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The transition from continental rifting to seafloor spreading is a key, yet enigmatic, stage
of the plate tectonic Wilson Cycle. The Danakil region in the northern Afar depression
marks the transition between late-stage continental rifting in the Main Ethiopian rift,
and young seafloor spreading in the Red Sea, it is thus an ideal location to investi-
gate the final stages of continental breakup. Here, the southern Red Sea rift steps on
land and the active processes associated with continental breakup are exposed subaeri-
ally. Between February 2011 and February 2013, two seismic networks were installed
in northern Ethiopia and Eritrea. In this thesis, continuous seismic data is used to
detect and locate 4951 earthquakes and investigate how seismicity accommodates ex-
tension and deformation as the region transitions to seafloor spreading. Results show
that seismicity is focused at the rift axis and within a graben on the western rift mar-
gin. Seismicity at the rift axis accounts for ∼64% of the total seismic moment release
and reveals a lower crustal magma complex beneath the Alu-Dalafilla volcanic system.
This suggests that the majority of mechanical extension is focused at the rift axis, as
is observed in the Main Ethiopian rift. However, seismic moment release rate shows
that extension is predominantly accommodated though magmatism and this produces
stacked sill magma plumbing systems, analogous to those seen at mid-ocean ridges. In
contrast to the Main Ethiopian rift, high levels of seismicity are observed at the western
rift margin. Earthquake focal mechanisms and seismic anisotropy show that extension
in the marginal graben is oriented E-W, oblique to extension at the rift axis. The seis-
micity here predominantly occurs on an antithetic fault, extending to depths of ∼20 km.
Large, antithetic faults have been observed in rifted margins worldwide, this research
suggests such structures may form and remain active in the final stages of continen-
tal rifting. In addition, seismological data is combined with remote structural geology,
geodetic observations and three-dimensional thermomechanical numerical modelling to
show that an oceanic transform fault is initiating in the Danakil depression. This is the
first direct observation of this process and demonstrates that these oceanic structures
can initiate in the final stages of continental rifting, prior to seafloor spreading. The
findings of this thesis reveal that many processes and structures which are associated
with seafloor spreading can form during the final stages of continental breakup. Thus,
the continent-ocean boundary must not be treated as a discrete point in space or time.
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Chapter 1

Introduction

1.1 Thesis Motivation

The transition from continental rifting to seafloor spreading is a key stage of the plate

tectonic Wilson Cycle. However, the processes which facilitate this transition are poorly

understood, and there remain questions about when characteristic processes of seafloor

spreading initiate in the rifting cycle. In the past, studies of continental breakup have

focused on passive margins that have undergone full breakup at some time in the past

(e.g., White and McKenzie, 1989; Pindell et al., 2014; Quirk et al., 2014). Passive

margins can be generally categorised as ‘magma-poor’ (e.g., the Australian-Antarctic

margin (Gillard et al., 2015)) or ‘magma-rich’ (e.g., the North Atlantic margin (Quirk

et al., 2014)). This categorisation is based on the inferred availability of magma during

the continental rifting process, and is observed to impact significantly on the structures

and processes associated with the final stages of continental rifting (Pindell et al., 2014).

Magma-poor rift margins are thought to be formed through the passive rift mechanism.

In this model, lithospheric extension and thinning cause the sub-lithospheric mantle to

passively upwell (McKenzie, 1978). In this mode of rifting, the production of mantle

melt is a late result of lithospheric stretching (McKenzie and Bickle, 1988). In contrast,

magma-rich margins are thought to form from an active model of rifting, where increased

temperature in the mantle thins the lithosphere and promotes magmatic activity (Buck ,

1991). Magma-rich margins consistently feature ‘seaward-dipping reflectors’ (SDRs),

these are thick packages of highly reflective material which are shown to dip in an arcuate

manner (Figure 1.1), towards the seafloor spreading centre (e.g., Mutter et al., 1982;

Pindell et al., 2014; Paton et al., 2017). SDRs are thought be formed from subaerial

volcanism in the final stages of seafloor spreading (Mutter et al., 1982), during their

formation they would dip away from the rift-axis. Paton et al. (2017) suggest that as

the crust within the rift becomes increasingly intruded and dense, the rift axis subsides

and the subaerial volcanic are rotated such that they dip towards the rift axis. The

rift subsidence is thought to occur rapidly and has been suggested to occur through

1
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the removal of buoyant melt from the mantle (Quirk et al., 2014; Quirk and Rüpke,

2018) and outer marginal collapse (Pindell et al., 2014). Increasingly, the presence of

continentward dipping, or antihithetic, faults have been identified at magma-rich rifted

margins (Figure 1.1). Various formation mechanisms have been ascribed to these such

as crustal flexure (Geoffroy et al., 2001), buoyant melt in the mantle beneath the rift

axis which promotes an axial horst (Quirk et al., 2014), and the rotation of marginal

blocks during marginal collapse, promoted by flow of asthenospheric melt towards the

rift axis (Pindell et al., 2014).

Figure 1.1: A representative schematic cross-section through a magma-rich rifted mar-
gin. A thick package of seaward-dipping reflectors overlay landward-dipping faults. The
continent-ocean transition consists of heavily intruded and altered continental crust.
Rifted margins are overlain by thick sequences of post-rift sediments. Adapted from

(Geoffroy , 2005; Franke, 2013; Pindell et al., 2014).

Studies of rifted margins provide great insight into the crustal structures that charac-

terise rifted margins, but the thermal and mechanical response of the lithosphere to

active rifting is obscured by thick sedimentary and volcanic sequences (Figure 1.1), and

it can therefore be difficult to evaluate how breakup evolved temporally. In contrast,

studies of active continental rifts and young ocean basins can reveal how the lithosphere

responds at different stages of rift development. In the past two decades, our under-

standing of the rifting cycle has been greatly enhanced through the study of active rifts.

The actively extending Corinth rift, Greece, has been extensively studied as an example

of young (<5 Ma) continental rifting (e.g., Bell et al., 2008, 2011; Nixon et al., 2016).

