P-wave models. For
interpretation of individual P- and S-wave models, the absolute amplitude being
correct is less relevant than the overall pattern of anomalies. However, when dividing
the models to obtain Vp/Vg, the amplitude of P- and S-wave velocity anomalies
directly influences the Vp/Vg model. If the S-wave model is smoother, the final
Vp/Vs model obtained from direct division can inherit smaller wavelength features
from the P-wave model, as shown by [Pilia et al.| (2013)).

One potential drawback of our approach is that the Vp/Vg model cannot be
derived explicitly from the Vp and Vg models but due to solution non-uniqueness,
we argue that our inversion produces the optimum model of each type. Any incon-
sistencies must be viewed in the context of model uncertainty, which is unavoidable
when undertaking an inversion with noisy data that is unevenly distributed. Indeed,
synthetic tests show that the assumptions inherent to this technique have less effect
on the results than ad hoc regularization choices (Pilia et al., 2013).

A flow chart detailing the full tomographic workflow can be found in the

Supplementary Information (Supplementary Figure S10).
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4.3.2 1D Model Selection

Under the assumption of weak nonlinearity, velocity perturbations cannot move
too far from the unperturbed model. Hence, the starting reference model should
ideally be as close to the true solution as possible to avoid the inversion becoming
trapped in a local minimum that is far from the correct model. Initial test 3D
inversions using a basic three-layer velocity model from (Ginzburg et al. (1981) as
a starting reference model do not resolve much detail, further demonstrating the
need for a reference model that more closely reflects the local velocity structure
at Nabro. Therefore we use FMTOMO in a ‘quasi-1D’ inversion to develop and
refine a suitable 1D velocity model to use as a reference model for subsequent 3D
inversions, following the method of |Wilks (2016).

Because FMTOMO requires there to be at least two velocity grid nodes in any
particular direction when the grid is defined, we cannot explicitly invert for 1D
velocity structure. Instead, we perform ‘quasi-1D’ inversions using a simplified
velocity grid, with two nodes defined in both latitude and longitude, spanning
13.15 — 13.55°N, 41.5 — 41.9°E. 23 nodes are defined in the depth direction, and
the grid spans -3 km — 20 km b.s.l., resulting in velocities defined at ~1 km
depth increments. We then invert for Vp and Vg and relocate hypocenters, and
calculate the average velocity at each nodal depth across the four nodes. FMTOMO
automatically generates a boundary layer of two additional nodes at the grid
limits, so it is important to exclude the nodes that make up this padding when
averaging over the nodes.

When a velocity model with a number of discrete, homogeneous layers is used
to locate earthquakes, they tend to cluster at the velocity discontinuities (Hamlyn
et al) 2014)). Thus we smooth out the sharp discontinuities in the three-layer
regional model with a Gaussian filter and use the result as a starting model. The
resulting P- and S-wave ‘quasi-1D’ velocity models are plotted in Figure 4.2]

For the P-wave velocity inversion, the data variance is reduced from 0.0997 s?
to 0.0273 s%. For the S-wave velocity inversion, the variance is reduced from 0.264

s? to 0.0469 s%. This suggests that this new 1D model is ‘closer’ to the solution
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Figure 4.2: The Vp and Vg velocity model output from a quasi-1D inversion (red circles
and navy circles respectively), compared with the smoothed 3-layer starting models (red
and navy lines respectively.

model and represents the seismic structure at Nabro more accurately than the
three-layer regional model from |Ginzburg et al.| (1981]).

To investigate how sensitive the 3D solution model is to the initial model, we
perturb each value of the new 1D model randomly by up to 10% prior to inversion and
carry out 3D tomographic inversions. We find that the solution models show broadly
similar structure, with differences only occurring outside of the data resolution
limits determined by synthetic resolution tests described in Section (i.e., the
models differ in small-scale structure or in regions of poor data coverage). Results
of these perturbation tests are plotted in Supplementary Figure S1 and described
in the Supplementary Information (Text S3). Analysis of the inversion statistics
shows the same or higher traveltime residuals and variances for the solution models

using the perturbed 1D model compared to their starting model, as expected, with
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percentage deviations that are less than 16% as shown in Supplementary Table S1.
Therefore we conclude that our choice of 1D starting models is robust, and use these

models as the starting model in all of the subsequent Vp and Vg 3D inversions.

4.3.3 Defining a Grid for 3D Inversions

Before undertaking 3D inversions, we first define an inversion grid, which describes
the velocity model in terms of cubic B-spline functions. We also define a propagation
grid, which represents a discrete sampling of the velocity field for use in the grid-
based eikonal solver employed during the forward step and during the nonlinear
relocation of events. Both grids are comprised of a 3D set of nodes that span 13.15°N
—13.55°N, 41.5°E - 41.9 °E, and -3.0 km — 20.0 km in depth below sea level. The
node spacing for the propagation grid is chosen to be ~0.5 km and for the inversion
grid it is ~1 km. The relocation code also carries out a sub-cell search, dicing the
initial cells by a factor of 10, and therefore 50 m is the smallest separation distance
between the relocated earthquakes. The inversion grid spacing is sufficiently small
to capture features that are constrained by the data, noting that smoothing is
applied to control the wavelength of recovered features. At half the spacing of the
inversion grid, the propagation grid is sufficiently fine to render errors in the forward
prediction of traveltimes sufficiently small that they will not influence the inversion

results. The 1D model determined in Section is used as a starting model.

4.3.4 Optimising Data-Model Fit

The aim of the tomographic inversion procedure is to find a model that is similarly
smooth and as close to the initial model as possible (to satisfy local linearity), whilst
still satisfying the data. Therefore, three parameters need to be minimized: data fit,
model variance and model roughness. The solution model variance is a measure of
the difference between the starting model and the final model, and model roughness
is a measure of how much complexity exists in the final model itself (based on the
second spatial derivative). We optimise these using the smoothing and damping

parameters, 7 and €. These regularization parameters also affect the data fit, i.e.,



4. Seismic tomography of Nabro caldera 103

the difference between the observed data and the final solution model predictions,
quantified by the variance of the traveltime residuals.

Through numerous inversions for 3D velocity structure using different values
of the regularization parameters, we plot trade-off curves to find the damping
and smoothing parameters that give the best compromise between data fit, model
variance and model roughness. This process is done separately for the Vp, Vg and
Vp/Vs models; see the Supplementary Information (Text S4) for further detail. For
Vp the parameters are ¢ = 3 and n = 10, for Vg they are ¢ = 10 and n = 50 and
for Vp/Vs, € = 100 and n = 20 (see Supplementary Figure S2).

4.3.5 Earthquake Relocations

After an initial inversion using the optimal damping and smoothing parameters, we
examine the output relocated seismicity, plotted in Supplementary Figure S3. We
find that many events have been relocated substantial distances. A considerable
number of earthquakes migrate to the inversion grid boundaries and above the
topography line, which indicates that the locations of these earthquakes were poorly
constrained in the initial catalog produced by NonLinLoc, perhaps due to picking
uncertainties from the U-GPD model. The mean relocation offset is 1.61 km.
Therefore, we identify events that are relocated by distances greater than 3 km,
and remove them from the catalog. We then repeat the inversion procedure with
this reduced catalog of 8,893 events in order to improve the inversion stability.
The inversion results using the new subset of events show improved data fits
over the full catalog. For Vp the data variance of the final solution model is reduced
from 0.0218 s* using the full catalog to 0.0101 s? using the subset of events. The
data variance of the final Vg solution model decreases from 0.0298 s? to 0.0170
s?. Vp/Vs also experiences a reduction in the variance from 0.0386 s* to 0.0283
s2. Furthermore, events are now relocated by reduced offsets: the mean relocation
offset for the reduced catalog is 0.91 km. We note that some earthquakes remain
located above the topography line after this process. We attribute this to shallow

events being more poorly constrained and thus erroneously relocated in the air.
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The average depth uncertainty across all events located above sea level is +4.99
km, calculated following Wilks et al.| (2020)and described in the Supplementary
Information (Text S1). The shallowest depth an earthquake is relocated to is 2.49
km above sea level. Therefore, within error, the location of these earthquakes is
consistent with their true locations being in the very shallow subsurface.

We therefore use this reduced catalog in the following section to carry out

resolution tests and produce the final solution model.

4.4 Results
4.4.1 Checkerboard Resolution Tests

The tomographic inversion problem is non-unique, with many different models able
to satisfy the data. Different factors that help constrain the solution of this inverse
problem include the path coverage of the data, data noise and the choice of implicit
and explicit regularization. Thus, assessing the solution robustness is challenging, yet
crucial for comprehensive evaluation of the spatial resolution of the estimated model.

Synthetic reconstruction tests are typically used to investigate the robustness
of tomographic models. During these tests, a heterogeneous synthetic model is
formulated and the forward problem is solved using this model, with the identical
source-receiver configurations to the observational dataset. This produces a synthetic
traveltime dataset. The same inversion method used for the experimental data
is applied to the synthetic dataset in order to reconstruct the synthetic model.
The most common input structure is a ‘checkerboard’ structure overlain on the
starting model, with alternating positive and negative velocity anomalies making
up the ‘checkers’ (e.g. Hearn and Clayton) 1986 (Glahn et al., [1993; Rawlinson
et al., 2003). Regions where the checkerboard pattern is recovered are considered
to be well resolved.

The parameters we choose for our checkerboard tests are: Vp perturbations set
to £0.5 km/s from the initial model (£7.35 — 11.7%) and Vg perturbations set to
+0.2 km/s from the initial model (£5.18 — 8.69%). It is instructive to generate

checkerboards with different scale lengths of perturbation—this amounts to altering
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the number of grid nodes, N, that are perturbed simultaneously. For example, a
checkerboard of size N = 2 will have nodes perturbed in pairs. Increasing the value
of N will increase the size of each checkerboard element. In Figure [£.3] we present
checkerboard tests with size N = 2,4, 8, corresponding to scale lengths of ~2 km,
~4 km and ~8 km respectively, to assess the model resolution at different scales.

If no noise is added to the synthetic dataset, the result will give an indication of
the optimal spatial resolution. However, since data noise is present in all seismic
datasets, noise with a Gaussian distribution is often added, with a standard deviation
equal to that of noise estimates obtained from the data. However, it is important to
note that estimating data uncertainty is often subjective, and it is not clear that the
actual noise distribution takes a Gaussian form (Rawlinson and Spakman, [2016]).
Bearing this in mind, we add Gaussian noise with a standard deviation of 0.05s,
representing half a cycle of the dominant frequency of the microseisms (~10 Hz).

For our synthetic checkerboard test, we carry out six iterations for Vp/Vg and
source location, with results plotted in Figure [£.4] The output checkerboards
of scale length ~4 km and ~8 km show that Vp/Vg anomalies on these scales
are well-resolved within the seismic network in map view (Figure and b).
Both checkerboards are resolvable down to 10 km depth b.s.l.. The finest scale
checkerboard (~2 km, Figure [£.4k) is much less well-defined.

These tests indicate the limits of resolution of our dataset—they demonstrate
that Vp/Vg anomalies can be robustly detected above depths of 10 km within
the seismic array and on scale lengths greater than ~2 km. Similar resolution
is observed in the results of synthetic inversions for Vp and Vg structure (see
Supplementary Figures S5 and S7 and Text S5).

The lack of recovery of anomalies at depth can be explained by 99% of the
seismic events in our dataset occurring between the surface and ~10 km depth
b.s.l.; thus, there are very few paths available to resolve structure below this depth.
The amplitude recovery of the input perturbations varies—in places the amplitude

of anomalies is underestimated, whereas it is overestimated in certain regions (e.g.,
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the negative anomaly in the longitude cross-section of Figure ) Outside the

seismic array, the amplitude recovery is particularly weak, as expected.

4.4.2 Inverting for 3D Velocity Structure

4.4.2.1 Inversion Statistics

Table 4.1: Inversion Statistics for the Final Vp, Vg and Vp/Vg Inversions

RMS residuals
Parameter Starting model Solution model Reduction (%)

Vp 0.166 s 0.104 s 37.3
Vg 0.182 s 0.130 s 28.6
Vp/Vs 0.192 0.168 12.5
Variance

Parameter Starting model Solution model Reduction (%)
Vp 0.0276 s* 0.0110 s? 60.1
Vg 0.0332 s? 0.0170 s? 48.8
Vp/Vs 0.0364 0.0283 22.3

%

Parameter Starting model Solution model Reduction (%)
Vp 4.59 1.39 69.7
Vg 9.60 4.66 51.5

The inversion statistics in Table 4.1l show that the RMS arrival time residuals
and the data variance are reduced for the final P-wave, S-wave and Vp/Vg solution
models as compared to the starting models. The normalized y? value is the result of
a statistical test for how well a model compares to actual observed data. In theory,
it should be equal to 1 if all the data are satisfied to the level of the noise. For the
Vp solution model, it is reduced to x? ~ 1, but for Vg it is only reduced to x? = 4.66.
However, as detailed by [Rawlinson et al.| (2010), tomographic inversions usually do
not have x? = 1 due to a) estimation of data uncertainties being difficult to quantify;
b) the use of a regular and smooth model parameterisation; ¢) application of ad
hoc regularization to stabilize the inversion, which suppresses some structures that
are needed to satisfy the data; d) the assumptions and approximations made when

solving the forward problem. Thus the range of models that can be retrieved is
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limited. Despite this, the final data fit is a significant improvement on the starting 1D
models for all the solution models, indicating that recovered lateral heterogeneities
are generally required by the data and hence are physically meaningful within the

limits of data resolution, as estimated from the synthetic tests.

4.4.2.2 Velocity Structure

Figure shows east-west and north-south cross-sections through the final Vp, Vg
and Vp/Vg solution models. The cross-sections are taken through the center of the
caldera, passing directly through the vent location of the 2011 eruption (Hamlyn
et all 2014). For clarity, we only plot the anomalies and seismicity below the
topography line. The original figures can be seen in the Supplementary Information
(Supplementary Figure S8). Depth slices are plotted in Figure [1.6]

The dominant feature in the Vg solution model (Figure [.5c-d, Figure [4.6p-h) is
a region of high Vg and high levels of seismicity within the caldera outline, extending
downwards from the surface to 6 km b.s.l.. At 6 km b.s.l., an aseismic region of low
Vg is observed, extending downwards to ~ 10 km b.s.l.. Close to the surface, the
high Vg region is surrounded to the north and south by very low Vg areas, and to
the east and west by less pronounced low Vg areas, all of which are aseismic.

The Vp model shows more heterogeneity compared to the Vg model. The
difference is particularly noticeable in the perpendicular east-west and north-south
cross-sections taken through the center of the caldera (Figure [£.5h-b). A low
Vp structure extending from 41.7 — 41.8°E dips from east to west from a depth
of 4 km b.s.l. to 10 km b.s.l.. Above this, there is a region of high Vp. This
region contains two low Vp anomalies extending ~ 2-3 km in depth and ~0.2° in
longitude, which is around the limit of data resolution. In the depth slice at 1 km
b.s.l., a low Vp region extends from 13.44 — 13.48°N, aligned N-S (Figure )
This region extends in depth down to 10 km b.s.l.; as observed in the longitude
cross-section (Figure [£.5p), and is seismically active.

Following the joint inversion for Vp and Vg structure, we calculate the average

ratio of the Vp and Vg models across all velocity grid nodes, which is 1.77. We
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use this reference value to adjust our colour scale in the Vp/Vg plots in Figures
4.5 and red colours correspond to ratios higher than the reference and blue
colours to ratios lower than the reference.

At depths of 6-10 km b.s.l., a region of high Vp/Vg ratio (as high as 1.9) is
observed in the longitude and latitude cross-sections (Figure ff). This region
correlates with low Vg and low Vp anomalies, and is aseismic. Above this high
Vp/Vs region, there is an area of high seismicity and very low Vp/Vg ratio (as low
as 1.5), extending from depth 0 km b.s.l. down to 6 km b.s.l. and lying within the
caldera outline (Figure [4.6}-1). The strongest low Vp/Vg ratios are seen between
0-2 km b.s.l. and correspond to high Vg values. Close to the surface, high Vp/Vg
ratios are observed again, with the ratio reaching 2.0 in places. These high Vp/Vg
regions all exhibit low levels of seismicity.