Extension in the Corinth rift is thought to occur through pure-shear extension (Bell

et al., 2011) (Figure 1.3b) and does not require large, low-angle detachment faults. The

Gulf of Corinth is considered an amagmatic rift, however magmatism is frequently ob-

served in continental rift systems worldwide such as the Baikal rift (Kiselev , 1987), Rio

Grande rift (Morgan et al., 1986) and East African rift (Rooney et al., 2012). Numerous

studies have suggested that as rifting develops towards continental breakup, extension

is increasingly accommodated by magmatism and mechanical extension becomes less

important (Wolfenden et al., 2005). It has been shown that magmatism acts to focus

extension at the rift axis through dyke and sill intrusions (Buck , 1991; Ebinger et al.,
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2013; Mackenzie et al., 2005; Thybo and Nielsen, 2009). As extension increasingly be-

comes accommodated by magmatism, this is complemented by a decrease in mechanical

extension and seismicity at the rift margin faults which originally controlled rift develop-

ment (Hayward and Ebinger , 1996; Keir et al., 2005). This magmatic mode of extension

is more similar in mechanism to seafloor spreading and was proposed to facilitate the

transition to seafloor spreading (Ebinger and Casey , 2001). Alternatively, studies from

the Gulf of California rift system have suggested that relative mantle fertility controls the

extent to which magmatism plays a role in rifting, and that magmatism is not necessary

for continental breakup (Lizarralde et al., 2007). The timing of formation of structures

and processes which are typical of seafloor spreading such as; stacked magma plumb-

ing systems which facilitate crustal accretion (Carbotte et al., 2013; Jian et al., 2017;

Schmid et al., 2017); transform faults which transfer extension between magmatic seg-

ments (Macdonald et al., 1988); volcanic ridges (Liu and Buck , 2018); and a markedly

thinned crust (White et al., 1992), remains poorly constrained. Understanding when

these processes and structures initiate in the rifting cycle is key to understanding the

nature and position of the Continent-Ocean Boundary (COB) in magmatic rifted mar-

gins (Eagles et al., 2015).

The southern Red Sea rift in the northern Afar depression, Ethiopia/Eritrea (Figure

1.2), is an ideal location to study the final stages of continental breakup. Here the Red

Sea rift steps on-land into the Danakil depression where magmatically assisted conti-

nental rifting is occurring in the present day. In this thesis I use seismic data from

the Danakil region to perform earthquake analysis. I combine this with measurements

of seismic anisotropy, numerical modelling of gravitational and magmatically induced

stresses, geodetic observations, and thermomechanical numerical modelling, to gain new

insights into how continental rifts transition towards seafloor spreading in the final stages

of magmatically assisted continental breakup.

1.2 Rifting in East Africa

Early models of rifting (e.g., McKenzie, 1978) invoked mechanical stretching of the

lithosphere, where strain is accommodated by ductile stretching in the lower crust and

large-offset mechanical faulting in the upper crust (Figure 1.3). These models predict

that deformation can occur along large displacement faults or across a broad region

of deformation, depending on lithospheric strength (Ebinger , 2005). This mechanical

mode of rifting is observed in early stage continental rifting in several regions of East

Africa where the lithosphere remains relatively thick and strong. The Okavango rift,

located at the southwest branch of the East African rift system (Figure 1.2), is defined

by a half-graben structure with ∼200–300 m throw along the major border faults and is
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∼100 km wide (Modisi et al., 2000; Kinabo et al., 2008). A receiver function study by Yu

et al. (2015) revealed an uplifted Moho within the Okavango rift, observations which are

consistent with rifting through pure shear extension (McKenzie, 1978). To the north

of the Okavango rift lies the Malawi rift, which is a seismically active, magma-poor,

weakly extended rift (Figure 1.2). The morphology of the Malawi rift is controlled by

a series of asymmetric half-grabens which initiated 8.6 Ma (Ebinger et al., 1993a), re-

main seismically active (Ebinger et al., 1989; Rosendahl et al., 1992; Craig et al., 2011),

and extension rates are ∼1 mm yr−1 (Saria et al., 2014). The role of magmatism is

thought to be minimal in this region (Accardo et al., 2017) and the mode of rifting can

be thought of as analogous to mechanical stretching models (Figure 1.3). This mode

of rifting is further observed in the Western branch of the East African rift system, in

the Tanganyika rift (Figure 1.2 & 1.3). The Western Branch is extending at ∼4.1 mm

yr−1 (Stamps et al., 2008) and is characterised by 80–120 km long border faults, uplifted

flanks and broad rift basins (Rosendahl et al., 1986; Morley , 1988; Morley et al., 1992).

The Tanganyika rift is thought to have initiated between 12 Ma and 17 Ma (Cohen et al.,

1993; Scholz et al., 2011). The rift morphology and presence of deep seismicity can be

explained by mechanical stretching of the lithosphere (Ebinger et al., 1991; Craig et al.,

2011; Foster and Jackson, 1998; Yang and Chen, 2010). This stretching has been shown

to be largely accommodated on the long border faults (Ebinger et al., 1991; Morley ,

1988; Morley et al., 1992) and crustal thinning is observed (Hodgson et al., 2017). This

mode of rifting has also been observed in early stage continental rifts worldwide such as

the Baikal rift, Russia (Agar and Klitgord , 1995; Gao et al., 2004), and northern Rhine

graben, Germany (Brun et al., 1992; Thybo and Artemieva, 2013).

The central Eastern Branch of the East African rift displays the next stage of rift de-

velopment (Figure 1.2). Here, the ∼7 Ma Kenya rift accommodates the divergence of

the Nubia and Somalia plates at a rate of ∼6 mm yr−1 (Le Gall et al., 2008; Saria

et al., 2013; Birhanu et al., 2016). Progressively, seismicity occurs at shallow depths

and magmatism becomes increasingly common (Weinstein et al., 2017). The border

faults continue to accommodate strain yet systems of young (<2 Ma) faults form in the

central basin and also accommodate the regional extension (Ebinger , 2005). As the rift

matures to the north, the lithosphere’s elastic thickness decreases (Ibs-von Seht et al.,

2001, 2008). It is thought that as the lithosphere continues to stretch, the volume of

decompression melting increases and magmatism plays an increasingly important role

in the accommodation of strain (Ebinger , 2005; Muirhead et al., 2015, 2016). This stage

of rifting is thought to be occurring in the Kenya rift and northern Western Branch

(Muirhead et al., 2015).

As the lithosphere thins and experiences intrusive magmatism over a longer period of
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Figure 1.2: The East African Rift and Afar triple junction with their constituent
sections. The Afar triple junction lies in the Afar depression and marks the junction of
the Red Sea rift, Gulf of Aden rift and East African rift. The East African rift has an
approximate south–north trend in rift development. The Okavango, Malawi and Tan-
ganyika rifts are classed as early-stage continental rifts, where mechanical extension
through faulting dominates. The Eastern Branch and Main Ethiopian rift are char-
acterised by magmatically accommodated rifting. This thesis considers the subaerial,

southern Red Sea rift in the northern Afar depression.

time, the lithosphere will become increasingly weak, acting to enhance strain localisa-

tion (Buck , 2004). The northern Main Ethiopian rift (Figure 1.2) initiated ∼11 Ma

(Wolfenden et al., 2004), with extension initially accommodated on large scale border

faults, in a similar manner to present day rifting in Okavango, Malawi and Tanganyika.

However, as the lithosphere has weakened through time, extension has localised to ∼20
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km wide, ∼60 km long, rift-aligned, axial, magmatic segments (Ebinger and Casey ,

2001; Wolfenden et al., 2004). Extension in the northern MER is currently occurring

at ∼6 mm yr−1 (Stamps et al., 2008; Kogan et al., 2012) and is now predominantly

accommodated through magmatic intrusions at the rift axis (e.g., Siegburg et al., 2017),

and the border faults have become seismically inactive (Keir et al., 2006a; Déprez et al.,

2013). The northern MER has been postulated to mark the final stage of continental

breakup (Ebinger , 2005), yet the crustal thickness of >24 km (Dugda et al., 2005; Stuart

et al., 2006; Maguire et al., 2006; Cornwell et al., 2010) remains far larger than typical

oceanic crust (White et al., 1992). In addition, erupted lavas in the MER show evidence

for high levels of differentiation and melt peralkalinity (Hutchison et al., 2018), suggest-

ing a rift that is transitioning towards seafloor spreading but has not yet achieved full

breakup. It may be that there is a further stage of rift development, prior to continental

breakup. The Afar depression, to the north of the MER (Figure 1.2 & 1.4), provides an

opportunity to investigate.

1.3 Rifting in the Southern Red Sea

The Afar depression has formed at a triple junction between the Red Sea, Gulf of Aden

and East African rift (Figure 1.4) (DeMets and Merkouriev , 2016; McKenzie and Davies,

1970; Mohr , 1970; Tesfaye et al., 2003). Where these three rift arms meet in central

Afar, plate motion is accommodated by an independent plate block (Doubre et al., 2016).

The Afar depression is defined to the south and west by large offset border faults which

mark the boundary between the Ethiopian and Somalian Plateaux and the rift valley.

The conjugate margins are located on the western and southern coast of the Arabian

peninsula (Figure 1.4) (Bosworth et al., 2005; Leroy et al., 2013). Geochronological

studies from the western Ethiopian margin suggest that rifting initiated on these bor-

der faults ∼29–31 Ma (Wolfenden et al., 2005; Ayalew et al., 2006). This is in broad

agreement with the initiation of rifting in the Gulf of Aden ∼35 Ma (Leroy et al., 2010).

The southern Red Sea and Gulf of Aden rift are separated from the Main Ethiopian

rift by the Tendaho-Goba’ad discontinuity (TGD), a narrow northwest trending fault

zone (Figure 1.4). The TGD accommodates the change in extension direction between

Central Afar and the northern extension of the Main Ethiopian rift in southern Afar

(Tesfaye et al., 2003).

The submarine Red Sea rift features regions of young seafloor spreading and late-stage

continental rifting along its 1900 km length (Cochran, 2005). Fission track data suggests

that an initial pulse of uplift and erosion occurred ∼34 Ma and that this was followed by

a second pulse and the main phase of extension ∼25–21 Ma (Omar and Steckler , 1995).

This onset date is supported by an episode of dyke intrusions that occurred along the
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Figure 1.4: Tectonic setting of the Afar depression (taken from Keir et al. (2013)).
Solid black lines denote border faults which accommodated initial rifting. Green tri-
angles denote Holocene volcanoes. Red segments denote Quaternary-Recent magmatic
segments. Dashed black line denotes the Tendaho-Goba’ad Discontinuity. The Danakil
block is shaded in yellow. Grey circles show large earthquakes between 1973–2012 taken
from the NEIC catalogue. Earthquake focal mechanisms are taken from the Global
Centroid Moment Tensor catalogue. Top left inset: The Afar triple junction with plate
velocities relative to a stationary Nubian plate (ArRajehi et al., 2010). Bottom right
inset: Zoom of the northern Afar depression, arrows show GPS velocities relative to a

stationary Nubian plate (McClusky et al., 2010).

entire length of the Red Sea on the Arabian margin, and has been dated between 24–21

Ma (Coleman and McGuire, 1988; Sebai et al., 1991). In addition, Bosworth et al. (2005)

date the earliest synrift sediments along the Red Sea at 21–24 Ma. The orientation of

the Red Sea may have been controlled by an inherited thermal weakness due to mantle

hotspots (Vicente de Gouveia et al., 2018). The Red Sea can be broadly categorised into

three distinct regions (Cochran and Karner , 2007); the northern Red Sea is thought to
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represent late-stage magmatic continental rifting (Cochran, 2005), however the accre-

tion of oceanic crust and full continental breakup has been proposed in this region (Ligi

et al., 2018). The central Red Sea, between ∼20◦ and 25◦ latitude, is considered a tran-

sitional region where seafloor spreading centres have formed but they are not linked by

a single continuous axis (Bonatti , 1985; Cochran, 2005). The southern submarine Red

Sea (south of 19.5◦ latitude) is a young seafloor spreading system which achieved full

breakup ∼5 Ma. GPS measurements show that extension in the southern Red Sea is

currently oriented NE-SW (Figure 1.4) (ArRajehi et al., 2010; McClusky et al., 2010),

and this is further evidenced by a series of rift aligned volcanic islands (Xu et al., 2015).

South of ∼16◦ latitude the Red Sea bifurcates into two separate branches, the marine

Red Sea rift and the subaerial Red Sea rift in northern Afar, and extension is increas-

ingly accommodated in northern Afar until extension rates reach ∼20 mm/yr at 13◦

latitude (McClusky et al., 2010; Vigny et al., 2006).

The southern Red Sea rift in Afar underwent the transition from mechanical to mag-

matic extension during the Miocene (Wolfenden et al., 2005; Ayalew et al., 2006). This

long history of magmatic extension has extensively modified the crust in northern Afar

resulting in large changes in crustal thickness and topography (Figure 1.5). Variations in

crustal thickness in Afar have been extensively studied using wide-angle seismic studies

(Berckhemer et al., 1975; Maguire et al., 2006; Makris and Ginzburg , 1987; Prodehl et al.,

1997), inversions of gravity data (Tiberi et al., 2005) and from receiver function analysis

(Dugda et al., 2005; Stuart et al., 2006; Hammond et al., 2011). The crust beneath the

Ethiopian and Somalian plateaux are 40–45 km and ∼35 km thick respectively, but this

is shown to thin dramatically into the central Afar depression to ∼20–26 km (Makris

and Ginzburg , 1987; Hammond et al., 2011). While the crust has substantially thinned

beneath the Afar depression, it is still significantly thicker than typical oceanic crust

(<10 km (White et al., 1992)) and displays a seismic velocity profile that is dissimilar to

ocean crust (Prodehl and Mechie, 1991). Therefore, it is thought that the crust within

the Afar depression is thinned and altered continental crust and has not yet fully tran-

sitioned to oceanic crust (Makris and Ginzburg , 1987).