As described in Section , we obtain the Vp/Vg solution model by directly
inverting S-P differential traveltimes. We also plot the solution model obtained from
simply dividing the Vp solution model by the Vg solution model (Supplementary
Figure S9). The direct division model shows largely the same pattern of velocity
anomalies within the data resolution limits determined by our synthetic tests
(Section . Differences in amplitude are seen, but this is expected due to solution
non-uniqueness and the imposition of regularization constraints. Thus, we are
confident that our method produces a model that is consistent with direct division,
and that our subsequent interpretations of these Vp/Vg ratio anomalies would
remain the same if we had chosen to directly divide the Vp solution model by

the Vg solution model instead.

4.5 Discussion

4.5.1 Defining a Local 1D Velocity Model at Nabro

Compared to the three-layer velocity model developed for the Afar region in previous
studies, our refined local 1D velocity model has faster P- and S-wave velocities in
the uppermost 10 km. High crustal velocities in a volcanic setting are typically

attributed to the presence of solidified, high-strength intrusive magmatic rocks,
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Figure 4.5: Cross-sections through the final Vp (a, d), Vg (b, €) and Vp/Vg (c, f)
solution models at a longitude of 41.7°E and latitude of 13.36°N (the center of the caldera).
The Vp and Vg models are plotted as percentage deviations from the initial 1D model.
The Vp/Vg ratio model is plotted as absolute values, with the center of the colour bar
corresponding to the reference Vp/Vg value-the average ratio of the Vp and Vg models
across all velocity grid nodes. Earthquakes within +1 km of the displayed section are
indicated by black dots. The yellow stars mark the vent location of the 2011 eruption. As
discussed in the text, we only show the earthquakes and anomalies below the topography
line for the purposes of clarity, with the full solution plotted in Supplementary Figure S8.

such as the cumulates and dykes at Mount Etna (Aloisi et al 2002), a plutonic
body at Mount St. Helens (Lees, |1992), an old lateral dyke system at Tungurahua
volcano (Molina et al. |2005) and the solid andesitic cores of the volcanic complexes
of Soufriére and Centre Hills, Montserrat (Paulatto et al. 2010; Shalev et al.; 2010).
At Nabro, analysis of inclusions in erupted products from 2011 suggests that these
are derived from older and more primitive basalt (Donovan et al., 2018). The
presence of xenocryst material in the erupted magmas leads Donovan et al.| (2018)
to conclude that the subsurface crustal structure beneath the caldera is composed of
a series of sills and older eruptive products. This provides supporting evidence that
the elevated crustal velocities directly beneath Nabro reflect intrusions, potentially
remnants of earlier episodes of magmatism.

Below 10 km, the refined model shows negligible variation from the regional
model, as expected due to the fact that the vast majority of seismic events originate
above 10 km b.s.l.. Using this refined local 1D model as the starting model for

tomographic inversions results in solution models that better fit the traveltime data.
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Figure 4.6: Cross sections at depths of 1km, 3 km, 5 km and 7 km below sea level
(b.s.l.) through the final (a—d) Vp, (e-h) Vg, and (i-1) Vp/Vg ratio velocity models.
The Vp and Vg models are plotted as percentage deviations from the initial 1D model.
The Vp/Vg ratio model is plotted as absolute values, with the center of the colour bar
corresponding to the reference Vp/Vg value-the average ratio of the Vp and Vg models
across all velocity grid nodes. Earthquakes within +0.5 km of the displayed section are
plotted as black dots and seismic stations are plotted as yellow inverted triangles. The
orange stars mark the vent location of the 2011 eruption. The grey dashed lines represent
the latitude and longitude cross-sections depicted in Figure
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4.5.2 Earthquake Detection Using U-GPD

This study presents the first seismic tomography results from an earthquake catalog
detected using machine learning methods. The inversion statistics from this study
(RMS residuals, variance and x?) are of the same order of magnitude as those from
previous FMTOMO studies that relied on manually picked catalogs of earthquakes
(e.g. Wilks et al., |2020; Pilia et al., 2013), demonstrating that our use of the deep
learning model U-GPD to pick the seismic arrivals has not adversely affected the
stability and robustness of the inversion. The method therefore has the ability
to detect seismic events with sufficient accuracy to be used successfully in an
FMTOMO tomographic inversion. This has implications for future tomographic
studies at volcanoes: the efficiency of U-GPD’s phase arrival picking method means
that far more events can be detected than previously possible, enabling more timely

exploitation of such data for the purposes of seismic tomography.

4.5.3 Interpretation of Vp/Vg Variations

Seismic velocity variations reflect a variety of physical parameters, including rock
characteristics (composition, porosity, fractures, mineralogy), saturation conditions,
presence of fluids (gases or liquids), temperature, and pressure. The interplay of
these diverse influences makes it difficult to interpret observed seismic anomalies.
Considering the ratio of compressional velocity to shear velocity, Vp/Vg, enables
greater constraint to be placed on the cause of seismic velocity variations. This
is particularly helpful when attempting to constrain the location of fluids in the
subsurface of a volcano, because the Vp/Vg ratio is sensitive to the type of fluid
present and can distinguish between regions of partial melt or hydrothermal fluids,
both of which are encountered beneath volcanoes. In saturated or partially-saturated
rocks, the content and physical state of fluids has a greater effect on P-wave velocities
than S-wave velocities (Vanorio et al., 2005). Fluid phase transitions induce changes
in fluid compressibility and thus bulk modulus (Ito et all (1979; Wang and Nur
1986)). Shear moduli are little affected by fluid phase transitions and hence S-

wave velocities change insignificantly due to a density effect, meaning that low
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Vp/Vs ratios tend to characterize gas-bearing rocks (i.e., those with high fluid
compressibility) whereas liquid-bearing rocks (with low fluid compressibility) are

characterized by high Vp/Vg ratios (Vanorio et al., |2005).

4.5.3.1 High Vp/Vs Anomaly at 6-10 km Depth

In Figure [4.5, the high Vp/Vs (> 1.9) region at 6-10 km b.s.l. coincides with
pronounced low Vg (< 3.8kms ! )and low Vp (~ 6.6 kms—!) anomalies as compared
to the starting model. This correlation between the P- and S-wave velocity models
in a region of high Vp/Vg ratio suggests a region of elevated temperature (Sanders
et al., 1995). Furthermore, the anomalous region is approximately aseismic. In
an examination of a deep cluster of seismicity at Nabro, |Lapins| (2021a) finds that
the highest attenuation is observed at station NAB1 where the raypaths travel
directly through this aseismic, high Vp/Vg anomaly, suggesting that the region
attenuates S-waves strongly. Anomalously low Qg at depth is usually attributed
to the presence of partial melt (Sanders et al. |1995). The region also coincides
with the location of a Mogi source inferred by Hamlyn et al. (2014) to explain
the observed post-eruptive surface subsidence at Nabro. Petrological analysis by
Donovan et al.| (2018)) finds that most melt inclusions in erupted products from
the 2011 eruption were entrapped at 5—10 km depth b.s.l.. This represents the
storage location of an older body of melt which was remobilized and erupted when
an intrusion of fresh melt rose through the crust and mingled with the older melt
(Donovan et al., 2018)). The estimated depth of this melt body is consistent with
the depth of our observed high Vp/Vg anomaly.

Previous tomographic studies at volcanoes have interpreted similar regions
with high Vp/Vg ratios as delineating magmatic storage zones. For example, an
anomalous body with low P-wave velocity, low S-wave velocity and Vp/Vg ratio
> 1.84 is observed by |Lin et al. (2014) at 8-11 km depth beneath the Kilauea
volcano in Hawaii, and interpreted as a crustal magma reservoir beneath the volcanic
pile. At Nevado del Ruiz volcano in Colombia, a region of high Vp/Vg ratios (>

1.80) at 2-10 km is inferred to be an intrusive body of magmatic origin that included
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partial melt zones associated with low S-wave velocity anomalies (Londono and
Sudol, 2003). |Greenfield et al|(2016) observe a pair of prominent anomalies with
low P- and S-wave velocities and Vp/Vg ratios > 1.82 at depths of 5 km and 9
km b.s.l. beneath Askja volcano, Iceland, which are interpreted as the primary
magma storage regions in the upper crust.

Thus, we interpret the high Vp/Vg anomaly as the storage location of melt
that fed the 2011 eruption. Only a small fraction (5-20%) of the stored melt is
typically erupted at the surface (Greenfield and White, 2015; White et al., [2019).
This is seen in the results of a post-eruption seismic velocity study at Mount St.
Helens, which finds that there is a persistent high Vp/Vg region at 4-13 km b.s.1.,
interpreted as the primary upper-middle crustal magma reservoir and indicating
that a significant amount of melt remains in the crust (Kiser et al., 2016). Similarly,
our observation of a high Vp/Vg region at depths 6-10 km b.s.l. suggests that melt

is still stored at these depths, which could feed future eruptions.

4.5.3.2 Low Vp/Vs Region

Above the inferred magma storage region, our results show a region of low Vp/Vg
ratio (1.5-1.7), colocated with high S-wave velocities (> 3.6kms™!) and low P-wave
velocities compared to the starting model (region B in Figure . This anomaly
extends from depths of ~ 5 km b.s.l. to the surface. The high Vg values can
be explained by lithology—high-strength, solidified intrusive magmatic rocks are
expected to show high seismic velocities (e.g. Lees| 1992; |Aloisi et al. 2002; Molina
et al., [2005; Lees, 2007). However, the Vp/Vg ratio in intrusive igneous rocks is
expected to be higher than typical continental crust (Christensen, (1996), whereas
the Vp/Vg ratio we measure in this region is low—down to 1.5 in places—and
so there must be another factor acting to reduce the Vp/Vg ratio. It has been
shown that the velocities of P- and S-waves in rocks are strongly affected by
the saturation conditions of the rock, particularly whether the rock is saturated
with gas, liquid or a mixture thereof (Toksoz et al., |1976; lto et all 1979). A

geothermal regime near the water-steam transition has low P-wave velocities but
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normal S-wave velocities: the presence of gas reduces the bulk modulus and causes
a decrease in P-wave velocity, without significantly altering the propagation of
shear waves (Walck, 1988)). The addition of a small amount of gas in a water-brine
mixture can lower the velocity of P-waves significantly (Toksoz et al. [1976). We
observe low P-wave velocities coincident with the lowest Vp/Vg ratio in our model,
providing evidence for the presence of gas in the rocks in this region. Furthermore,
calculations of seismic attenuation in P- and S-waves at Nabro show that P-wave
attenuation is significantly higher than S-wave attenuation across all seismic stations
(Lapins, 2021al), which is generally attributed to partial saturation of a compressible
fluid in cracks, fractures or pores (Winkler and Nur, 1979; Hauksson and Shearer,
2006; Amalokwu et al., 2014)). Further evidence in support of the existence of
gases in the upper subsurface is the significant post-eruption fumarolic activity
observed at Nabro (Yohannes, [2012)). Petrological analysis of melt inclusions erupted
in 2011 indicates that melt-fluid separation occurred at depths of up to 18 km
b.s.l., generating COsy rich fluids (Donovan et al, 2018)). The magma storage zone
described in Section coincides with a Mogi source; the deformation model
invokes deflation, which is explained by the outgassing of magma at depth (Hamlyn
et al, 2018)). The low Vp/Vg region could reflect the degassing pathways between
the magma and the surface fumaroles.

A velocity reversal is seen in the 1D Vg model between 3-4 km b.s.l.; where
velocity values decrease with depth (Figure . The trend in Vp does not reverse
here, but the rate of change of velocity with depth decreases. The location of these
reversals is coincident with the lowest Vp/Vg ratio seen in the model. Density,
resistivity and sonic velocity logs that go through velocity reversals are generally
interpreted as departures of the effective stress from normal compaction trends
(Hottmann and Johnson, 1965; [Pikington, [1988; [Bowers| |2002). Overpressure is one
explanation for this. If the fluid pressure is higher than the normal hydrostatic fluid
gradient for a given depth, it prevents the effective stress from increasing with depth
as it usually would (Vanorio et al.; 2005). To be over-pressurized, the gas present in

the low Vp/Vg region would have to be trapped and experiencing expansion, uplift,
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compaction, temperature increase or a combination of these factors; all of which
are possible in the context of a recently active volcano. Indeed, the overpressure
could be driven by the magma storage zone directly below the low Vp/Vg region
that extends from depths of ~ 5 km b.s.l. to the surface (Hamlyn et al. 2018)).

Nabro’s caldera outline matches the region of high Vg and low Vp/Vg well
(Figure , while the low Vp region is slightly smaller. Therefore, we propose that
the crustal structure within the caldera is formed of intrusive rock, potentially with
layers of stacked sills from previous eruptions. This would elevate the S-wave velocity.

During the June 2011 eruption of Nabro, magma ascended to the surface via
a NW-SE-oriented dyke (Goitom et all 2015). Volcanic conduits have associ-
ated damage zones, common to all shallow magmatic systems beneath volcanoes
(Afanasyev et al., 2018]), and contain fragmental infills related to prior intrusions,
eruptions and steam explosions (Blundy et al., 2021). These conduits therefore have
high porosities, within which fluids can be stored. Dyke emplacement also causes
fracturing and creates permeable pathways for fluid transport and accumulation
(e.g. Bakker et al.. 2016; Brown et al.| 2007)). Our results show that this region
is highly seismogenic, pointing to the presence of fractures and cracks enabling
fluid migration that drives pore pressure increases and leads to abundant seismicity.
Thus, the most likely route from the degassing magma storage region to the surface
is along the conduit that fed the 2011 eruption, as it will be formed from highly
permeable and damaged rock. This explains why the low Vp region (indicating the
presence of gas) is less horizontally extensive than the high Vg region.

Similar conclusions are reached at Aluto volcano, where a region of low Vp/Vg
ratio is interpreted as the signature of an over-pressurized gas volume within a
hydrothermal system (Wilks et al., 2017, 2020). A seismogenic zone of low Vp/Vg
ratios coincident with low P-wave velocities is also observed at Campi Flegrei, and
explained as over-pressurized gases accumulating at the top of dyke intrusions
(Vanorio et al.| 2005; |(Chiarabba and Moretti, [2006)). At Nevado del Ruiz volcano,
the upper part of a high P- and S-wave velocity anomaly (0-2 km depth) is

characterized by low Vp/Vg ratios (< 1.68) and described as a steam-dominated
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geothermal system by Londono and Sudo| (2003). Multiple studies of Mammoth
Mountain, California, have identified a low Vp/Vg region from depths of -3-2
km, attributed to the presence of CO, distributed in oblate spheroid pores, which
supplies gas-rich thermal springs at the surface (Julian et al 1998} [Foulger et al.
2003;; |Lin|, |2013; Dawson et al., 2016).

Our observations have shown that the degassing of partial melt influences the
upper crustal substructure beneath Nabro. The coupling of the shallow heat source
to volatile transport above, as well as the presence of fumaroles at the surface,
suggests the possibility of a high-temperature geothermal system similar to those

hosted by volcanic s in the Main Ethiopian Rift (Purschel et al., [2013).

4.5.3.3 Shallow, High Vp/Vs Anomalies

In volcanic settings, high Vp/Vg values at depth are typically associated with the
presence of melt. However, the high temperatures and pressures necessary for
sustaining partial melt post-eruption are unlikely to prevail very close to the surface
(depths 0-5 km below surface), and so other explanations have been proposed: for
example, steam condensates that manifest at shallow depths off the main volcanic
edifice, where temperatures are reduced (Aster and Meyer, 1988} Vanorio et al.,
2005}, |Chiarabba and Moretti, [2006; Wilks et al., 2020). These condensates may
form brines that migrate towards the surface along fracture networks, explaining
extensive fumarolic activity at the surface (Hudson et al.| 2022} MacQueen et al.|
2021)). Alternatively, high Vp/Vg anomalies have been attributed to the penetration
of meteoric water into the volcanic cone through fractures (Bushenkova et al.,
2019; Koulakov et al. 2021).