North of 13◦ the crust thins to less than 15 km beneath the Danakil depression (Fig-

ure 1.5) (Makris and Ginzburg , 1987; Hammond et al., 2011). This is predominantly

accommodated by a thinning of the lower crust (Makris and Ginzburg , 1987). In addi-

tion, receiver function studies in the Danakil depression reveal Vp/Vs ratios of 1.9–2.1,

providing strong evidence for the presence of partial melt within the crust (Dugda et al.,

2005; Hammond et al., 2011). The Danakil depression is bound to the west by ∼3 km

of relief which is generated by the Oligo-Miocene border fault system. To the east it is

bounded by the Danakil block, a narrow horst of 500–1000 m elevation which is largely

composed of crystalline basement and Miocene sediments. The western rift margin is
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Figure 1.5: A: Summary of crustal thickness measurements derived from receiver
function studies (Dugda et al., 2005; Hammond et al., 2011; Stuart et al., 2006). The
surface exposure of Quaternary–Recent basalts is marked in red. The profile X–X’
marks the wide-angle seismic reflection survey of Makris and Ginzburg (1987) and
shown in B. B: Top panel shows the cumulative seismic moment release at the rift
margin adjacent to the profile, taken from the NEIC catalogue. Second from top shows
the cumulative exposed Quaternary–Recent basalts along the profile. Bottom panel:
Elevation and crustal thickness along the profile in addition to seismic velocities (Makris
and Ginzburg , 1987). Image taken from Keir et al. (2013) and modified from Bastow

and Keir (2011).

characterised by the presence of 10–20 km wide marginal grabens which lie at the base

of the border fault system. These marginal grabens are present between the northern

Danakil region and ∼10◦ latitude, yet they are not observed in the MER (Tesfaye et al.,

2003; Stab et al., 2016; Wolfenden et al., 2005).
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The geomorphology of the Danakil region differs markedly from the rest of the Afar

depression. While the majority of the Afar depression lies 300–500 m above sea-level,

the Danakil depression is almost entirely 50–100 m below sea-level. Despite its eleva-

tion, the Danakil depression is largely sub-aerial with the exception of Lake Afrera and

seasonal lakes. The surface geology of the rift floor is dominated by Pliocene–Recent

marine evaporite deposits, formed from repeated incursions of the Red Sea (Barberi and

Varet , 1970; Bonatti et al., 1971; Hutchinson and Engels, 1972; Alemu et al., 2018).

The Danakil depression is dominated by the NNW-striking, 10–20 km wide Erta-Ale

volcanic range which acts as the locus for magmatic extension (Keir et al., 2013). The

Erta-Ale range forms an axial high which rises ∼600 m above the rift floor, this dif-

fers to other axial volcanic ranges in Afar which consist of an axial low in the form of

grabens. Volcanic activity in the Erta-Ale range is dominated by rift aligned dyke in-

trusions and fissure eruptions (e.g., Pagli et al., 2012; Nobile et al., 2012; Xu et al., 2017).

The abrupt change in geomorphology and crustal thickness between the Danakil de-

pression and the Afar depression has been used to argue that the Danakil depression is

undergoing a stage of rifting that is distinct from the northern MER. Crustal thinning

has been proposed to be accommodated by ductile stretching of the lower crust (Bastow

and Keir , 2011; Keir et al., 2013), or is occurring along midcrustal shear zone detach-

ment faults (Stab et al., 2016). In order to explore how extension in northern Afar is

accommodated, if the region is undergoing a distinct stage of rifting, and whether pro-

cesses observed in seafloor spreading initiate in the final stages of continental rifting, a

detailed study of the seismic activity in the Danakil region is essential. This has the

potential to reveal how mechanical extension is distributed in the rift and the structures

which accommodate it.

1.4 Science Questions and Thesis Outline

1.4.1 Science Questions

Throughout this thesis I aim to address the following questions and hypotheses:

1. Is mechanical deformation focused solely at the rift axis during the final

stages of continental rifting? Seismicity in the MER is concentrated at the

axial magmatic segments and the border fault systems have been almost entirely

abandoned (Keir et al., 2006a). If the rifting mechanism in northern Afar is similar

to the MER, one would expect seismicity to be similarly focused at the rift axis.

2. Is extension during the final stages of continental breakup predomi-

nantly accommodated through magmatic intrusions? Studies of extension
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rates and seismicity have shown that as rifting in East Africa develops towards

breakup, extension is increasingly accommodated by magmatism (Déprez et al.,

2013). By studying how the seismicity in northern Afar releases tectonic strain, I

will be able to investigate whether magmatism continues to play a prominent role

in the final stages of continental rifting.

3. Do processes associated with seafloor spreading initiate in the final

stages of continental breakup? I aim to investigate whether processes and

structures observed in ocean basins and passive margins, such as large scale an-

tithetic faults and transform faults which link magmatic segments, are inherited

from late-stage continental rifting.

4. What is the nature of the magma plumbing system at the rift axes of

magmatic continental rifts? Despite the persistent volcanic activity within

the Erta-Ale magmatic segment at the Danakil rift axis, there have been relatively

few studies of the deep magma plumbing system. In particular, it is not known

whether magma chambers are limited to the upper crust or whether larger magma

chambers can exist at greater depths. I aim to place constraints on the magma

plumbing system in northern Afar.

5. How are stress and strain distributed and oriented in the crust in the

final stages of continental rifting? Many studies of active rifts and rifted

margins assume a linear stress field in the crust. This thesis aims to consider

whether this is a reasonable assumption, and if not, how are stress and strain

oriented and distributed in the crust?

1.4.2 Thesis Outline

Author’s note: Chapters 3, 4, 5 & 6 have been written as stand-alone research papers.

Therefore, each of these chapters contains a review of the tectonic setting and methods

used. Accordingly there may be some degree of repetition between these chapters.

Chapter 2. Seismic Network & Data

In this chapter I detail the collection of seismic data in Ethiopia and Eritrea. I describe

earthquake location theory and the location methods which I utilised in this thesis and

detail the background theory and methods which are used to analyse seismic anisotropy

and to classify earthquakes based on the frequency content using the Frequency Index

method.
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Chapter 3. Local Earthquake Magnitude Scale and b-Value for the Danakil

Region of Northern Afar

In this chapter I present a local magnitude scale that is specific to the Danakil region. To

achieve this the earthquake amplitude data for the entire catalogue of 4275 earthquakes

is inverted. The equations of Richter (1935, 1958) and Hutton and Boore (1987) are

then used to invert for a calibrated local magnitude scale that takes the regional seismic

attenuation and local station corrections into consideration. The resulting magnitude

correction equation reveals how seismic attenuation varies with increasing hypocentral

distance, which is a proxy for depth. Finally I use the magnitude catalogue to calculate

the b-value for the Danakil region.

Chapter 4. Seismicity During Continental Breakup in the Red Sea Rift of

Northern Afar

In this chapter I present a full analysis of seismicity in northern Afar between February

2011–February 2013. I accurately locate 4951 earthquakes, analyse the frequency con-

tent to probe source mechanisms and calculate 31 focal mechanisms. This is combined

with a detailed analysis of the seismic moment release to reveal the rifting mechanics of

the Danakil region.