The shallowest part of our model shows high Vp/Vg anomalies (> 1.9) to the
north and south of the caldera that coincide with low Vp and low Vg anomalies.
These anomalies are in the very shallow subsurface, meaning that they are con-
strained by only one seismic station. Therefore, in the absence of further geophysical
constraints, such as magneto-telluric surveys, fluid sampling and analysis or well-log

data, it is possible that these anomalies are artefacts.
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4.5.4 The Crustal Substructure Beneath Nabro Caldera
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Figure 4.7: The Vp/Vg (left image), Vp (top right image) and Vg (bottom right image)
solution models plotted along the 41.7°E cross-section beneath Nabro. To aid visualisation,
contours are added to the Vp and Vg models for velocities greater than 4.8 km/s and
3.0 km/s respectively. A) The aseismic high Vp/Vg, low Vp and low Vg magma storage
region is described in Section B) The very low Vp/Vg and high Vg region is
described in Section we interpret this as a zone of intrusive rock, potentially in a
stacked sill structure. The region hosts fractured, partially-saturated rocks with low Vp
values. The yellow star marks the vent location of the 2011 eruption. Earthquakes located
within +1 km of the cross-section are plotted as grey circles. The yellow dashed arrow
indicates a potential degassing pathway from the region of partial melt to the surface,
following the densest clusters of seismicity.

Nabro is an active volcano that experienced subsidence and seismicity following
its 2011 eruption. Figure [4.7] provides an overview of the results and interpretations
of the seismic anomalies identified in this study, as summarized below.

An aseismic region of low Vp, low Vg and high Vp/Vg ratio at depths of 6-10
km (region A in Figure 7) likely represents a storage region of partially molten
material, and is consistent with the results of previous geodetic, petrological and
seismic studies. It is likely that partial melt has remained stored here post-eruption,

as only a small fraction of the total volume of melt stored in a reservoir is generally

erupted at the surface (Greenfield and White, 2015; White et al. |2019)). The cause

of surface subsidence is likely degassing of volatiles from this magma storage region

(Hamlyn et al., 2014; Donovan et al., 2018).
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Above the zone of partial melt, we observe a region of abundant seismicity and
high Vg (region B in Figure 7), which we interpret as a zone of intrusive rocks from
previous eruptions. These could exist in a stacked sill structure, the fine details of
which we are unable to resolve with our tomographic model. This region contains
the conduit that fed the 2011 eruption, which is formed of fractured, cracked rocks
partially-saturated with over-pressurized gases (a mixture of COy and H50), leading
to low Vp and very low Vp/Vg ratio. The magma storage region below is a likely
cause of the overpressure in these gases. The influence of this shallow heat source
on the outflow of gases through the subsurface means that Nabro is likely to have
geothermal potential that may be exploited as an energy resource.

Previous studies are in agreement with our interpretations of the velocity
structure at Nabro. By inverting the deformation field from satellite InNSAR images,
Hamlyn et al.| (2018)) explain the subsidence as the deflation of a Mogi source located
at 6.4 = 0.3 km depth b.s.l.. This coincides with Donovan et al.| (2018)’s findings
that most melt inclusions in erupted lava were trapped at 5-10 km depth b.s.1..
Their petrological study of erupted products from the 2011 eruption concludes that
distinct batches of magma were stored in sills and mixed together prior to eruption
(Donovan et al., 2018)). A study of the post-eruption seismicity also identifies an
aseismic magma storage zone at depths of 6-9 km b.s.l. (Lapins, 2021a). Numerous
fumaroles have been observed at Nabro after the eruption, which has led to its

identification as a region of geothermal interest (Yohannes| [2012).

4.5.5 Comparisons with Other Volcanoes

As an off-rift caldera in the under-studied East African Rift System that erupted
months prior to the seismic deployment, there are no previous seismic tomography
studies that allow for direct comparison to Nabro. However, it is still instructive to
examine a few examples of volcanoes that share certain similar features with it.
Koryaksky volcano in Kamchatka erupted months before the seismic events used
in the tomographic study of Bushenkova et al.| (2019)) were recorded. Despite the

different tectonic setting, the tomographic images show a similar structure to Nabro.
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At depth, a high Vp/Vg anomaly represents a magma storage region. Above this,
there is a low Vp/Vg anomaly associated with a vertical seismicity cluster, marking
the pathway of fluid ascent. Another actively erupting volcano, Kilauea in Hawaii,
shows elevated Vp and Vg at depth, interpreted as representing the high-velocity
cumulates of the volcanic core (Lin et al [2014). An anomalous body of low Vp, low
Vs and high Vp/Vg at 811 km depth is explained as a crustal magma reservoir.
Both of these features are also observed at Nabro. The Kilauea images also show a
region of low Vp/Vg above the magma reservoir, but this is not interpreted.
Aluto volcano is also located in the East African Rift System, situated in the
Main Ethiopian Rift. The seismic tomography study of [Wilks et al.| (2020) finds
a large low velocity, high Vp/Vg zone at depths of 4-9 km, interpreted as a more
ductile and melt-bearing region. Away from the volcano, there are shallow, localized
high Vp/Vg regions, representing steam condensates which may form brines that
migrate to the surface. A hydrothermal system with very low Vp/Vg is observed at
shallow depths, hosting gases exsolved from the deeper melt body. These features
are broadly similar to what is seen beneath Nabro. The main difference is that
Nabro’s low Vp/Vg region extends to greater depths. Despite a recent increase in
surface deformation, Aluto has been quiescent for thousands of years. Therefore, the
crustal substructure of Aluto could represent a ‘steady-state’ situation for volcanoes
in the region, from which Nabro has been disturbed due to its recent eruption

and the ascent of magmatic fluid from depth.

4.5.6 Limitations and Future Work

A fundamental limitation on our results is the resolution of the tomographic inversion,
likely caused by the small size of the seismic network deployed at Nabro. Jointly
inverting for velocity structure and event relocation with such a small seismic array
is challenging. This is reflected in the large relocation offsets observed in particular
for events outside of the aperture of the seismic network, which subsequently are
removed from the catalog. Indeed, checkerboard sensitivity tests demonstrate that

outside of the seismic array and deeper than ~10 km b.s.l., we cannot recover
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synthetic velocity perturbations. Recovery of velocity anomalies on scales of < 2
km is also limited. Therefore, we restrict our interpretations of the tomographic
images to velocity anomalies occurring on scales > 4 km, within the seismic network
and in the uppermost 10 km of the crust.

We are also limited in our interpretations by the lack of other observations
at Nabro. Studies such as magneto-telluric surveys, geochemical analyses of
volcanic fluids and well-log data would all help to provide further constraints
on the interpretations presented here. The resolution of seismic velocity structure is
poor at depths greater than 10 km b.s.l., due to the distribution of seismicity being
mostly located at shallower depths. Thus it is difficult to form broader conclusions
about magmatic processes in the mid-lower crust.

Future work could involve attempts to probe the lower crust at Nabro, e.g.,
through receiver function analysis (e.g., |Janiszewski et al., [2020; Hammond} 2014)
or an investigation of seismic anisotropy using shear-wave splitting (e.g., [Nowacki
et al., [2018)), in order to understand how off-rift magmatism at Nabro is sustained
and supplied. The application of U-GPD to seismic datasets from other volcanoes,
particularly those in a post-eruptive state, would also provide useful points of

comparison to this study.

4.6 Conclusion

We use a seismic catalog created by a deep learning model for automating phase
arrival detection to invert for the earthquake locations and the 3D velocity structure
beneath Nabro caldera, an off-rift volcano in the Afar region. This has produced
the first tomographic images of the volcano, which was unmonitored before its
explosive eruption in June 2011.

The main findings of the tomographic study are: 1) an aseismic region of low Vp,
low Vg and high Vp/Vs at depths of 6-10 km b.s.1., interpreted as the primary melt
storage region that fed the 2011 eruption; 2) a region of high seismicity, very low
Vp/Vs ratio and low Vp, representing a zone of partially-saturated rocks containing

gases that are over-pressurized due to degassing from the magma storage zone
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directly below; 3) general high Vp and Vg beneath the volcanic edifice, pointing
to the existence of high-strength, solidified intrusive magmatic rocks.

Our results have demonstrated that deep learning models are an efficient way to
obtain earthquake catalogs for the purposes of seismic tomography at volcanoes.
Although our model cannot elucidate the origins of magma supply to Nabro at
depths exceeding 10 km b.s.l.; it does illustrate that this off-rift volcano has a
similar shallow magmatic plumbing system to other hydrothermally active, restless
volcanoes. The observations are consistent with the existence of a melt storage
region at 6-10 km b.s.I. beneath Nabro. We have also uncovered a region that is
high in volatile content, coupled to the degassing magmatic system, indicating that
Nabro should be considered a region of geothermal interest. Our study highlights
the need for further geophysical studies at Nabro.

Open Research Section

The raw seismic data used in this study are from the Nabro Urgency Array
(Hammond et al., [2011b]), publicly available through IRIS Data Services
(http://service.iris.edu/fdsnws/dataselect/1/). Full code to reproduce the U-GPD
transfer learning model, perform model training, run the U-GPD model over
continuous sections of data and use model picks to locate events in NonLinLoc
(Lomax et al., |2000) are available at https://github.com/sachalapins/U-GPD, with
the release (v1.0.0) associated with this study archived and available through Zenodo
(Lapins, [2021b). The arrival time picks for the initial event catalog produced by
the U-GPD model, as well as the station metadata, are also archived in a Zenodo
repository (Lapins, [2022). The FMTOMO package is freely available to download
at http://rses.anu.edu.au/~nick/fmtomo.html (Rawlinson and Sambridge, 2004a)).
Files containing the final Vp, Vg and Vp/Vg models, and the relocated event catalog
are available through Zenodo (Gauntlett et al.l |2023)).

Figures and maps were plotted using Generic Mapping Tools (GMT) version
6 (Wessel et al., [2019)) licensed under LGPL version 3 or later, available at

https://www.genericmapping-tools.org.
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5.1 Summary
5.1.1 Dynamic mantle flow constrained by seismic anisotropy

In Chapter [2] T present the first evidence from seismic anisotropy that there is a
contiguous conveyor belt of density-driven mantle flow extending from the Main
Ethiopian Rift through to Afar and departing around the Arabian Platform. The fast
polarisation direction (¢) of SKS shear-wave splitting measurements is evidence of
the alignment of anisotropic minerals in the mantle and thus shows the directionality
of dynamic mantle processes. I show that ¢ is aligned NE-SW in northeastern Afar,
coherent with observations further south in the Main Ethiopian Rift.

My measurements in southwestern Yemen show a clear bimodality in fast shear-
wave polarisation direction. Stations close to the Gulf of Aden have ¢ aligned with
the rift trend, which rotates through southwestern Yemen to align with the Red
Sea rift trend for stations on the Red Sea margin. Further east, stations on Socotra
Island and close to Oman show less coherence in ¢ and weaker splitting magnitudes.

I propose that density-driven flow in the mantle passes through Afar to meet
the thick, cold lithosphere of the Arabian Platform, where it bifurcates and flows
along the thin lithospheric channels of the Red Sea and Gulf of Aden Rifts. This
bifurcation exerts a force on the Arabian plate, driving its motion and convergence
with Eurasia. Although the influence of mantle upwelling on the regional kinematics
of Arabia has been suggested previously by geodynamic models and integrated
geophysical observations, until now it has not been demonstrated with seismic
anisotropy measurements.

Comparison with recent regional velocity tomography models reifies these
suggestions. The Arabian Platform is underlain by thick, seismically fast lithosphere
with a high elastic thickness, and thus could act as a backstop to the density-driven
flow. By contrast, low shear velocities beneath Western Arabia and the Red Sea and
the Gulf of Aden align well with the fast direction of my measurements, implying
that hot mantle is flowing beneath these regions. The tomography model also

shows that the Gulf of Aden low shear velocity anomaly is shallower than the Red
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Sea velocity anomaly, and has a smaller lateral extent. This supports my results
close to Oman and Socotra, where fossilised fabric in the lithosphere dominates the
anisotropic signal. It is potentially an indication that the Gulf of Aden rift branch

may fail in favour of the Red Sea and Main Ethiopian Rift branches.

5.1.2 Heterogeneous crustal structure in northern Afar and
dynamic support from the mantle

Chapter |3| presents the results of my teleseismic receiver function analysis across
northern Afar and the Danakil microplate. I use data from a temporary seismic
network deployed from June 2011 until October 2012, the Eritrea Seismic Project,
to produce estimates of bulk crustal properties for the first time in northern Afar
and the Danakil microplate. Stations further south in Afar from the AFAR0911
network are also used, in order to validate the method by comparing my results to
previous measurements at these stations. I calculate teleseismic receiver functions
and estimate the Moho depth (H) and bulk crustal Vp/Vg ratio (x) for each station,
applying an innovative method that rigorously explores H-x parameter space to
give robust and reliable results.

My results constrain the crustal structure and composition of northern Afar and
the Danakil microplate, providing information on the progression of continental
rifting in this diffuse extensional domain. I find that thin crust underlies parts of
the Danakil microplate, proving that it has undergone significant stretching and
crustal thinning, rather than being an ‘undeformed block’ My results show varied
Vp/Vg ratios, some greater than 1.9. These elevated values can only be explained
by the presence of partial melt, thus demonstrating that magma-assisted extension
continues to be important in the final stages of continental breakup.

By investigating the relationship between crustal thickness and topographic
elevation across the region of study, I estimate the regional crustal bulk density as
pe ~ 2850 £ 20 kg m~3, which is higher than expected, given the crustal thickness of
the region. I show that topography is 1.5 & 0.4 km higher than would be expected

due to crustal isostasy alone. I propose that this topography is supported by the
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same hot mantle upwelling suggested to be responsible for the onset of rifting in
Africa. Uplift is generated due to the presence of this hot thermal anomaly beneath

the plate and by thinning of the lithospheric mantle.

5.1.3 Magma storage and fluid transport through an intru-
sive complex beneath Nabro volcano

In Chapter [4] T explore the crustal subsurface beneath Nabro caldera, an off-rift
volcano located on the Danakil microplate. Nabro underwent its first eruption on
historical record in June 2011; following this, a temporary network of seismometers
was deployed there from August 2011-October 2012. To characterise the movement
and storage of fluids in the subsurface following the eruption, I use local earthquake
traveltime tomography to image the seismic velocity structure beneath Nabro.

I jointly relocate the seismicity and invert for the three-dimensional P- and
S-wave velocity structures (Vp, Vg) and the ratio between them (Vp/Vs). My
observations identify the continued presence of magma in the subsurface following
the eruption, stored within an aseismic region of low Vp, low Vg and high Vp/Vg
ratio at depths of 6-10 km b.s.l.. I track the degassing of this melt through an
intrusive complex in the crust, defined by high seismicity, very low Vp/Vg ratio and
low Vp. This intrusive complex contains overpressurised gases, which are released
at the surface. The presence of volatiles and high temperatures within the shallow
crust provide evidence that Nabro is a viable candidate for geothermal exploration.

The novelty of these results lies firstly in the use of a seismic catalogue produced
by a deep learning model, which has never been done before in a seismic tomography
study. I prove that deep learning models are an effective method to obtain earthquake
catalogues for the purposes of seismic tomography at volcanoes. Furthermore, it
is rare to observe the post-eruptive state of a volcano, particularly one in the
understudied Afro-Arabian Rift System. Nabro was almost completely unmonitored
prior to its eruption. Other than this work, no seismic tomography studies exist

for any volcano in the ~110 km long Nabro Volcanic Range. I thus provide
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crucial insights into the subsurface structure of a recently erupted volcano in an
understudied tectonic setting.

Nabro is located in the Nabro Volcanic Range, an off-rift volcanic lineament
trending obliquely to the dominant rifting trends in Afar. My receiver function
results in Chapter [3| do not show marked crustal thinning around Nabro, nor do
the measurements indicate a high degree of partial melt. I postulate that the
Nabro Volcanic Range may be a pre-existing weakness in the lithosphere that has
been exploited as rifting processes developed in the wider Afar region. The broad,
coherent mantle flow across the region, as identified in Chapter 2| may lead to a
patchwork of terranes as the three rift branches compete for dominance. Ultimately,

the region could evolve to look something like the modern-day Seychelles.