Chapter 5. Extension and Stress During Continental Breakup: Seismic

Anisotropy of the Crust in Northern Afar

Here I use shear wave splitting on crustal earthquakes to measure the seismic anisotropy

of the crust in northern Afar. I then use shear wave splitting tomography to produce

a spatial average of seismic anisotropy. The results reveal a complex pattern of seismic

anisotropy in the Danakil region. In addition, numerical models of the crustal density

structure are used to predict the horizontal deviatoric gravitational stresses in northern

Afar and the resultant orientation of seismic anisotropy. Finally, I use numerical models

of dyke induced stresses in the Dabbahu region, to investigate the stresses which con-

trolled the seismic anisotropy measured by Keir et al. (2011).
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Chapter 6. Initiation of an Oceanic Transform Fault Prior to Seafloor Spread-

ing

In this chapter I investigate, in detail, the faulting kinematics of the Giulietti Plain which

lies between the Erta-Ale and Tat-Ale magmatic segments. I use satellite imagery to

map the surface faulting in both the Erta-Ale and Tat-Ale segments and within the

Giulietti Plain. I then relocate three clusters of earthquakes within the Giulietti Plain

and compute the associated focal mechanisms. This is then supplemented by the combi-

nation of InSAR and GPS data to produce a three-dimensional velocity and strain field

for Afar which allows the calculation of the horizontal shear-strain in the Giulietti Plain.

Finally, in order to better understand the mechanics and future development of fault-

ing within the Giulietti Plain I employ three-dimensional, thermomechanical numerical

models to try and recreate the observations from the Giulietti Plain and to predict how

the region will evolve in the future.

Chapter 7. Conclusions

Here I summarise the findings of the thesis and how they address the science questions

and hypotheses which I set out to address. I also outline potential avenues of future

research and the outstanding questions that it may be able to investigate.



Chapter 2

Seismic Data & Methods

Described in this chapter are the seismic data and methods which I utilised in this thesis.

There are other methods used in this thesis and they are described within the Chapters

in which they are used. Accordingly, methods associated with the local magnitude scale

inversion are reported in Chapter 3. Methods associated with seismic anisotropy tomog-

raphy and deviatoric gravitational stress modelling are reported in Chapter 5. Methods

associated with surface fault mapping, geodetic strain mapping and thermomechanical

numerical modelling are reported in Chapter 6.

2.1 Seismic Network & Data

In this thesis I utilised data from two separate seismic deployments in Northern Ethiopia

and Eritrea (Figure 2.1, Table 2.1). All of the associated fieldwork was completed prior

to the start of my Ph.D. studies, therefore I was not directly involved with the data

collection stage. Here I summarise the two separate networks and describe how I used

the data in my thesis. For detailed individual summaries of the seismic networks and

deployments see Keir and Hammond (2014) and Hammond et al. (2014b).

2.1.1 The Danakil Depression Network

The Danakil network consisted of ten Güralp CMG-3ESPCD and two Güralp CMG6TD

seismic instruments which all recorded continuous seismic data at 50 Hz between Febru-

ary 2011 and February 2013. Efforts were made to evenly distribute the seismometers,

but this was constrained by site security. For example, it was not possible to install any

seismometers on the eastern side of the Danakil depression due to poor security condi-

tions near the contested Ethiopia/Eritrea border. The deployment procedure involved

15
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Figure 2.1: The combined seismic network including the Danakil and Eritrean net-
works. Blue stations are the Danakil depression network, red stations are the Eritrean

network. Triangles are 3ESPCD sensors, inverted triangles are 6TD sensors.

burying the sensors in 1.5 m deep holes which are then covered by a reflective sheet to

protect from the intense heat of the region. Cables from the sensor then run to an adja-

cent hole which contains the battery, break-out box and other associated cables. Solar

panels are then connected to the battery and the GPS sensor is secured to a pole. Due

to local conditions, three stations were deployed subaerially, with each sensor covered

by a plastic bucket with a protective cover of stones. The data was generally very good

quality, though anthropogenic noise levels increased noticeably during the day. Intrigu-

ingly, there was no distinguishable difference in data quality between the buried and

sub-aerial sensors. Station HALE had one faulty horizontal component for the duration
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of the deployment, this meant that it could not be used for magnitude scale inversion

(Chapter 3) or seismic anisotropy (Chapter 5).

2.1.2 The Eritrean Network

The Eritrean network consisted of five Güralp CMG-3ESPCD instruments which all

recorded seismic data at 50 Hz between June 2011 and October 2012. Deployment pro-

cedure was very similar to the Danakil depression network, although security concerns

were generally higher. Data quality was excellent, except for station ASSE, which meant

far fewer earthquakes were recorded at this station. Stations CAYE, DOLE, TIOE and

FAME were used in Chapter 4; CAYE, DOLE and TIOE were used in Chapter 5; and

CAYE, DOLE, TIOE, FAME and ASSE were used in Chapter 6.

2.2 Seismic Analysis Methods

In this thesis I use two separate earthquake location methods; HypoInverse (Klein, 2002)

and NonLinLoc (Lomax et al., 2000), which use linearised and non-linearised location

methods respectively. Here I review earthquake location theory and the difference be-

tween linearised and non-linearised locations. I then discuss the specific methods of

HypoInverse and NonLinLoc and how I implemented them in my thesis.

2.2.1 Earthquake Location Theory

In order to locate a point source earthquake, there are four unknowns to be solved for; an

origin time, t, and hypocentral location, x, y, z. The data that is used to constrain these

unknowns are a set of seismic phase arrival times, tobsi . Traditional earthquake location

theory uses an assumed velocity structure to calculate the predicted arrival times, tPi ,

from the model location parameters, m(t, x, y, x). These predicted arrival times are then

compared to the observed arrival times and the forward model operator, Fi, is used to

minimise the misfit:

tobsi − tPi = tobsi − Fi[m(t, x, y, z)] ≈ 0, (2.1)

this forward model is calculated by integrating the slowness, u, along the path,
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tPi = torigin +

∫ station

source
u(x)dx, (2.2)

where u = 1/velocity. The optimum location (x, y, z, t) can be obtained by evaluating

the misfit between the observed and predicted arrival times. This misfit is calculated

using a least-squares norm:

ε =
n∑

i=1

[tobsi − tPi ]2, (2.3)

however, least-squares is particularly sensitive to outliers and they can have a large im-

pact on the minimum misfit location. Further, this traditional method requires a search

over all model parameters, which can be computationally demanding. Alternatively, one

can implement an iterative inversion scheme which trials an initial location and calcu-

lates the gradient of residuals in the surrounding region. The trial location can then

be updated in the direction which reduces the overall misfit. However, this introduces

non-linearity into the earthquake location inversion, because any change in earthquake

trial location also changes the ray path over which slowness is integrated (Equation 2.2).

There is therefore no simple solution which can calculate the gradient of misfit residuals

and the appropriate location modification in one step.