5.2 Future work

5.2.1 Further investigation of Nabro volcano and the Nabro
Volcanic Range

My seismic tomography study of Nabro volcano has revealed its post-eruptive
subsurface structure. However, my tomography images are limited by their depth
resolution, due to the vast majority of seismic events occurring above 10 km b.s.1..
Nabro’s deeper crustal structure remains elusive. Particularly puzzling is why 1
observe such a low bulk Vp/Vg ratio beneath Nabro in the H-x results from Chapter
[Bl This result implies that either partial melt is stored in horizontal stacked sills
that reduce the observed Vp/Vg ratio through the H-x stacking method, or that the
crust lacks partial melt overall. The latter could have interesting implications for
the formation of the Nabro Volcanic Range (NVR); as an oblique off-rift volcanic
lineament, its origin remains mysterious. It is not well-understood how the NVR
accommodates extensional processes, nor how magma is supplied to it (Hamlyn
et al., 2014). Understanding the low bulk Vp/Vg ratio observed at Nabro would
naturally lead to a more comprehensive study of the subsurface structure and

tectonic processes that formed the NVR.
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While investigating receiver functions at the Nabro stations, I attempted to
estimate crustal anisotropy beneath the volcano, following the method of [Liu and
Niu/ (2012)). Crustal anisotropy can constrain melt geometries in the subsurface
(e.g., Hammond, 2014). Unfortunately, the backazimuthal coverage of the receiver
functions was not sufficient to enable calculation of anisotropy in the crust. This
could be addressed by studying shear-wave splitting in local earthquakes to quantify
anisotropy in the upper crust (e.g., |[Keir et al. |2005, [2011a; [llsley-Kemp et al.,
2017). Crustal anisotropy is crucial to understanding the pattern of stress and strain
in the crust, which is of particular interest at Nabro due to its unusual posteruptive
rotation of the regional maximum compressive stress axis (Hamlyn et al. 2014]).
Mapping crustal stress field orientations at volcanoes could be a potential eruption
forecasting technique (e.g., Roman and Cashman) 2006)). Investigating the volcanic
stress field response at Nabro using crustal anisotropy could thus provide insights
into the origins of the NVR and the magma supply to this off-rift volcanic lineament.

I also studied the Ps arrivals of the receiver functions at stations around Nabro,
hoping to observe a systematic variation in arrival time, as seen by |Janiszewski et al.
(2020) at Cleveland Volcano. Using this variation in arrival time, |Janiszewski et al.
(2020)) image a mid-crustal magma reservoir beneath the volcano. However, I was
again limited by the backazimuthal coverage of events at the Nabro stations (see
Appendix @ I therefore suggest that future work should also focus on attempting
to image the transcrustal magmatic architecture of Nabro. A longer seismic
deployment could provide the backazimuthal coverage necessary for studies like
those of [Janiszewski et al.| (2020)) or [Liu and Niu| (2012)). Electrical conductivity
models, produced by magnetotelluric images, could also be used to characterise
deep magmatic transport and storage beneath the volcano (e.g., Samrock et al.|
2018). Alternatively, |[Journeau et al.| (2022) use sources of seismovolcanic tremor to
delineate the deep magma plumbing system beneath the Klyuchevskoy Volcanic
Group in Kamchatka. A reanalysis of the seismic data collected following the
eruption, with a focus on characterising long-period (LP) events and tremor,

could provide new insights into the deeper magmatic architecture beneath Nabro.
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New detection methods for identifying tremor and LP events are currently being
developed and deployed at other volcanoes (e.g., [Permana et al., [2022; Fee et al.
2023; [Steinmann et al, 2024).

To fully understand the hydrothermal system at Nabro, both field and remote
studies are required. A magnetotelluric study could characterise geothermal
potential at Nabro by mapping volatile transport and delineating hydrothermal
systems in the crust (e.g., Siniscalchi et al.| |2010; |[Samrock et al., 2018]). Other
suggestions for investigating the geothermal system at Nabro are: mapping volcanic
vent distributions (e.g., Paulsen and Wilson, [2010)), soil-gas CO5 degassing surveys
(e.g.,|Chiodini et al., 1998), LIDAR (LIght Detection And Ranging) observations of
digital elevation to map fault systems and observe hydrothermally altered rocks (e.g.,
Crowley and Zimbelman, 1997; Pyle and Elliott, 2006)), and seismic attenuation
tomography (e.g., Hudson et al., |2022). Comprehensive analyses such as these
would both allow an assessment of Nabro’s potential as a geothermal resource,

and indicate how it might best be exploited.

5.2.2 Other seismic tomography studies in the AARS

More than 12 volcanoes in the East African Rift have experienced deformation
over the past three decades, with “significant deformation” occurring beneath
four volcanic edifices in the Main Ethiopian Rift (Biggs et al., [2011). Of these
four volcanoes, only Aluto has been investigated using seismic tomography (Wilks
et al., [2020). Earthquake catalogues exist for two deforming volcanoes: Bora-Tulu
Moye and Corbetti (Greenfield et al., 2019; |Lavayssiere et al., [2019). T suggest
that carrying out seismic tomography at either of these volcanoes would be useful
and instructive, both in understanding magma storage and transport beneath the
edifices, and also as a comparison to the studies at Aluto and Nabro. I have
begun a seismic tomography study at Bora-Tulu Moye and am in the process of
producing initial results. I also propose seismic deployments should be carried
out at other volcanoes in Afar, such as the Erta’Ale range or Alid, to further

characterise and compare these extensional segments to the Nabro Volcanic Range.
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The more models we have of rift and off-rift volcanoes in the AARS, the more
we will begin to understand the origin and development of these volcanic systems,

and their role in continental breakup processes.

5.2.3 Improving understanding of the crustal structure
beneath northern Afar

This thesis has identified avenues for future investigations into the crustal structure
of northern Afar and the Danakil microplate. Questions remain about the subsurface
structure beneath the Danakil Alps; whether the diffuse extension in the Gulf of
Zula will continue to migrate westwards; and what direction rifting is propagating
in (north-to-south or south-to-north).

My receiver function analysis could be extended to produce more detailed
and continuous images of the crustal structure. If a denser seismic network were
deployed in northern Afar and across the Danakil microplate, the individual Moho
measurements could be interpolated to produce a single continuous surface (e.g,
Miller and Moresi, [2018). Common conversion point (CCP) stacking is another
method that can provide enhanced images of continuous structures if the network
is dense enough (e.g., |Dueker and Sheehan| |1998; /Angus et al., 2009; |Bianchi
et al} 2010; Hammond et al.| 2011c; [Miller et al., 2018). CCP stacking migrates
each receiver function to depth along its incoming raypath within a 3D grid.
Receiver function amplitude is added to all grid points within the ray Fresnel zone,
which increases in width as depth increases, due to increased velocity and thus
wavelength at depth (Jenkins et al., 2020)). The procedure therefore constructs
a broad-scale image of crustal structure.

A denser network could generate a local earthquake catalogue, enabling a shear-
wave splitting study of local earthquakes to investigate crustal anisotropy (e.g., Keir:
et al., 2005| 2011a; [Illsley-Kemp et al.,|2017)). If a local earthquake catalogue cannot
be produced, a network with a longer runtime would produce a higher number of

teleseismic observations, and crustal anisotropy could be investigated using receiver
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functions (e.g., |[Liu and Niul [2012). Knowledge of crustal anisotropy is essential
for investigating the state of stress in the crust.

Ambient seismic noise (the background vibrations of the Earth’s surface) can
also be exploited as a seismic signal to image the subsurface (e.g., Shapiro et al.,
2019)). Cross-correlation of ambient seismic noise (or ambient noise interferometry)
reconstructs signals of fundamental mode surface waves. This method can be used
as a high-resolution tomographic imaging technique to model the crust and upper
layers of the Earth (e.g., Shapiro et al.| |2005; |Yang et al.l 2007; [Bensen et al.l 2007,
2008; |[Bao et al., 2015)). Ambient noise tomography has been used to investigate
the crust and uppermost mantle of the northern Main Ethiopian Rift and Afar
(Chambers et al., 2019), but without a comprehensive analysis of azimuthal and
radial anisotropy. New methods have emerged using ambient noise interferometry to
invert for radial and azimuthal anisotropy of shear wave velocity structures, which
constrains deformation patterns in the crust and upper mantle (e.g., Huang et al.
2010; |Liu et al, 2019)). If applied to Afar, ambient noise surface wave tomography
could reveal the dynamic processes frozen into the fabric of the crust and uppermost
mantle, supplementing the ambient noise tomography work of [Chambers et al.
(2019). Surface wave dispersion data can also be jointly inverted alongside receiver
functions to provide an estimate of absolute seismic velocities alongside the velocity
contrasts observed in receiver function analysis (e.g., [Horspool et al., |2006} |Obrebski
et al.; 2015)). This method has proved successful in imaging the the deep crustal
magmatic architecture of the Altiplano-Puna Volcanic Complex (Ward et al., 2014).

All of these suggestions would produce a deeper understanding of the crustal
structure in Afar, in turn answering key questions on the progression and evolution

of rifting in the region (e.g., Rime et all 2023).

5.2.4 Regional mantle dynamics

Future regional deployments should address the data gap in Egypt, Sudan and
Somaliland, where very few shear-wave splitting measurements have been reported.

Somaliland is of particular interest due to its location on the southern margin of
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the Gulf of Aden. An analysis of seismic anisotropy beneath Somaliland would
provide crucial insights into the mantle flow dynamics beneath this continental
margin. Similarly, the data gap in Egypt and Sudan is striking, with only four
seismic stations available on IRIS in Egypt, and none in Sudan. This means that
the seismic structure of the western margin of the Red Sea is not well-constrained.
The western margin has no counterpart to the volcanic harrat fields in Arabia,
but this is not well-understood from a seismic perspective. To fully understand
the initial rifting processes that led to the separation of Arabia from Africa, it is
crucial to address the absence of measurements in these areas.

I also suggest that a network deployed for a longer time period in Yemen would
allow for an analysis of multilayer anisotropy (e.g., Hammond et al., 2014b)). A
large amount of data across a range of backazimuths is required for the shear-
wave splitting inversion procedure of Wookey| (2012). I believe the results of this
would be instructive in distinguishing complex anisotropic signatures across the
lithosphere from the simple asthenospheric anisotropy that I observe in Chapter
[} and provide further constraints on the extent of the density-driven mantle flow
along the margin of the Gulf of Aden.

Surface wave azimuthal anisotropy tomography models have good depth resolu-
tion but poor lateral resolution, a direct complement to the poor depth resolution and
relatively good lateral resolution of SKS studies (e.g., Becker et al., 2012; Faccenna
et al., [2014). My SKS measurements across southwestern Arabia indicate a need for
a regional tomography study that specifically incorporates anisotropy, either using
surface waves (e.g., Becker et al., [2014) or body waves (e.g., VanderBeek et al., [2023).
Both models have proved successful in modelling heterogeneity in the mantle and
revealing large-scale patterns in mantle flow beneath tectonically complex regions

(e.g., Long and Becker} 2010; |[Faccenda and VanderBeek, [2023; Rappisi et al., 2022)).

5.3 Final remarks

This thesis has examined the dynamic crust and mantle structure beneath the Afar

Triple Junction using three different seismological techniques on three different scales.
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I reveal the complexity of the crust, underlain by a simple mantle flow pattern. This
work forms part of the decades-long project by seismologists and other researchers
to investigate the Afro-Arabian Rift System, beginning in the 1970s. Over the last
twenty years, a considerable amount of work has gone into acquiring the datasets
analysed in this thesis by deploying temporary seismic networks across key areas of
the AARS, particularly Eritrea. My new observations provide critical insight across
all scales into the driving forces and manifestations of continental breakup in the

region, an essential foundation for future explorations of these complex processes.
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Supplementary information for
“Channelized mantle flow through the Afar
Triple Junction and around the Arabian
plate”

Contents

A.1 Intr 176 ¢ | 137

A.1 Introduction

Figure plots the backazimuthal variation in shear-wave splitting parameters (¢
and 0t) for the Eritrea Seismic Project results. The SKS linearization procedure
is illustrated in Figure for a good result recorded at station CAYE. Figure
shows a poor result recorded at station TIOE that was discarded; the particle
motion was not linearized effectively by the method. Figure shows an example
of a null event recorded at station ASSE, where no shear-wave splitting of the SKS
phase is observed. Table reports all the stacked shear-wave splitting estimates

for the stations, plotted as red bars in Figure 2 in the main text.
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Figure A.1: Shear-wave splitting parameters (¢ and 0t) plotted as a function of source
backazimuths for the Eritrea Seismic Project stations. Error bars are 1o uncertainties.
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Figure A.2: SKS splitting analysis for an event recorded at station CAYE. Predicted
arrival times for the shear-wave phases are calculated using the TASPEI-91 travel-time
tables. Top left panel: original seismogram N, E and Z components. Start and end
of the final choice of window are marked. Top right panel: (top two traces) original
transverse and radial components; (bottom two traces) transverse and radial components
after anisotropy correction. SKS energy has been minimized in the transverse component.
Bottom left panel: (top) superposition of fast and slow shear waves, uncorrected (left,
right) and corrected (center); (bottom) SKS-particle motion, uncorrected (left) and
corrected (right). Corrections are made using the estimated values of (¢ and d0t). Bottom
right panel: (main) contour plot of the error surface of (¢, dt), with the best splitting
parameters marked by a blue cross; (upper inset) the splitting parameters for each window
and associated error, diamonds mark the final choice of window; (lower inset) clustering
analysis results, with the best splitting parameters marked by a blue cross.
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Figure A.3: SKS splitting analysis for a poor result recorded at station TIOE that was
discarded from the results. The inversion process has not adequately linearized the particle
motion or corrected the anisotropy. Predicted arrival times for the shear-wave phases are
calculated using the IASPEI-91 travel-time tables. Top left panel: original seismogram
N, E and Z components. Start and end of the final choice of window are marked. Top
right panel: (top two traces) original transverse and radial components; (bottom two
traces) transverse and radial components after anisotropy correction. SKS energy has
been minimized in the transverse component. Bottom left panel: (top) superposition
of fast and slow shear waves, uncorrected (left, right) and corrected (center); (bottom)
SKS-particle motion, uncorrected (left) and corrected (right). Corrections are made using
the estimated values of (¢ and d0t). Bottom right panel: (main) contour plot of the error
surface of (¢, 0t), with the best splitting parameters marked by a blue cross; (upper
inset) the splitting parameters for each window and associated error, diamonds mark the
final choice of window; (lower inset) clustering analysis results, with the best splitting
parameters marked by a blue cross.
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Figure A.4: SKS splitting analysis for a null event recorded at station ASSE; the
backazimuth of the source is 18.9°, which is very close to the stacked ¢ result at the
station, 22°. Predicted arrival times for the shear-wave phases are calculated using
the TASPEI-91 travel-time tables. Top left panel: original seismogram N, E and Z
components. Start and end of the final choice of window are marked. Top right panel:
(top two traces) original transverse and radial components; (bottom two traces) transverse
and radial components after anisotropy correction. SKS energy has been minimised in
the transverse component. Bottom left panel: (top) superposition of fast and slow shear
waves, uncorrected (left, right) and corrected (center); (bottom) SKS-particle motion,
uncorrected (left) and corrected (right). Corrections are made using the estimated values
of (¢ and 0t). Bottom right panel: (main) contour plot of the error surface of (¢, dt),
with the best splitting parameters marked by a blue cross; (upper inset) the splitting
parameters for each window and associated error, diamonds mark the final choice of
window; (lower inset) clustering analysis results, with the best splitting parameters marked
by a blue cross.
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Table A.1: Shear-wave Splitting Stacked Results.

Station Long. (°N) Lat. (°E) ¢ (°)

Error (°) 0t (s)

Error (s) Events

Eritrea Seismic Project stations

ASSE 13.06 42.65 22 1.0 1.18 0.0250 25
CAYE 14.86 39.31 12 0.50 1.85 0.0188 45
DOLE 15.10 39.98 23 1.3 1.63 0.0438 15
EITE 15.24 38.78 31 1.0 1.30 0.0250 29
FAME 13.57 41.52 5 1.3 1.20 0.0125 20
TIOE 14.67 40.87 28 1.0 1.38 0.0188 28
YOCMAL stations
Yemen highlands
ADEN 12.78 44.98 61.0 3.0 0.925 0.0688 10
DAMT 14.09 44.68 45 15 1.10 0.356 2
DKUM 13.27 44.76 39 8.8 0.550 0.175 3
KHAW 13.80 43.25 2 5.5 1.05 0.0813 4
MAWI 15.47 43.52 -16.0 1.0 1.08 0.0375 9
MOKA 13.31 43.26 21 3.8 0.950 0.0500 5
SANA 15.39 44.21 -64 3.3 1.40 1.06 4
SHIB 15.50 43.91 -33 2.0 1.08 0.0688 4
SUGH 14.780 43.44 -36 1.5 1.13 0.025 3
TAWI 15.48 43.72 -24 3.0 1.33 0.106 2
UAYA 15.71 42.69 -19 2.3 2.00 0.110 2
YSLE 14.94 44.28 -11 4.0 0.675 0.0875 4
ZUWA 15.73 43.02 -26 1.5 1.05 0.0438 6
Eastern Yemen
ADAH 12.65 53.65 24 5.5 1.23 0.263 3
EYUN 14.78 49.27 78 4.5 1.20 0.0563 3
GEAN 16.71 49.52 -79 3.0 0.675 0.0625 6
HAHY 15.21 49.09 -87 3.5 1.35 0.0688 2
HATT 17.32 52.11 -12 5.3 0.575 0.0500 4
MUKA 14.49 49.04 -89 3.3 1.30 0.0563 6
TAMR 15.78 48.95 -87 8.3 1.20 0.213 2
Socotra island
ADUA 15.00 48.97 75 4.3 1.05 0.075 2
ANID 15.47 43.20 -3 2.3 1.13 0.0625 5
DABI 15.13 44.27 -36 4.3 0.775 0.131 2
DANA 12.39 53.52 18 1.8 0.675 0.0500 5
KABH 12.41 53.71 25 2.5 0.775 0.100 4
KADA 12.70 53.64 76 8.3 0.625 0.131 4
SAFN 12.53 53.46 16 10.3 1.03 0.2938 3
SHUA 12.59 53.50 24 10.3 0.675 0.163 3
WURE 12.42 53.58 18 1.8 0.900 0.0563 8
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B.1 Introduction

This supplementary information file gives further detail on the H-x stacking method

(Text S1) and the quality control criteria developed by (Ogden et al. [2019) (Text

S2). Text S3 and S4 describe the results of these quality control tests on the Eritrea
stations and Afar stations, respectively. Text S5 describes the calculation of residual

topography using different values for asthenospheric channel thickness and initial

143
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lithospheric mantle thickness (Equation in main text). Table B.1 contains all
H-k estimates from this study and the studies of (Hammond et al., 2011c; Reed et al.,
2014; Ahmed et al., |2022). Figures - are the diagnostic result figures for
Eritrea, and Figures — are those for Afar. Figure plots the estimates
of Vp/ Vs ratio against crustal thickness from this study and the studies of (Hammond
et al., [2011c; Reed et al., 2014; Ahmed et al., [2022). Figure m plots parameter

sweeps for different asthenospheric channel and initial lithospheric thickness values.

B.2 Text S1: H-x Stacking Method

The H-x technique, developed by (Zhu and Kanamori, 2000)), uses the travel times
of the Moho P-to-S conversion (Ps) and its subsequent crustal reverberations (PpPs,
PpSs + PsPs) to determine the crustal thickness (H) and the velocity ratio of P-
to S-waves (Vp/Vs, k). The stacking function s(H, k) is determined for plausible

values of crustal thickness and Vp/Vg ratio using a grid search according to:

s(H,k) = Z wyr;(t1) + wer;(t2) — wsr;(ts) (B.1)

j=1

where 7;(¢;) are the receiver function amplitudes at the predicted arrival-times
of the Ps conversion (¢1) and subsequent reverberations (PpPs, to; PpSs + PsPs; t3)
for the jth receiver function. wy,wsy, w3 are stacking weights for phases Ps, PpPs
and PpSs + PsPs, respectively, with >?_, w; = 1. N is the total number of receiver

functions used. The traveltimes are calculated as follows:

1 1

tho=H| = —p2— | = — p? B.2
1 1

to=H|\/— —p2+ | =5 — p? B.3
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where p is the ray parameter, or slowness (s km™'). The stacking function
reaches its maximum as the three phases stack coherently and thus represents the

best estimate of H and k at a certain station.

B.3 Text S2: H-x Stacking Result Quality Con-
trol and Uncertainty Estimates

The results of H-x stacking are strongly sensitive to the choice of input parameters
(the chosen Vp, values assigned to the phase weights and whether the stacking is
linear or phase-weighted). Data parameters such as receiver function frequency
content and the subset of receiver functions to be stacked also exert control on
the final result. To mitigate this issue, we follow the procedure of (Ogden et al.
2019). This adapted H-x stacking procedure repeats the process 1000 times, with
H-x input parameters and data parameters sampled randomly between geologically
plausible limits. We allow H, x and Vp to vary within ranges of 15 — 55 km, 5.9 — 6.6
kms~! and 1.65 — 2.25 respectively. Cluster analysis selects a final solution from the
individual estimates. Ten quality control criteria variously assess the final numerical

result, the receiver function data set and the extent of clustering of results, as follows:

1. Cluster analysis selected H or x lies within the boundaries of the H-x grid

space.

2. Errors for cluster analysis selected result are: < £2.5 km in H and < £0.05

n K.
3. Standard deviation of H is < 4+2.5 km.
4. Standard deviation of s is < £0.05.

5. Mean average amplitude comparison estimate (ACE) of the repeats with
frequency less than the maximum frequency content of the receiver function
results is > 3. ACE is the ratio of the amplitude at the ¢; arrival time for each
receiver function predicted by the H-x solution with the root-mean-square

amplitude of the receiver function between t; 4+ 2s and ¢y — 2s.
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6. Mode H and « (the values occurring most frequently) lie within the same

cluster as the mean H and k (the average of all values).

7. Summed amplitudes of Ps, PpPs and PsPs 4+ PpSs are positive, positive, and

negative, respectively.

8. Mean average cross-correlation of all possible pairs of same frequency receiver

functions is > 3.

9. Mean average iterative deconvolution variance (IDVAR) of the repeats with
frequency less than the maximum frequency content of the receiver function
results is > 90%. A high IDVAR indicates that the deconvolution consistently

produces accurate receiver functions.

10. Overall mean H and « for the linearly stacked repetitions lie within one
standard deviation of H and « for phase-weighted stacked repetitions, and

vice versa.

These quality indicators are used to assess the reliability of H-x stacking at a
station. Criteria 1 and 2 characterise the numerical quality of the final solution,
with the error limits in criteria 2 determined by the resolvable Moho thickness and
synthetic tests for a sharp Moho (Ogden et al., [2019). Criteria 3, 4 and 6 assess the
extent to which the 1000 repetitions produce well-clustered H-x results. Criteria 5,
7 and 9 analyse the receiver functions and determine whether the Ps arrival and its
crustal reverberations are impulsive. In particular, criteria 5 assesses whether the
station overlies a gradational Moho or complex intracrustal structure, both of which
may produce additional Ps conversions between the Moho Ps and PpPs arrivals.
Criteria 8 tests the effect of noise and variations in structure with backazimuth, and
is an indication of the level of homogeneity of crustal structure beneath a seismic
station. Criteria 10 compares linear and phase-weighted stacking H-x strategies.

In general, stations that pass > 9 of these criteria can be considered to be
reliable. If < 6 criteria are passed, the result is likely to be unreliable and H-x

is not an appropriate way of analysing bulk crustal structure at that station. A
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study involving 582 broadband seismic stations found that stations that pass > 8
of the quality control indicators are almost always reliable (Ogden and Bastow),
2022). Stations with 6-8 criteria passed must be analysed more carefully to
ascertain reliability—in particular, whether criteria 1 and 6 are passed is a crucial
indication of the stability of a result.

The final result automatically selected by cluster analysis is useful in determining
the quality of the receiver functions at a certain station (see quality control criteria
1, 2, 5 and 7). However, the numerical error determined from the s(H, k) surface
for an individual H-x measurement is often very small and therefore implausible
(Ogden et al., 2019). Thus, we follow (Ogden and Bastow] 2022) and calculate
the mean H and x from the 1000 H-x estimates using a bootstrapping algorithm,
reporting the standard deviation of the ensemble as the associated error. This
approach produces more realistic error estimates, particularly given the variations in
H and k that arise from changes in the H-x input parameters, and also incorporates
uncertainties in Vp. We therefore use these mean results and associated errors

in our subsequent analysis and discussion.

B.4 Text S3: Result Quality Control-Eritrea Seis-
mic Project Stations

As explained in Text S1, the quality control criteria allow the overall quality of
a station to be characterised and visualised via diagnostic result figures (plotted
in Figures ~[B.10). In total there are nine results, including one from the
composite station made up of the Nabro Urgency Array (NAB), and two produced
by station EITE after it is split by back-azimuth (EITE (W) and EITE (E)). We
also present the result figure for station EITE prior to splitting by back-azimuth
(Figure to indicate that the clustering of H-x results produces a bimodal
distribution, providing support for our decision to split the station into western
and eastern back-azimuths. Station LIDE did not have enough reliable receiver

functions associated with it to produce a reliable result (Figure [B.9).
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Two stations pass all ten criteria (ASSE and EITE (W)) and the results are
considered to be stable and reliable. Three stations pass nine criteria. Stations
CAYE and TIOE both fail criteria 5, which tests the ACE value, and we attribute
this to intracrustal structure producing additional arrivals. Station EITE (E)
fails criteria 2, which assesses the errors of the cluster-selected H-x values, but
only exceeds the x error limit by 0.017 and is within the bounds of the H error
limit. NAB also fails criteria 5 (an indication of intracrustal structure, particularly
due to the volcanic setting of these stations) and criteria 2, again by a small
margin in the x error (0.07) only. We therefore decide that the results produced
at these stations are reliable.

Station DOLE fails 3 criteria—5, 8 and 9. Failing criteria 8 indicates a less
homogeneous crustal structure beneath the station, whilst failing criteria 9 implies
that the receiver functions are of a lower quality. DOLE is close to the Gulf of Zula,
where the Red Sea Rift passes into Afar. The area is dominated by broad inter-rifting
deformation and mechanical extension (e.g., |Viltres et al., 2020), which explains why
criteria 5 and 8 indicate that there is complex, inhomogeneous structure beneath
DOLE. Furthermore, the receiver functions are likely to be of lower quality at
this station, and indeed fewer pass the earlier quality control and filtering—only 9
compared to 28 at CAYE. Since DOLE does produce a stable result as criteria 1
and 6 are passed (Ogden and Bastow, 2022), we accept this result.

Station FAME also fails 3 criteria—2, 4 and 6. From the result figure (Figure
B.7)), we observe that there is a wide distribution of x values produced by the
cluster analysis. Since criteria 2 is only failed by a slim margin in « (0.018), we
report the result from FAME, but caution that the k value is more unreliable

than other stations.

B.5 Text S4: Result Quality Control-AFAR0911
Stations

We carry out H-k stacking on the ten AFAR0911 stations which have > 6 associated

receiver functions (Figures - |B.19).
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Station SAHE passes all ten criteria and its result is considered to be stable
and reliable. Three stations (ABAE, FINE and KOZE) pass nine criteria, failing
criteria 5. Criteria 5 assesses the ACE value, so we attribute this failure to the
presence of complex intracrustal structure producing additional P-to-S conversions,
and determine the results at these stations to be reliable. Two stations (IGRE
and MAYE) pass eight criteria. MAYE fails criteria 9, indicating that the receiver
functions are of lower quality, likely due to the complex intracrustal structure,
which causes MAYE to also fail criteria 5. Since MAYE passes criteria 1 and 6, we
accept this result, following (Ogden and Bastow, |2022)). IGRE fails criteria 4 and 6,
and its result figure (Figure shows that there is a wide spread of plausible s
values. Similarly, station LULE fails criteria 3, 4 and 5 and the result figure (Figure
shows that the cluster analysis has a wide spread. However, since the final
chosen results for IGRE and LULE are consistent with the results independently
determined by (Hammond et al., 2011c), we accept them as reliable.

Stations HITE and BTIE fail 4 criteria. BTIE produces a result that is
inconsistent with (Hammond et al., |2011c), and we therefore reject this result.
HITE is also rejected due to the k error on the mean result being > 0.1, meaning it
is difficult to interpret the reported value as the spread is so large. Station DALE

fails 5 criteria and is also rejected as being unreliable.

B.6 Text S5: Isostatic calculations

In estimating crustal density we propagate uncertainties by sampling distributions
of parameter values stated in the main text. We draw 10% samples from truncated
normal distributions where uncertainties represent one standard deviation. Pa-
rameter values are prohibited from falling below zero. In the case of lithospheric
thickness, a1, we impose a threshold of 15 km to prevent lithospheric thicknesses that
are not consistent with our crustal thickness observations. Uncertainties in linear
regressions are calculated using a total least squares regression calculated using
principal component analysis. Before carrying out principal component analysis,

data are centred on the mean and scaled by their standard deviation in both H and e.
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We carry out uplift calculations using different values for asthenospheric channel
thickness, h, and initial lithospheric mantle thickness, ay (Figure S21). Results
indicate that residual topography is consistent with independent constraints on
sub-plate mantle temperature and lithospheric thickness if the lithosphere was
~ 100-140 km thick before being thinned to ~ 30-50 km and a temperature anomaly
of +110° C exists in a sub-plate lithospheric channel that is ~ 50-150 km thick.
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Station: ASSE (13.06°N, 42.65°E, 19m), RFs=14, F,,,,=2.0Hz, F,;,=1.0Hz

% Mean: H=23.5+1.1km, K=1.832+0.027, ACE=3.06, IDVAR=95.7, CCC=0.81
% Cluster: H=22.1+0.5km, K=1.850+0.042, F=1.9Hz, Vp=5.9km/s, Phase, w=(0.4,0.4,0.2)
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Figure B.1: H-x result for station ASSE from the Eritrea Seismic Project deployment.
Numbers mark which quality control criteria each sub-figure represents (discussed in Text
S1), with red indicating the test has been failed, amber an inconclusive test result, and
green indicating the test has been passed. (a) The s(H, k) stacking surface associated
with the result selected using hierarchical cluster analysis. The (b) crustal thickness, (c)
Vp/Vg ratio, and (d) ACE for each of the 1000 H-~ solutions. (e) All 1000 H- solutions,
colored by the cluster that a result is assigned to. The red star represents the mean H and
x values from the 1000 repeats, the yellow star is the mode combination of H and «, the
purple star is the combination of H and k selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and «. (f) Accepted receiver
functions plotted by horizontal slowness, with t1, t2 and ¢3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: CAYE (14.86°N, 39.31°E, 2435m), RFs=28, F,,,,=2.0Hz, F,;;;,=0.5Hz

% Mean: H=32.7+1.8km, K=1.839+0.030, ACE=1.52, IDVAR=95.0, CCC=0.71
% Cluster: H=31.3+0.5km, K=1.839+0.033, F=2.0Hz, Vp=6.1km/s, Phase, w=(0.5,0.5,0.0)
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Figure B.2: H-k result for station CAYE from the Eritrea Seismic Project deployment.
Numbers mark which quality control criteria each sub-figure represents (discussed in Text
S1), with red indicating the test has been failed, amber an inconclusive test result, and
green indicating the test has been passed. (a) The s(H, k) stacking surface associated
with the result selected using hierarchical cluster analysis. The (b) crustal thickness, (c)
Vp/Vg ratio, and (d) ACE for each of the 1000 H-~ solutions. (e) All 1000 H- solutions,
colored by the cluster that a result is assigned to. The red star represents the mean H and
x values from the 1000 repeats, the yellow star is the mode combination of H and «, the
purple star is the combination of H and k selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and «. (f) Accepted receiver
functions plotted by horizontal slowness, with t1, t2 and ¢3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: DOLE (15.10°N, 39.98°E, 88m), RFs=9, F,,,=2.0Hz, F,;,=1.1Hz