2.2.1.1 Linearised Location

One solution to the intrinsic non-linearity involved with model perturbation is to make

a linear approximation for the gradient of misfit residuals. This approximation assumes

that the initial trial location is close to the global, best solution and thus that moving

the modelled location in the direction of the linear misfit residual gradient, will take the

parameters towards a global minimum. This update to the location model is written as:

m2(t2, x2, y2, z2) = m1(t1, x1, y1, z1) + ∆m1(t1, x1, y1, z1), (2.4)

or simplified as:

m2 = m1 + ∆m1, (2.5)

which results in the new predicted arrival time:

tPi = tPi (m1 + ∆m1). (2.6)
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The first term of the Taylor series expansion is then used to linearise this update, fol-

lowing the work of Geiger (1912):

tPi (t2, x2, y2, z2) = tPi (t1, x1, y1, z1) +
∂tPi
∂mj

∆mj, (2.7)

tPi (t2, x2, y2, z2) = tPi (t1, x1, y1, z1) + ∆t
∂tPi
∂t

+ ∆x
∂tPi
∂x

+ ∆y
∂tPi
∂y

+ ∆z
∂tPi
∂z

, (2.8)

the change in travel time is now linear. The travel time residuals (ri(mn)) at the new

locations are:

ri(m2) = tobsi − tPi (t2, x2, y2, z2) = tobsi − tPi (t1, x1, y1, z1)−
∂tPi
∂mj

∆mj, (2.9)

we can then rearrange Equation 2.9 such that tobsi ≈ tPi (t1, x1, y1, z1) and obtain the

relation:

ri(m1) =
∂tPi
∂mj

∆mj, (2.10)

this can then be placed in matrix form for all seismic phase observations:



r1(m1)

r2(m1)
...
...

rn(m1)


=



∂tP1
∂t

∂tP1
∂x

∂tP1
∂y

∂tP1
∂z

∂tP2
∂t

∂tP2
∂x

∂tP2
∂y

∂tP2
∂z

...
...

...
...

...
...

...
...

∂tPn
∂t

∂tPn
∂x

∂tPn
∂y

∂tPn
∂z


.


∆t

∆x

∆y

∆z

 , (2.11)

which represents a set of linear equations, with four unknowns and model parameter

equations ∆t,∆x,∆y,∆z, with one linear equation for each observation. This means

that the problem is normally over constrained and is solved using a least squares tech-

nique (Equation 2.3). There then follows an iterative process whereby the location is

updated with the model parameter locations and this location is used as the next trial

location. This is repeated until the location converges on a solution which has a correc-

tion smaller than a pre-defined amount.

This linear location method is used in the program HypoInverse (Klein, 2002), which

I use in Chapter 3. However, there are limitations to this method. Firstly, the linear

approximation means that HypoInverse converges on a local minimum and it may be

that this is not the global minimum. Further, using least squares misfit to calculate
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the residuals means that outliers can significantly bias the final solution. Due to these

reasons, I choose to use a non-linear search method for Chapers 4, 5 & 6.

2.2.1.2 Non-Linear Location

Non-linear earthquake location, or direct search, can be achieved by performing a grid

search of all possible locations in a model grid and identifying the minimum misfit

between observed arrival time and calculated arrival time. This is much slower than

iterative, linear location methods such as HypoInverse (Klein, 2002), but has the dis-

tinct advantage that it can identify multiple possible solutions and thus can identify

global minima in the model space. There are multiple direct search algorithms, I use

the Oct-Tree sampling method in NonLinLoc (Lomax et al., 2000).

2.2.2 Probabilistic Non Linear Location

In Chapters 4, 5 & 6 I use the non-linear location program NonLinLoc produced by Lo-

max et al. (2000). The program uses the earthquake location method of Tarantola and

Valette (1982) and assumes that errors in observed arrival times and predicted arrival

times are Gaussian. Tarantola and Valette (1982) showed that this assumption allows

the calculation of a maximum likelihood origin time from the observed arrival times and

calculated arrival times. This reduces the four-dimension (t, x, y, z) earthquake location

problem to a three-dimensional (x, y, z) problem. Thus, a probability density function

(PDF) can be constructed in x, y, z space and the maximum likelihood location is taken

as the optimal hypocentre.

Within the solution space, the travel time misfit can be calculated using a traditional

least-squares likelihood function (Tarantola and Valette, 1982), or an Equal Differential

Time (EDT) function (Font et al., 2004). As mentioned previously, the least-squares

likelihood method has the disadvantage of being bias by outliers. The EDT likelihood

function is much less sensitive to these outliers and compares differential travel times

between pairs of stations. This means that the EDT misifit is independent of origin time

and only includes the spatial terms x, y, z. The origin time is then calculated as a final

step in the procedure. The EDT function is given as:

PDF (x) ∝ k

[ ∑
obsa,obsb

1√
σ2a + σ2b

exp

(
−
{[
tobsa (x)− tobsb (x)

]
−
[
tPa (x)− tPb (x)

]}2
σ2a + σ2b

)]N
,

(2.12)
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where x is the location space, k is a normalisation factor, σi is the error for observation

i and N is the total number of observations.

Figure 2.2: Schematic of the Oct-Tree sampling method, reproduced from Lomax
et al. (2000).

I employ a two-dimensional velocity model that is based on controlled source seismic

refraction surveys from within the rift (Makris and Ginzburg , 1987), and is combined

with velocity models derived from a receiver function study (Hammond et al., 2011).

This velocity model accounts for the difference in velocity profiles at the plateau and

within the rift (Figure 2.3). Calculated arrival times are calculated for all grid nodes for

all receivers using the Eikonal finite-difference scheme of Podvin and Lecomte (1991).

These travel times are saved to individual files which are read during the location pro-

cedure. The program then evaluates the PDF across the three-dimensional model space

using the Oct-Tree sampling method (Figure 2.2). The Oct-Tree method uses a recur-

sive subdivision of the model space and computes the PDF within each cell. The cell

with the largest probability is then further divided into 8 cells and the PDF for each of

these cells is calculated. This procedure is then repeated until a minimum cell size, or

maximum number of iterations is reached. I stop the procedure when the minimum cell

size becomes 0.1 km3 or when the total number of cells exceeds one million. The final

hypocentral location is then taken as the maximum probability value within the final

selected cell.
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Figure 2.3: The velocity model used in the earthquake location method. Blue lines
denote velocities at the plateau, red lines denote velocities within the rift. Solid lines

denote P-wave velocity, dashed line denotes S-wave velocity.

2.2.3 Relative Earthquake Relocation

In Chapters 4 & 6 I utilise the HypoDD double-difference earthquake relocation pro-

cedure of Waldhauser and Ellsworth (2000). This works on the premise that if two

earthquakes occur close to one another, the ray-path between earthquake and station

is very similar. Therefore, any difference in relative travel time can be attributed to

their relative hypocentral separation. HypoDD produces clusters of events and then

iteratively adjusts the hypocentres in order to minimise the residual between observed

and predicted travel time. This has the affect of highlighting tectonic trends within

earthquake clusters which are not as clear as absolute earthquake locations (Figure 4.7

& 6.3). Observed travel-time differences can be taken directly from NonLinLoc, referred

to as catalogue travel times, or calculated using waveform correlation, which are cal-

culated using the GISMO seismic data analysis toolbox (Thompson and Reyes, 2017).

Waveforms at individual stations are cross-correlated (Figure 2.4) and aligned by the

P-wave arrival (Figure 2.5). This then allows for the calculation of relative travel times
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for events which have a correlation greater than 0.5.