% Mean: H=27.2+2.0km, K=1.704+0.033, ACE=1.68, IDVAR=85.0, CCC=0.55
% Cluster: H=29.2+0.6km, K=1.678+0.029, F=1.9Hz, Vp=6.5km/s, Phase, w=(0.4,0.1,0.5)
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Figure B.3: H-k result for station DOLE from the Eritrea Seismic Project deployment.
Numbers mark which quality control criteria each sub-figure represents (discussed in Text
S1), with red indicating the test has been failed, amber an inconclusive test result, and
green indicating the test has been passed. (a) The s(H, k) stacking surface associated
with the result selected using hierarchical cluster analysis. The (b) crustal thickness, (c)
Vp/Vg ratio, and (d) ACE for each of the 1000 H-~ solutions. (e) All 1000 H- solutions,
colored by the cluster that a result is assigned to. The red star represents the mean H and
x values from the 1000 repeats, the yellow star is the mode combination of H and «, the
purple star is the combination of H and k selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and «. (f) Accepted receiver
functions plotted by horizontal slowness, with t1, t2 and ¢3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: EITE (15.24°N, 38.78°E, 2171m), RFs=45, F,,,=2.0Hz, F,,;,=0.4Hz

% Mean: H=31.5+4.9km, K=1.916+0.139, ACE=3.04, IDVAR=94.0, CCC=0.78
% Cluster: H=35.2+0.7km, K=1.800+0.026, F=1.8Hz, Vp=6.4km/s, Phase, w=(0.8,0.2,-0.0)
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Figure B.4: H-k result for station EITE from the Eritrea Seismic Project deployment
(using all back azimuths). Numbers mark which quality control criteria each sub-figure
represents (discussed in Text S1), with red indicating the test has been failed, amber an
inconclusive test result, and green indicating the test has been passed. (a) The s(H, k)
stacking surface associated with the result selected using hierarchical cluster analysis. The
(b) crustal thickness, (c) Vp/Vg ratio, and (d) ACE for each of the 1000 H-« solutions.
(e) All 1000 H-x solutions, colored by the cluster that a result is assigned to. The red
star represents the mean H and k values from the 1000 repeats, the yellow star is the
mode combination of H and x, the purple star is the combination of H and x selected by
the cluster analysis (also plotted in (a)). The black box marks one standard deviation in
H and . (f) Accepted receiver functions plotted by horizontal slowness, with ¢, t and
t3 denoting the predicted arrival times from the selected H and x solution in (a). Peaks
and troughs are colored when their amplitude is > 20% of the P-arrival amplitude. (g)
Accepted receiver functions plotted by back-azimuth. Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (h) and (i) Distribution of linear
and phase-weighted stacking results.
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Station: EITE_E (15.24°N, 38.78°E, 2171m), RFs=36, F,,,=1.3Hz, F,;,=0.7Hz

% Mean: H=25.5+1.4km, K=2.054+0.034, ACE=3.12, IDVAR=93.8, CCC=0.81
% Cluster: H=25.7+0.9km, K=2.050+0.067, F=1.2Hz, Vp=6.2km/s, Phase, w=(0.4,0.2,0.4)
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Figure B.5: H-k result for station EITE from the Eritrea Seismic Project deployment
(using only eastern back azimuths). Numbers mark which quality control criteria each
sub-figure represents (discussed in Text S1), with red indicating the test has been failed,
amber an inconclusive test result, and green indicating the test has been passed. (a)
The s(H, k) stacking surface associated with the result selected using hierarchical cluster
analysis. The (b) crustal thickness, (c) Vp/Vg ratio, and (d) ACE for each of the 1000
H-x solutions. (e) All 1000 H-x solutions, colored by the cluster that a result is assigned
to. The red star represents the mean H and k values from the 1000 repeats, the yellow
star is the mode combination of H and &, the purple star is the combination of H and
selected by the cluster analysis (also plotted in (a)). The black box marks one standard
deviation in H and k. (f) Accepted receiver functions plotted by horizontal slowness, with
t1, to and t3 denoting the predicted arrival times from the selected H and & solution in (a).
Peaks and troughs are colored when their amplitude is > 20% of the P-arrival amplitude.
(g) Accepted receiver functions plotted by back-azimuth. Peaks and troughs are colored
when their amplitude is > 20% of the P-arrival amplitude. (h) and (i) Distribution of
linear and phase-weighted stacking results.
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Station: EITE_W (15.24°N, 38.78°E, 2171m), RFs=9, F,,,,,=2.0Hz, F,,;,=0.4Hz

% Mean: H=34.8+1.5km, K=1.795+0.033, ACE=3.68, IDVAR=96.4, CCC=0.80
% Cluster: H=35.9+0.4km, K=1.750+0.023, F=2.0Hz, Vp=6.2km/s, Phase, w=(0.6,0.1,0.3)
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Figure B.6: H-k result for station EITE from the Eritrea Seismic Project deployment
(using only western back azimuths). Numbers mark which quality control criteria each
sub-figure represents (discussed in Text S1), with red indicating the test has been failed,
amber an inconclusive test result, and green indicating the test has been passed. (a)
The s(H, k) stacking surface associated with the result selected using hierarchical cluster
analysis. The (b) crustal thickness, (c) Vp/Vg ratio, and (d) ACE for each of the 1000
H-x solutions. (e) All 1000 H-x solutions, colored by the cluster that a result is assigned
to. The red star represents the mean H and k values from the 1000 repeats, the yellow
star is the mode combination of H and &, the purple star is the combination of H and
selected by the cluster analysis (also plotted in (a)). The black box marks one standard
deviation in H and k. (f) Accepted receiver functions plotted by horizontal slowness, with
t1, to and t3 denoting the predicted arrival times from the selected H and & solution in (a).
Peaks and troughs are colored when their amplitude is > 20% of the P-arrival amplitude.
(g) Accepted receiver functions plotted by back-azimuth. Peaks and troughs are colored
when their amplitude is > 20% of the P-arrival amplitude. (h) and (i) Distribution of
linear and phase-weighted stacking results.
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Station: FAME (13.57°N, 41.52°E, 622m), RFs=26, F,0,=1.1Hz, Fy;;=0.5Hz

+ Mean: H=20.2+2.2km, K=1.836+0.084, ACE=3.93, IDVAR=94.7, CCC=0.79
% Cluster: H=20.3+0.8km, K=1.861+0.068, F=1.1Hz, V=6.4km/s, Phase, w=(0.8,0.1,0.1)
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Figure B.7: H-x result for station FAME from the Eritrea Seismic Project deployment.
Numbers mark which quality control criteria each sub-figure represents (discussed in Text
S1), with red indicating the test has been failed, amber an inconclusive test result, and
green indicating the test has been passed. (a) The s(H, ) stacking surface associated
with the result selected using hierarchical cluster analysis. The (b) crustal thickness, (c)
Vp/Vg ratio, and (d) ACE for each of the 1000 H-x solutions. (e) All 1000 H-x solutions,
colored by the cluster that a result is assigned to. The red star represents the mean H and
k values from the 1000 repeats, the yellow star is the mode combination of H and «, the
purple star is the combination of H and & selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and . (f) Accepted receiver
functions plotted by horizontal slowness, with ¢1, to and t3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: NAB (13.32°N, 41.71°E, 1272m), RFs=63, F,5,,,=1.2Hz, F,;,=0.4Hz

% Mean: H=25.1+1.1km, K=1.773+0.027, ACE=2.63, IDVAR=94.2, CCC=0.76
% Cluster: H=23.5+0.8km, K=1.778+0.057, F=1.2Hz, Vp=5.9km/s, Phase, w=(0.6,0.3,0.1)
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Figure B.8: H-x result for composite station NAB. Numbers mark which quality control
criteria each sub-figure represents (discussed in Text S1), with red indicating the test
has been failed, amber an inconclusive test result, and green indicating the test has
been passed. (a) The s(H, k) stacking surface associated with the result selected using
hierarchical cluster analysis. The (b) crustal thickness, (¢) Vp/Vg ratio, and (d) ACE
for each of the 1000 H-x solutions. (e) All 1000 H-x solutions, colored by the cluster
that a result is assigned to. The red star represents the mean H and x values from the
1000 repeats, the yellow star is the mode combination of H and k, the purple star is
the combination of H and x selected by the cluster analysis (also plotted in (a)). The
black box marks one standard deviation in H and x. (f) Accepted receiver functions
plotted by horizontal slowness, with t1, to and t3 denoting the predicted arrival times
from the selected H and k solution in (a). Peaks and troughs are colored when their
amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions plotted
by back-azimuth. Peaks and troughs are colored when their amplitude is > 20% of the
P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking results.
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Station: LIDE (14.87°N, 39.89°E, 317m), RFs=2, F,,,,=2.0Hz, F,;,=0.4Hz

% Mean: H=43.9+6.8km, K=1.999+0.160, ACE=3.28, IDVAR=90.6, CCC=0.70
% Cluster: H=53.2+0.4km, K=1.750+0.016, F=1.5Hz, Vp=6.8km/s, Phase, w=(0.4,0.4,0.2)
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Figure B.9: H-k result for station LIDE from the Eritrea Seismic Project deployment.
Numbers mark which quality control criteria each sub-figure represents (discussed in Text
S1), with red indicating the test has been failed, amber an inconclusive test result, and
green indicating the test has been passed. (a) The s(H, k) stacking surface associated
with the result selected using hierarchical cluster analysis. The (b) crustal thickness, (c)
Vp/Vg ratio, and (d) ACE for each of the 1000 H-~ solutions. (e) All 1000 H- solutions,
colored by the cluster that a result is assigned to. The red star represents the mean H and
x values from the 1000 repeats, the yellow star is the mode combination of H and «, the
purple star is the combination of H and k selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and «. (f) Accepted receiver
functions plotted by horizontal slowness, with t1, t2 and ¢3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: TIOE (14.67°N, 40.87°E, 43m), RFs=20, F,,,=2.0Hz, F,,,=0.8Hz

+ Mean: H=18.9+1.0km, K=2.042+0.036, ACE=1.86, IDVAR=92.4, CCC=0.70
% Cluster: H=18.5+0.4km, K=2.022+0.044, F=2.0Hz, V=6.0km/s, Phase, w=(0.6,0.3,0.1)

Repeats
a B 0 250 500 750
2211y 50 L L

1

2.0

003 004 005 006 007 008
Ray Parameter (s/km)

hi Linear i] Phase ©

A0 15
A0

Freguency
5

5

Figure B.10: H-x result for station TIOE from the Eritrea Seismic Project deployment.
Numbers mark which quality control criteria each sub-figure represents (discussed in Text
S1), with red indicating the test has been failed, amber an inconclusive test result, and
green indicating the test has been passed. (a) The s(H, ) stacking surface associated
with the result selected using hierarchical cluster analysis. The (b) crustal thickness, (c)
Vp/Vg ratio, and (d) ACE for each of the 1000 H-x solutions. (e) All 1000 H-x solutions,
colored by the cluster that a result is assigned to. The red star represents the mean H and
k values from the 1000 repeats, the yellow star is the mode combination of H and «, the
purple star is the combination of H and & selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and . (f) Accepted receiver
functions plotted by horizontal slowness, with ¢1, to and t3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: ABAE (13.35°N, 39.76°E, 1447m), RFs=53, F,,,=2.0Hz, F,;,=1.0Hz

% Mean: H=18.9+0.7km, K=2.097+0.023, ACE=1.87, IDVAR=90.3, CCC=0.64
% Cluster: H=18.9£0.4km, K=2.078+0.047, F=2.0Hz, Vp=6.2km/s, Phase, w=(0.7,0.2,0.1)
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Figure B.11: H-k result for station ABAE from the AFAR0911 deployment. Numbers
mark which quality control criteria each sub-figure represents (discussed in Text S1),
with red indicating the test has been failed, amber an inconclusive test result, and green
indicating the test has been passed. (a) The s(H, k) stacking surface associated with the
result selected using hierarchical cluster analysis. The (b) crustal thickness, (c) Vp/Vg
ratio, and (d) ACE for each of the 1000 H-« solutions. (e) All 1000 H-x solutions, colored
by the cluster that a result is assigned to. The red star represents the mean H and
values from the 1000 repeats, the yellow star is the mode combination of H and x, the
purple star is the combination of H and & selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and . (f) Accepted receiver
functions plotted by horizontal slowness, with t1, t2 and ¢3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: BTIE (11.19°N, 40.02°E, 1659m), RFs=13, F,,,,=2.0Hz, F,;,=0.4Hz

% Mean: H=31.4+5.6km, K=1.860+0.182, ACE=3.13, IDVAR=92.0, CCC=0.75
% Cluster: H=34.1+0.5km, K=1.778+0.018, F=2.0Hz, Vp=6.1km/s, Phase, w=(0.7,0.3,0.0)
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Figure B.12: H-k result for station BTIE from the AFARO0911 deployment. Numbers
mark which quality control criteria each sub-figure represents (discussed in Text S1),
with red indicating the test has been failed, amber an inconclusive test result, and green
indicating the test has been passed. (a) The s(H, k) stacking surface associated with the
result selected using hierarchical cluster analysis. The (b) crustal thickness, (c) Vp/Vg
ratio, and (d) ACE for each of the 1000 H-« solutions. (e) All 1000 H-x solutions, colored
by the cluster that a result is assigned to. The red star represents the mean H and
values from the 1000 repeats, the yellow star is the mode combination of H and &, the
purple star is the combination of H and & selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and k. (f) Accepted receiver
functions plotted by horizontal slowness, with ¢1, to and t3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: FINE (12.07°N, 40.32°E, 782m), RFs=23, F,;,,=2.0Hz, F,;;=0.9Hz

% Mean: H=22.5+1.9km, K=1.951+0.028, ACE=2.06, IDVAR=94.4, CCC=0.75
% Cluster: H=22.5+0.4km, K=1.961+0.035, F=2.0Hz, V=6.3km/s, Phase, w=(0.4,0.4,0.2)
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Figure B.13: H-k result for station FINE from the AFAR0911 deployment. Numbers
mark which quality control criteria each sub-figure represents (discussed in Text S1),
with red indicating the test has been failed, amber an inconclusive test result, and green
indicating the test has been passed. (a) The s(H, k) stacking surface associated with the
result selected using hierarchical cluster analysis. The (b) crustal thickness, (c) Vp/Vg
ratio, and (d) ACE for each of the 1000 H-« solutions. (e) All 1000 H-x solutions, colored
by the cluster that a result is assigned to. The red star represents the mean H and
values from the 1000 repeats, the yellow star is the mode combination of H and &, the
purple star is the combination of H and & selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and k. (f) Accepted receiver
functions plotted by horizontal slowness, with ¢1, to and t3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: HITE (13.10°N, 40.32°E, 566m), RFs=35, F,p,,,=2.0Hz, F,;;=0.5Hz

% Mean: H=19.5+3.0km, K=1.880+0.144, ACE=2.78, IDVAR=94.0, CCC=0.74
% Cluster: H=23.5+0.9km, K=1.70620.031, F=1.1Hz, Vp=6.5km/s, Phase, w=(0.4,0.3,0.3)
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Figure B.14: H-x result for station HITE from the AFARO0911 deployment. Numbers
mark which quality control criteria each sub-figure represents (discussed in Text S1),
with red indicating the test has been failed, amber an inconclusive test result, and green
indicating the test has been passed. (a) The s(H, k) stacking surface associated with the
result selected using hierarchical cluster analysis. The (b) crustal thickness, (c) Vp/Vg
ratio, and (d) ACE for each of the 1000 H-« solutions. (e) All 1000 H-x solutions, colored
by the cluster that a result is assigned to. The red star represents the mean H and
values from the 1000 repeats, the yellow star is the mode combination of H and x, the
purple star is the combination of H and & selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and . (f) Accepted receiver
functions plotted by horizontal slowness, with t1, t2 and ¢3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: IGRE (12.25°N, 40.46°E, 675m), RFs=42, F,,,=2.0Hz, F,;,=0.4Hz

% Mean: H=25.0+2.1km, K=1.752+0.053, ACE=4.37, IDVAR=92.3, CCC=0.71
% Cluster: H=26.0£0.5km, K=1.694+0.026, F=2.0Hz, Vp=5.9km/s, Phase, w=(0.6,0.3,0.1)

Repeats
a B 2&")0 590 7?0 1090

2.2 e 3
2.1 oo
X
d|
2.0-] H
0
L
x g 22 s

003 004 005 006 007 008 009
Ray Parameter (s/km)

[ Linear il Phase ©

Freguency
g 5 A0 15 20

Figure B.15: H-x result for station IGRE from the AFAR0911 deployment. Numbers
mark which quality control criteria each sub-figure represents (discussed in Text S1),
with red indicating the test has been failed, amber an inconclusive test result, and green
indicating the test has been passed. (a) The s(H, k) stacking surface associated with the
result selected using hierarchical cluster analysis. The (b) crustal thickness, (¢) Vp/Vg
ratio, and (d) ACE for each of the 1000 H-x solutions. (e) All 1000 H-x solutions, colored
by the cluster that a result is assigned to. The red star represents the mean H and &
values from the 1000 repeats, the yellow star is the mode combination of H and &, the
purple star is the combination of H and k selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and «. (f) Accepted receiver
functions plotted by horizontal slowness, with t1, t2 and ¢3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: KOZE (12.49°N, 40.98°E, 543m), RFs=34, F,,,,=2.0Hz, F,,;,=0.5Hz

% Mean: H=28.3+1.3km, K=1.805+0.043, ACE=1.85, IDVAR=93.5, CCC=0.73
% Cluster: H=26.7+0.5km, K=1.806+0.031, F=1.9Hz, Vp=5.9km/s, Phase, w=(0.5,0.3,0.2)
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Figure B.16: H-x result for station KOZE from the AFARO0911 deployment. Numbers
mark which quality control criteria each sub-figure represents (discussed in Text S1),
with red indicating the test has been failed, amber an inconclusive test result, and green
indicating the test has been passed. (a) The s(H, k) stacking surface associated with the
result selected using hierarchical cluster analysis. The (b) crustal thickness, (¢) Vp/Vg
ratio, and (d) ACE for each of the 1000 H-x solutions. (e) All 1000 H-x solutions, colored
by the cluster that a result is assigned to. The red star represents the mean H and &
values from the 1000 repeats, the yellow star is the mode combination of H and &, the
purple star is the combination of H and k selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and «. (f) Accepted receiver
functions plotted by horizontal slowness, with t1, t2 and ¢3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: LULE (11.99°N, 40.70°E, 594m), RFs=20, F,,,=1.7Hz, F,;,=1.0Hz

% Mean: H=25.7+3.9km, K=2.041+0.054, ACE=1.43, IDVAR=92.8, CCC=0.67
% Cluster: H=24.9+0.5km, K=2.061+0.045, F=1.6Hz, V=6.5km/s, Phase, w=(0.4,0.3,0.3)
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Figure B.17: H-x result for station LULE from the AFAR0911 deployment. Numbers
mark which quality control criteria each sub-figure represents (discussed in Text S1),
with red indicating the test has been failed, amber an inconclusive test result, and green
indicating the test has been passed. (a) The s(H, k) stacking surface associated with the
result selected using hierarchical cluster analysis. The (b) crustal thickness, (c) Vp/Vg
ratio, and (d) ACE for each of the 1000 H-« solutions. (e) All 1000 H-x solutions, colored
by the cluster that a result is assigned to. The red star represents the mean H and
values from the 1000 repeats, the yellow star is the mode combination of H and &, the
purple star is the combination of H and & selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and k. (f) Accepted receiver
functions plotted by horizontal slowness, with ¢1, to and t3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: MAYE (12.78°N, 39.53°E, 2440m), RFs=26, F,,,=2.0Hz, F,,;,=0.7Hz

% Mean: H=20.7+2.4km, K=1.911+0.025, ACE=2.01, IDVAR=89.3, CCC=0.65
% Cluster: H=21.7+0.5km, K=1.900+0.035, F=2.0Hz, Vp=6.5km/s, Phase, w=(0.8,0.1,0.1)
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Figure B.18: H-x result for station MAYE from the AFAR0911 deployment. Numbers
mark which quality control criteria each sub-figure represents (discussed in Text S1),
with red indicating the test has been failed, amber an inconclusive test result, and green
indicating the test has been passed. (a) The s(H, k) stacking surface associated with the
result selected using hierarchical cluster analysis. The (b) crustal thickness, (c) Vp/Vg
ratio, and (d) ACE for each of the 1000 H-« solutions. (e) All 1000 H-x solutions, colored
by the cluster that a result is assigned to. The red star represents the mean H and
values from the 1000 repeats, the yellow star is the mode combination of H and x, the
purple star is the combination of H and & selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and . (f) Accepted receiver
functions plotted by horizontal slowness, with t1, t2 and ¢3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Station: SAHE (12.04°N, 40.98°E, 365m), RFs=23, F,,,=2.0Hz, F,;,=1.3Hz

% Mean: H=22.2+1.0km, K=1.989+0.022, ACE=3.64, IDVAR=93.1, CCC=0.69
% Cluster: H=21.4+0.5km, K=1.983+0.034, F=2.0Hz, Vp=5.9km/s, Phase, w=(0.7,0.1,0.2)
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Figure B.19: H-x result for station SAHE from the AFAR0911 deployment. Numbers
mark which quality control criteria each sub-figure represents (discussed in Text S1),
with red indicating the test has been failed, amber an inconclusive test result, and green
indicating the test has been passed. (a) The s(H, k) stacking surface associated with the
result selected using hierarchical cluster analysis. The (b) crustal thickness, (c) Vp/Vg
ratio, and (d) ACE for each of the 1000 H-« solutions. (e) All 1000 H-x solutions, colored
by the cluster that a result is assigned to. The red star represents the mean H and
values from the 1000 repeats, the yellow star is the mode combination of H and &, the
purple star is the combination of H and & selected by the cluster analysis (also plotted
in (a)). The black box marks one standard deviation in H and k. (f) Accepted receiver
functions plotted by horizontal slowness, with ¢1, to and t3 denoting the predicted arrival
times from the selected H and & solution in (a). Peaks and troughs are colored when
their amplitude is > 20% of the P-arrival amplitude. (g) Accepted receiver functions
plotted by back-azimuth. Peaks and troughs are colored when their amplitude is > 20%
of the P-arrival amplitude. (h) and (i) Distribution of linear and phase-weighted stacking
results.
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Table B.1: H-x Results

Station __ Long. ('N) Lat. (E) Elev. (km) H (km) Error (km) & __ Error Vp(kms ) RFs
This study
ASSE 13.06 12.65 0.019 24 1 183 0.03 14
CAYE 14.86 39.31 2435 33 2 184 003 28
EITE (W) 15.24 38.28 2171 35 2 180 003 9
EITE (E) 15.24 39.12 1471 2 1 205 0.03 36
DOLE 15.10 39.98 0.088 27 2 170 0.03 9
FAME 1357 41.52 0.622 20 2 184 0.08 2
NAB 13.35 1.272 2 1 L7 0.03 63
TIOE 14.67 0.043 19 1 204 0.04 20
ABAE 1.447 19 1 210 0.02 53
FINE 23 2 195 0.03 23
IGRE 25 2 175 0.05 12
KOZE 28 1 181 0.04 34
LULE 26 4 204 0.05 20
MAYE 21 2 191 0.023 6.5 26
SAHE 0.365 22 1 199 002 59 23
Study of [Ahmed et al.||2022)
NoOT 077 2.148 372 2.0 173 0.04 E 5
N002 162 2.000 38.8 2.1 173 001 - 24
N003 007 2.080 37.6 0.5 179 0.02 - a7
N0o4 39.5653 2.265 37.6 0.3 173 0.01 - 60
N005 39.6677 2.270 38.6 16 173 004 - 36
N006 6509 39.7805 2.383 37.0 7.0 170 0.10 50
N007 13.6922 39.8938 0.970 24.2 14 179 0.02 29
N008 13.8406 40.0066 0.692 19.6 1.0 193 004 35
S001 11.6591 38.9328 2.904 428 1.7 179 001 - 23
S003 11.8511 39.3211 3.461 4038 0.8 189 0.01 - 57
S004 11.8274 39.4903 2.375 37.2 4.0 183 0.06 - 15
S005 11.8387 39.5291 1.931 34.2 19 176 0.03 - 55
S006 11.8472 39.5874 2.057 34.0 04 L76 0.02 - 58
S007 11.8478 39.6583 1.601 33.8 14 172 001 - 56
S008 11.8621 1.491 28.4 03 183 001 - a7
S009 11.8001 1.468 28.6 0.5 179 0.01 - 51
So11 11.8203 1.075 27.6 14 179 0.01 - 58
S012 11.8717 39.9581 1.072 28.0 11 177 0.01 - 17
S013 11.8574 40.0506 0.981 27.8 14 179 0.01 26
S014 11.8584 40.1831 0.938 204 13 194 0.08 26
FINE 12.0600 40.3100 0.782 214 04 199 002 72
S017 11.9856 40.7044 0.631 23.2 1.3 195 001 - 59
S018 11.8521 40.8044 0.441 21.2 1.0 191 001 - 15
S020 12.0019 40.9667 0.403 19.6 0.8 204 0.02 - 50
Study of {Reed et al.[|2014]
ELLE 11.258 10378 0.672 217720 0.110 2.092 0.008 107
ADOL 11.315 40571 0.580 18.530 2254 0.010 64
ADO02 11.349 40.688 0.523 18.040 2.082 0.010 119
ADO3 11.422 40.766 0.488 18.150 2230 0011 190
AD04 11.537 40.841 0483 17.733 2400 0.016 38
AD03 11.608 40.906 0.445 20.600 2066 0.000 287
ADO6 11675 40.940 0.460 19.544 2050 0.033 187
ADO7 11727 40.990 0.395 20.750 1.967  0.013 42
ADOS 11.792 41.028 0391 2076 0.016 297
ADO09 11.817 41.050 2145 0.037 100
AD10 11.900 41.137 1891 0.010 73
AD11 11741 ] 1997 0.011 42
AD13 23.140 1.958  0.016 142
AD14 23.190 2.030  0.016 47
DICE 22,070 2116 0.023 125
AD15 22,520 2.010  0.024 20
AD16 26.243 1.944  0.011 56
AD17 24.250 2012 0.026 106
ADI8 29.770 1.887 0019 114
AD19 41.926 0435 30.456 0532 1.853  0.018 121
Study ofj_Hummomi et al.[|2011c]
ADYE 13.68 38.08 1.860 39 T 71 0.02 35
AKEE 10.88 39.16 3.235 38 4 191 0.06 50
DERE 1112 39.64 2.545 32 4 201 012 90
GASE 11.68 38.92 2,972 43 6 185 011 18
GDR 12.56 37.45 2.103 39 5 183 015 7
KARE 1044 39.93 1774 15 2 178 005 49
LALE 12.02 39.04 2422 38 - 18 - 30
SEKE 12.62 39.03 2.264 38 2 181 007 44
SMRE 13.19 39.21 1.977 39 2 L7007 72
YAYE 11.86 38.00 2.627 44 - 186 - 6
ALE 09.42 12.03 2.026 35 1 179 0.07 28
HYNE 09.31 42.09 : 35 1 L7700l 81
BOBE 1038 42.57 27 3 L7 016 37
MIEE 09.24 40.76 34¢ 32 5 222 0.28 41
QATE 09.40 41.47 2.148 32 6 227 021 67
ASYE 1156 41.44 0.370 28 5 195 0.4 107
AWEE 12.06 40.07 0.836 2 1 183 004 78
BREE 1217 0.576 26 1 184 002 95
CHIE 11.60 0.938 28 3 184 011 105
DAME 11.69 0.424 31 - 197 - 23
DICE 11.91 0.464 30 5 202 020 47
DIGE 12.32 0.675 17 1 226 0.06 66
ELLE 1125 0.672 27 7 207 0.22 15
FINE 12.06 0.782 22 1 199 0.03 154
HARE 11.60 0447 2 1 199 0.04 45
IGRE 12.25 0.675 23 5 185 0.20 45
KOBE 1215 29 1 184 0.02 52
KOZE 12.49 28 2 184 007 16
LULE 11.99 24 2 198 007 39
LYDE 12.05 29 2 219 0.1 30
MILE 11.42 33 5 188 0.11 42
SEHE (SAHE) 12.04 22 1 198 002 146
TEND 11.79 2 5 202 015 114
SILE 1240 24 1 200 0.03 66
SRDE 11.95 24 3 204 012 32
TRUE 1248 23 1 197 0.03 115
AFME 13.20 16 1 206 0.02 161
HALE 13.84 20 2 198 0.02 17
ABAE (W) 32 6 182 0.20 14
WUCE (W) 33 7 189 017 9
BTIE (E) 23 3 22 014 126
MAYE (E) 21 1 193 003 80
WUCE (E) 26 8 211 025 93
ABAE (E) 19 1 209 005 93
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Figure B.20: Estimates of Vp/Vg ratio (k) plotted against crustal thickness (H).
Estimates calculated in this study are plotted as gold crosses; estimates from the studies
of (Hammond et al.l 2011c; Reed et al 2014} Ahmed et al., [2022) are plotted as blue

crosses. The black line is the optimal fit of unbiased linear regression with Pearson’s
correlation coefficient r = —0.60.
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Figure B.21: Parameter sweeps for different asthenospheric channel and initial
lithospheric thickness values. (a) Sub-crustally supported topography as a function
of asthenospheric mantle temperature and lithospheric thickness, assuming a temperature
anomaly is constrained to a 150 km thick channel and equilibrium lithospheric thickness is
120 km. Contours indicate elevation, €. The shaded area represents the range of regional
sub-crustal support Ae = 1.5 + 0.4 km estimated from the offset in intercept values
between the regional crustal thickness-elevation relationship and the global one. The
red square is plotted at the sub-plate temperature and lithospheric thickness given by
the tomography model of |Celli et al.| (2020a)) after conversion into temperature following
the methodology ofHoggard et al.| (2020) and Richards et al.| (2020)). The yellow star is
plotted at the sub-plate temperature and lithospheric thickness given by inverse modelling
of rare earth element compositions (Ball et al., [2021)). (b) h = 50 km, ap = 120 km. (c)
h =100 km, ag = 160 km. (d) A = 100 km, ag = 800 km.
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C.1 Introduction

This appendix gives further detail on the nonlinear earthquake relocation procedure
and the tomographic inversion for Vp/Vg structure. It shows the results of tests
perturbing the starting 1D velocity model, and explains the process of finding
regularisation parameters for the tomographic inversions, including plots of the
trade-off curves (Figure . Figure shows the location of seismicity after
inversion and earthquake relocation, demonstrating the migration of earthquakes
to the inversion grid boundaries. The input and output checkerboards used to

assess the resolution of the Vp and Vg solution models are plotted in Figures [C.4]

173
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[C.5], [C.6l and [C.7] Inversion statistics for the synthetic models are given in Table

[C.2] Figure shows original longitude and latitude cross-sections through the
final tomography model, with anomalies and earthquakes above the topography
displayed. Figure plots the Vp/Vg model obtained by direct division of the final
Vp model by the final Vg model, for comparison with our result from the inversion
of differential S-P traveltimes. Figure describes the overall workflow. Figure

presents the evolution of the mislocations of sources in the checkerboard tests.