Figure 2.4: Correlelogram of 980 earthquakes in the western marginal graben (Chap-
ter 4) recorded at station ABAE.

2.2.4 Seismic Anisotropy

Here I present a detailed description of the Multiple Filter Automatic Splitting Tech-

nique (MFAST ) (Savage et al., 2010). I use this program to calculate seismic anisotropy

in Chapter 5, in which I present a shorter description of the method so as to stay in

line with the style of Earth and Planetary Science Letters, where the Chapter was pub-

lished. Prior to shear wave splitting analysis, a catalogue of earthquake waveforms with

hand-picked S-wave arrivals was created. I handpicked 4147 S-wave arrivals from 2559

individual earthquakes and organised them by station.

2.2.4.1 Automatic Shear Wave Splitting Measurements

The MFAST software makes use of the Seismic Analysis Code (SAC ) (Goldstein et al.,

2003) at multiple stages, the first of which is the automatic selection of a bandpass fil-

ter. It is important for shear wave splitting measurements that the processed waveforms
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Figure 2.5: Waveforms of 980 earthquakes recorded at station ABAE aligned using
correlation around the P-wave arrival.

have a high SNR. In order to select the filter which provides the highest SNR value,

MFAST trials a set of fourteen, predefined two-pole Butterworth filters (Table 2.2) and

selects the best performing filter. The SNR for the filtered waveform is calculated by

defining the noise window as the three seconds preceding the S-wave arrival, and the

signal window as the three seconds following the S-wave arrival. The SNR is calculated

for both the east and north components and averaged to give a final SNR value. I only

interpret signals with an SNR greater than 4.

Once the waveform has been optimally filtered, MFAST performs shear wave splitting

analysis using the method of Silver and Chan (1991). This performs a grid search over

fast polarisation (φ) and delay time (δt) values and finds the inverse splitting operator

(Γ−1) that corrects for shear wave splitting. The eigenvalues (λ1, λ2) of the covariance

matrix between the two orthogonal components of particle motion is assessed. If the

anisotropy is removed from the waveform, then the covariance matrix will only have

one non-zero eigenvalue, λ1. In the presence of noise, λ2 will remain non-zero but the

values of φ and δt which minimise λ2 are those which best remove the shear wave split-

ting of the waveform. This can be visualised as the values of φ and δt which act to

linearise particle motion (Figure 2.6). Therefore, the inverse operator which best acts
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Table 2.2: Predefined two-pole Butterworth filters trialled by MFAST.

Filter Number Low Frequency (Hz) High Frequency (Hz) Bandwidth (octave)

1 0.4 4 5
2 0.5 5 5
3 0.2 3 7.5
4 0.3 3 5
5 0.5 4 4
6 0.6 3 2.5
7 0.8 6 3.75
8 1 3 1.5
9 1 5 2.5
10 1 8 4
11 2 3 0.75
12 2 6 1.5
13 3 8 1.3
14 4 10 1.25

to remove the shear wave splitting gives the shear wave splitting measurements φ and δt.

The shear wave splitting measurement can be dependent on the measurement window

which is used. The MFAST program utilises the work of Teanby et al. (2004) to au-

tomatically perform the measurement over a large number of measurement windows.

A cluster analysis of the results is performed and the most stable solution is selected.

MFAST develops the method of Teanby et al. (2004) to generate a suite of measurement

windows that are based on the dominant frequency of the signal. The beginning of the

measurement window is allowed to vary between T 0
beg and T 1

beg with Nbeg steps of ∆Tbeg.

The end of the measurement window is similarly allowed to vary between T 0
end and T 1

end

with Nend steps of ∆Tend. The minimum window length is taken from the dominant

frequency and is defined as one period, similarly the maximum window length is defined

as 2.5 periods.

A cluster analysis is then performed in order to select the resulting measurement. A

robust measurement, which does not vary with measurement window selection, should

produce a tight cluster of results with little variance (Teanby et al., 2004). Therefore, the

cluster with minimum variance is selected as the primary cluster of measurements, then

within the chosen cluster the measurement with minimum variance is selected. This is

the final measurement for this event at this station.

Shear wave splitting can also suffer cycle-skipping, whereby the waveform is mismatched

by an integer number of half-cycles. This can cause large errors in both φ and δt and is

often addressed by manual inspection of waveforms. MFAST has automated this proce-

dure by grading measurements based on the clustering of measurements. In this stage,
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Figure 2.6: Example of an A grade shear wave splitting measurement at station HITE
for an earthquake occurring on 01/01/2012. (a) The uncorrected waveforms with the
maximum measurement window defined by T 0

beg and T 1
end. (b) The top two waveforms

are uncorrected and rotated to the incoming polarisation direction (p) and the per-
pendicular direction (p⊥). (c) Variations in φ and δt with window number. (d) All
available clusters with the blue cross signifying the selected cluster. (e) Waveforms
(top) and particle motion (bottom) for the original (left) and corrected (right) wave-
forms. (f) Contours for the minimisation of the eigenvalue, λ2, for the grid search of φ

and δt.

the second ‘best’ cluster is analysed, and if it has a similar number of measurements

and level of variance to the best cluster, yet significantly different φ and δt values, the

measurement is classed as affected by cycle skipping and is rejected. In Chapter 5 I

use only those measurements classed as A, which means that any secondary cluster had

values of φ which varied by less than 10◦ from the primary cluster. This resulted in a
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total of 888 measurements from 636 individual earthquakes across the network.

2.2.5 Frequency Analysis

In Chapter 4 I analyse the frequency content of the earthquake catalogue, utilising the

FI method of Buurman and West (2006). This was performed with the aim of iden-

tifying whether low-frequency earthquakes were present. I present a brief overview of

the FI method in Section 4.3.2 along with an introduction to low-frequency seismicity.

Here, I expand upon both of these.

2.2.5.1 Low Frequency Earthquakes

Low Frequency seismicity typically has a period range of 0.2–2 s, or a frequency of 0.5–5

Hz. It includes low-frequency earthquakes, which consist of a sudden, broadband onset

followed by decaying harmonic signals (Chouet , 1996) (Figure 2.7), and low-frequency

tremor, which is a continuous vibration that can last for minutes or days. Low-frequency

earthquakes and tremor are generally found to have the same spectral components and

so are often though to arise from the same mechanisms, just with different durations

(Fehler , 1983).

Fluid Resonance in Cracks

A distinctive feature of low-frequency earthquakes is the decaying, oscillating harmonic

coda that follows the initial arrival (Figure 2.7). The first attempt at interpreting this

feature was by Aki et al. (1977), who investigated volcanic tremor at Kīlauea, Hawai’i.