C.2 Text S1: Nonlinear Earthquake Relocation

The objective function minimised during the nonlinear source relocation grid search
is:
S(m) = (d,, — d;,)"C'(dpy, — d7,) (C.1)

obs obs

T

where C;' is the data covariance matrix, d7,,

is a set of observed arrival times (from
a given hypocenter) at a set of N stations and d’, is a set of predicted arrival times.
Both the observed and predicted traveltimes have had the mean subtracted in order
to eliminate the origin time as an unknown in the inversion. The origin time can be
found after minimisation of S(m) by using dy = dys — d* where d* are the observed
traveltimes. The minimum of the objective function can be found by a simple grid
search comparison of the difference between each observation and each grid point in
the traveltime field for all receivers. Sub-cell discretisation based on interpolation
of the traveltimes is implemented for greater accuracy (Pilia et al., [2013).

To obtain hypocenter uncertainty information, we follow Wilks et al.| (2020)),
adopting the approach described by Sambridge and Kennett, (1986). We define
the 95% confidence region around the solution obtained from the grid search ()
and use this boundary as a proxy for location uncertainty, assuming that data

errors are Gaussian. To find this boundary, we identify the region of parameter

space which satisfies:

(C.2)
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where N is the number of data picks, x3(0.95) = 7.815 is the chi-squared statistic
for a p-value of 0.05 and 3 degrees of freedom. We can formulate the problem like

this since the objective function, with [C;'];; = d;;04;, can be written as

S(m) = Z[ obs __—m (C.3)

which has a chi-squared distribution with N — M degrees of freedom, where M = 3
is the number of model parameters. This equation accounts for the effects of errors
in the velocity model by rescaling S so that S() = N — 3 (the expectation value
of a chi-squared distribution with N — 3 degrees of freedom). This is achieved

by multiplication by the factor (N — 3)/S(m).

C.3 Text S2: Formulation of the Vp/Vg Inversion

The inversion for Vp/Vg structure is a linear inversion performed along the S-
wave ray paths. It is assumed that 1) each S-wave path between two points
has a corresponding P-wave path; 2) the P- and S-wave paths taken between
two different points are identical and have similar Fresnel zones, meaning the
reference Vp/Vg model is constant (Walck, (1988 Thurber| 1993; [Eberhart-Phillips
and Reyners, 2012).

Pilia et al.| (2013) formulate the problem as follows:

5 (ts - (‘V/’;)O@ -/ p %5(&)& (C.4)

where ¢ is the traveltime for P- or S-waves along the S-wave path L,, v is the
velocity, [ is the path length and (Vp/Vs)? is a reference model. This allows for
Vp/Vs to be calculated without prior knowledge of Vp or Vs.

In this study, we use the final hypocenter locations determined by the “joint"
inversion for Vp, Vg and earthquake location. We calculate the average ratio of
the Vp and Vg models across all velocity grid nodes, which is 1.77, and use this

as the reference Vp/Vg model, assumed constant throughout the model.
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C.4 Text S3: Perturbation of Derived 1D Starting
Model

To test the dependence of the final model on the 1D starting model, we perturb
the velocity of our 1D model at each depth randomly by +10% and repeat this
10 times. The Vp/Vg model produced by three different examples of this test are
plotted in Figure [C.I] The recovered pattern of anomalies are similar to those
produced by the original model within the data resolution limits.

The initial and traveltime residuals for each of the perturbed models as compared

to the original model are given in Table [C.1]

C.5 Text S4: Finding Regularisation Parameters

The data fit of a solution model is defined as the variance of the traveltime residuals.

2

The model variance ¢° is a measure of how close the solution model (m) is to

the starting model (my):

=1 (i 02
2 (m" — mp)
=y — C.5
where 7 is each velocity node of the grid and M is the number of parameters in
the model. Model roughness is a finite difference measure of the second derivative,

averaged across the entire model in 3-D. It is calculated for depth as follows:

(Miv1jk — 2Ma gk + M1 k)
h? ’

P(m) = (C.6)

where P refers to variations in depth and h is the separation between velocity
nodes. The same second derivative calculation is carried out in depth, latitude and
longitude and averaged to give a final estimate for each velocity node. An average
is then taken across the final model to give the overall model roughness.

There exists a trade-off between data fit, model variance and model roughness—
for example, a low value of model roughness is desirable, but this comes at the
expense of the model fitting the data less well. Therefore, trade-off curves are used

to find the optimum values of the damping and smoothing parameters. Fixing the
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damping and varying the smoothing parameter leads to a trade-off between the data
fit and the solution model roughness, whilst fixing the smoothing parameter and
varying the damping means a trade-off between the data fit and the solution
model variance.

Figure shows the results of numerous inversions for 3D velocity structure
using different values of the damping and smoothing parameters. For the Vp
inversions, we first keep the smoothing parameter, 7, constant at 10, and vary the
damping parameter, € between 0.5 and 500, as shown in Figure [C.2h. In order to
minimise the variance of the traveltime residuals whilst also keeping the model
variance as low as possible, we select € = 3 as the best compromise between data fit
and model variance. Next € is held fixed at 3 and 7 is varied between 2 and 500, as
plotted in Figure [C.2b. We conclude that n = 10 is still an acceptable compromise
between optimising the data fit and reducing the solution model roughness. The
regularisation parameters for the Vp inversions are therefore e = 3 and n = 10.

For the Vg inversions, we again begin with = 10 and vary e between 1 and 500
(Figure ) We choose € = 10 as the value of the damping parameter that gives
the best compromise between data fit and model variance. Then € is held fixed
at 50 and 7 is varied between 5 and 500, as shown in Figure [C.2b. We conclude
that n = 50 gives the best compromise between minimising the variance of the
traveltime residuals and reducing the solution model roughness. The damping
and smoothing parameters affect both model variance and roughness, so another
trade-off curve is plotted with n = 50 to make sure that ¢ = 10 produces a good
compromise between data fit and model variance with this value of smoothing.
Figure shows that € = 10 is still a good choice of smoothing parameter, and
the process does not need to go through subsequent iterations. The regularisation
parameters for the Vg inversions are ¢ = 10 and n = 50.

These regularisation parameters are used in the individual P- and S-wave
velocity inversions before we vary the regularisation parameters for the direct

Vp/Vs inversion, as shown in Figures [C.2fh.
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Figure C.1: Cross-sections along a longitude of 41.7°E and latitude of 13.36°N through
the Vp/Vg ratio velocity models, each using a starting model that has been randomly
perturbed by £10% from the original 1D starting model. The Vp/Vg ratio model is
plotted as absolute values, with the centre of the colour bar corresponding to the reference
Vp/Vg value-the average ratio of the corresponding Vp and Vg models across all velocity
grid nodes. Inversion statistics are tabulated in Table A.1.

C.6 Text S5: Synthetic Resolution Tests

Figures [C.4] [C.5] [C.6] and [C.7] show input and output checkerboards used to assess

the resolution of the Vp and Vg solution models respectively. The formulation of
these synthetic tests is discussed in the main text in Section 4.1. The anomalies
for the 8 km and 4 km checkerboards are generally well-reconstructed within the
bounds of the seismic array and to depths of 10 km b.s.l.. Recovery tends to be poor
outside of this region. The recovered resolution is similar for the Vp and Vg models.

Table A.2 gives the inversion statistics for the synthetic models.
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Figure C.2: Trade-off curves used to find the optimum values of the regularisation
parameters, damping (€) and smoothing (n), for Vp, Vg and Vp/Vg inversions. Red
circles indicate the ‘best’ value of € or 7 selected to be held fixed during the next set of
inversions. (a) Vp inversion: varying the damping parameter while keeping the smoothing
parameter fixed at n = 10. (b) Vp inversion: varying the smoothing parameter with the
damping parameter fixed at € = 3. (c¢) Vg inversion: varying the damping parameter with
the smoothing parameter held fixed at n = 10. (d) Vg inversion: varying the smoothing
parameter with the damping parameter fixed at ¢ = 50. (e) Vg inversion: varying the
damping parameter with the smoothing parameter fixed at the best compromise value of
n =50. (f) Vp/Vg inversion: varying the smoothing parameter with n = 10. (g) Vp/Vgs
inversion: varying the damping parameter with ¢ = 100. (h) Vp/Vg inversion: varying
the smoothing parameter with n = 20.
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Figure C.3: The event relocations following six iterations of the FMTOMO inversion
procedure plotted over a topographic map of Nabro volcano. The locations of the
earthquakes often move considerable distances, and a considerable number of earthquakes
migrate to the inversion grid boundaries, indicating that the initial locations of these
earthquakes are poorly constrained and will be removed from the initial catalogue. Seismic
stations from the temporary seismic network are plotted as red triangles, excluding the
inoperational station (NABG). The seismicity is coloured by depth below sea level (b.s.1.)
and the histogram uses bins of 1 km depth b.s.l..
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Figure C.8: Cross-sections through the final Vp (a, d), Vg (b, e) and Vp/Vg (c, f)
solution models at a longitude of 41.7°E and latitude of 13.36°N (the center of the caldera).
The Vp and Vg models are plotted as percentage deviations from the initial 1D model.
The Vp/Vg ratio model is plotted as absolute values, with the center of the colour bar
corresponding to the reference Vp/Vg value-the average ratio of the Vp and Vg models
across all velocity grid nodes. Earthquakes within +1 km of the displayed section are
indicated by black dots.
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Figure C.9: Cross-sections through the Vp/Vg model obtained through direct division
of the final Vp model by the final Vg model at a latitude of 13.36°N (left) and longitude
of 41.7°E (right). The Vp/Vg ratio model is plotted as absolute values, with the center
of the colour bar corresponding to the reference Vp/Vg value-the average ratio of the Vp
and Vg models across all velocity grid nodes. Note the slightly different colour scale to
the models plotted in Figure 5 and Figure 6, to account for the larger amplitude range.
Earthquakes within +1 km of the displayed section are indicated by black dots and the
yellow star marks the location of the vent from the 2011 eruption.
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1. Preliminary tests using 3-layer velocity model
from Ginzburg et al. (1981).

|

2. ‘Quasi-1D’ inversion for 1D velocity structure

|

3. Perturb new 1D model by #10% (repeat 10
times) to check robustness

|

4. Using improved 1D model as starting model,
solve for 3D Vp and Vs structure

. Solution of forward problem using the fast <
marching method
. Inversion for velocity parameters via a Ite'rate 6
subspace inversion scheme times
. Relocation of hypocenters

|

5. Find optimum regularization parameters for Vp
and Vs structure

. Repeat 3D Vp and Vs inversions multiple times
using different values of smoothing and
damping parameters

. Plot trade-off curves to find best compromise
between data fit, model variance and model

roughness

6.E ine output rel d

« Remove events that have been relocated by
distances greater than 3km from the original
earthquake catalogue

7. Final 3D Vp and Vs solution models produced
using optimised parameters

|

8. Invert for Vp/Vs structure

« Direct inversion of S-P differential traveltimes
using final relocated hypocenters

|

9. Find optimum regularization parameters for
Vpl/Vs structure

. Repeat 3D Vp/Vs inversion multiple times using
different values of smoothing and damping
parameters

. Plot trade-off curves to find best compromise
between data fit, model variance and model

roughness

10. Checkerboard resolution tests

« Synthetic tests to investigate robustness of Vp, Vs
and Vp/Vs solution models

}

11. Final results

« Interpretation of velocity structure

Figure C.10: The workflow followed in this paper to jointly invert for Vp, Vg and
Vp/Vg structure and earthquake locations beneath Nabro volcano.
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Figure C.11: Source mislocations during the synthetic checkerboard tests. A selection
of 392 earthquakes from the overall catalogue is presented for ease of viewing. The red
dots indicate the true locations determined in the data inversion, joined by black lines to
the current locations (cyan dots). On the left are the location results after one relocation
using the starting 1D velocity model, and on the right are the final locations after six
iterations.

Table C.1: Inversion statistics for the Vp/Vg inversions using the perturbed 1D models
as starting models, as compared to the original model.

RMS residuals

1D Model Starting model Solution model % difference from original model

Original 0.192 0.168 0
Perturbed (a) 0.223 0.173 2.98
Perturbed (b) 0.216 0.181 7.73
Perturbed (c) 0.193 0.168 0
Variance
1D model Starting model Solution model % difference from original model
Original 3.64E-2 2.83E-2 0
Perturbed (a) 3.73E-2 3.00E-2 6.00
Perturbed (b) 4.62E-2 3.27E-2 15.5

Perturbed (c) 3.71E-2 2.83E-2 0
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Table C.2: Inversion Statistics for the Synthetic Vp, Vg and Vp/Vg Checkerboard Tests

RMS residuals

Scale length Parameter Starting model Solution model Reduction (%)
2 km Vp 0.292 s 0.0129 s 95.6
Vg 0.497 s 0.029 s 94.2
Vp/Vs 0.0625 0.0359 42.6
4 km Vp 0.294 s 0.0140 s 95.2
Vg 0.490 s 0.0319 s 93.5
Vp/Vs 0.134 0.0403 69.9
8 km Vp 0.307 s 0.0150 s 95.1
Vg 0.491 s 0.0365 s 92.6
Vp /Vs 0.225 0.042 81.3
Variance
Scale length Parameter Starting model Solution model Reduction (%)
2 km Vp 0.0854 s* 0.00017 s? 99.8
Vg 0.248 2 0.00084 s? 99.7
Vp/Vs 0.00389 0.00129 66.8
4 km Vp 0.0879 s? 0.0002 s* 99.8
Vg 0.241 2 0.00102 s? 99.6
Vp/Vs 0.00180 0.000163 90.9
8 km Vp 0.0943 s* 0.00022 s* 99.8
Vg 0.242 52 0.00133 s? 99.5
Vp/Vs 0.0502 0.00176 96.5
X
Scale length Parameter Starting model Solution model Reduction (%)
2 km Vp 213 0.417 99.8
Vg 619 2.11 99.7
4 km Vp 217 0.502 99.8
Vg 601 2.54 99.6
8 km Vp 236 0.559 99.8
Vg 604 3.33 99.4
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D.1 Introduction

The differential time between direct P-waves and Ps converted waves can be used to
examine crustal velocity structure (Janiszewski et al.| 2020). [Janiszewski et al.| (2020)
observe a systematic variation in differential time at stations around Cleveland
volcano, with early Ps arrivals seen for backazimuths directed away from the edifice,
and late arrivals directed towards the edifice. This variability implies either a sharp
change in Moho depth over a short distance, or a different shear wave velocity
directly beneath the edifice. The authors then use a forward modelling approach to
delineate a columnar low velocity zone beneath the volcano, extending to mid-crustal
depths (~10-20 km depth). Their technique is independent of deep crustal seismic

activity and provides a novel approach to imaging crustal magma storage regions.
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D.2 Plotting differential Ps times at Nabro sta-
tions

I attempt to carry out the same method at Nabro volcano. I calculate teleseismic
receiver functions at each station in the Nabro Urgency Array network. Descriptions
of the receiver function method and of the seismic network can be found in Chapter
and Chapter {] respectively. For each station, I plot the receiver functions as a
function of their backazimuth (Figure [D.I). I do not observe an obvious systematic
variation in Ps arrivals for any station, but nevertheless I proceed to calculate the
Ps time residuals. I use the predicted Ps arrival time from the stacked receiver
functions used to calculate H-x at the composite NAB station (including all the
Nabro Urgency Array stations). See Chapter |3| and Appendix [Bf for further detail.
Ps arrival time varies with slowness (the reciprocal of seismic velocity), which in
turn varies from station to station, and so I extract the predicted Ps arrival times
for a variety of slowness values. For every station, I subtract the Ps arrival time
observed in the receiver function from the predicted Ps time at the correct slowness
value. The results are plotted in Figure [D.2] Few ray paths traverse the volcanic

edifice, and no systematic variation in Ps differential time is observed.
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Figure D.1: Composite plot of receiver functions at each Nabro station, plotted against
event backazimuth. Positive amplitude arrivals are coloured in red, and negative amplitude
arrivals are coloured in blue. See Chapter [3|for more detail on receiver function calculation.
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Figure D.2: Plot of differential Ps times around Nabro volcano. The stations from the
Nabro Urgency Array network are plotted as black circles. The caldera is outlined in
black. Bars are plotted from each station to the pierce point of the P phase, and are
coloured by the time residual between the observed and predicted Ps arrival time.
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