They proposed that the harmonic oscillations were caused by the jerky extension of a

fluid filled crack. This was a geologically reasonable suggestion as this mechanism would

account for fluid transport and also represents a geologically likely geometry. However,

a problem with the work of Aki et al. (1977) is that they treated the fluid within the

crack as a passive cushion which did not propagate acoustic energy. From 1980–86

the understanding of low-frequency earthquakes was advanced through the observation

of eruptions at Mount St. Helens. Low-frequency earthquakes were observed between

depths of 0 and 5 km and they led studies to suggest that fluid in cracks could play an

active role in the observed seismicity (Fehler and Chouet , 1982; Lawrence and Qamar ,

1979; Ferrick et al., 1982; Chouet and Julian, 1985). This theory was then extended

and refined to three dimensions by Chouet (1986). It is now thought that low-frequency

earthquakes feature an acoustic wave that propagates through the fluid in a crack and
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Figure 2.7: Four typical LP events from different volcanoes around the world. Each
is characterised by an initial broadband pulse, followed by a decaying harmonic coda.

Image taken from Chouet (2003).

reflects back and forth at the crack tips, it is this that causes the decaying, harmonic

coda (Chouet , 1986; Ferrazzini and Aki , 1987; Neuberg et al., 2000). It is important

to note that in order for this acoustic resonance to occur, a large velocity difference

between the fluid and the surrounding rock is required. Due to this it is thought that

the gas content of magma plays an important role in low-frequency earthquakes (Chouet

and Matoza, 2013). If gas bubbles are present then this will greatly reduce the acoustic

wave speed of the magma, and therefore allowing acoustic resonance within the fluid.

If it is accepted that the decaying, harmonic coda observed in low-frequency earthquakes

is caused by the internal propagation of acoustic waves through a fluid filled crack, a

trigger mechanism is still required for a seismic event to occur. There is a wide array

of processes that could produce the excitation mechanism required. Low-frequency seis-

micity has been linked to solid extrusions such as lava dome growth (Neuberg et al.,

2000) and also through interactions between magma and water (Fournier , 1999; John

et al., 2008). It has also been seen to arise from volcanic explosions, magmatic de-

gassing, brittle failure of melt and magmatic fragmentation (Arciniega-Ceballos et al.,

2003, 2008; Chouet and Dawson, 2011; Neuberg et al., 2006).
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Solid Extrusion

Some studies have suggested that low-frequency seismicity can occur without a fluid

filled conduit. Despite including solid extrusion as an excitation method previously, it

can also be considered to be the sole source of low-frequency seismicity. The 2004–2008

eruption of Mount St. Helens featured a series of near continuous, highly repetitive

seismic signals (Moran et al., 2008) which was associated with the continuous extrusion

of dacite spines (Cashman et al., 2008). This combination of seismic and field obser-

vations led to the hypothesis that the low-frequency seismicity was linked to brittle

deformation associated with plug extrusion. A mechanical model was produced by Iver-

son et al. (2006) whereby seismicity was produced by stick-slip at the edges of the plug,

which was being forced up by the flux of magma at depth. This hypothesis was further

supported by Iverson (2008) who used a mathematical model to describe this behaviour.

Frequency Index

In order to identify any low-frequency seismicity in the Danakil region I employ the FI

method of Buurman and West (2006). The dominant frequency of seismic waveforms

has been used on numerous occasions in an attempt to quantify source parameters (e.g.,

McNutt , 2005), however this approach suffers from several shortcomings. Firstly, earth-

quakes which have a low SNR will commonly have a dominant frequency within the noise

frequency domain which can lead to false identification of low-frequency earthquakes.

Secondly, using a simple dominant frequency cannot identify earthquakes which have a

bimodal distribution of seismic energy, a common feature of hybrid style earthquakes.

Buurman and West (2006) developed the FI method to classify earthquakes based on

the ratio of energy between high and low frequency windows. They define the frequency

index as:

FI = log10

(
mean(Aupper)

mean(Alower)

)
, (2.13)

where Aupper and Alower are the spectral amplitudes across the high and low frequency

bands respectively. In order to determine the frequency bands which define Aupper and

Alower a set of calibration earthquakes is defined across the network. The criteria by

which these are selected is somewhat subjective and relies on visual inspection and com-

parison to examples of high-frequency and low-frequency seismicity from the literature

(e.g., Chouet , 2003; McNutt , 2005) (Figure 4.4). For the study reported in Chapter 4 I

use frequency windows of 0.5–2 Hz and 7–11Hz. The FI value for these characteristic

earthquakes are calculated and used as benchmarks for the high-frequency, hybrid and

low-frequency categories (Figure 4.5). This then enables the rapid classification of all
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earthquakes with SNR over 2.5 (1191 earthquakes) using SAC.





Chapter 3

Local Earthquake Magnitude

Scale and b-Value for the Danakil

Region of Northern Afar

Abstract

The Danakil region of northern Afar is an area of ongoing seismic and volcanic activity

caused by the final stages of continental breakup. To improve the quantification of seis-

micity we have developed a calibrated local earthquake magnitude scale. The accurate

calculation of earthquake magnitudes allows the estimation of b-values and maximum

magnitudes, both of which are essential for seismic hazard analysis. Earthquake data

collected between February 2011 and February 2013 on 11 three-component, broadband

seismometers were analysed. A total of 4275 earthquakes were recorded over hypocen-

tral distances ranging from 0–400 km. 32904 zero-to-peak amplitude measurements (A)

were measured on the seismometer’s horizontal components and were incorporated into

a direct linear inversion that solved for all individual local earthquake magnitudes (ML),

22 station correction factors (C) and 2 distance-dependent factors (n,K) in the equa-

tion: ML = log(A) − log(A0) + C. The resultant distance correction term is given by

− log(A0) = 1.274336 log(r/17) − 0.000273(r − 17) + 2. This distance correction term

suggests that attenuation in the upper and mid crust of northern Afar is relatively high,

consistent with the presence of magmatic intrusions and partial melt. In contrast, at-

tenuation in the lower crust and uppermost mantle is anomalously low, interpreted to be

caused by a high melt fraction causing attenuation to occur outside the seismic frequency

band. The calculated station corrections serve to reduce the ML residuals significantly

but do not show a correlation with regional geology. The cumulative seismicity rate

produces a b-value of 0.9± 0.06 which is higher than most regions of continental rifting

yet lower than values recorded at mid-ocean ridges, further supporting the hypothesis

33
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that northern Afar is transitioning to seafloor spreading.

3.1 Introduction

The Danakil region, in northern Afar, is one of the few areas in the world where the tran-

sition from continental rifting to seafloor spreading is exposed subaerially. The region

is seismically active and encompasses at least 24 active volcanic centres. The Ethiopian

plateau, to the west of the Danakil depression, supports a significant population. Given

its proximity to the western border fault of Afar, the town of Mek’Ele faces a high level

of seismic risk and experienced a swarm of earthquakes in 2002 (Ayele et al., 2007). The

accurate calculation of local magnitudes is a key component of seismic hazard analy-

sis, in particular when estimating b-values and maximum magnitudes. Accurate local

magnitudes are also essential for studies that attempt to understand the geological pro-

cesses occurring in locations such as northern Afar, for example stress accumulation and

amount of strain by faulting.

Seismic energy will attenuate at varying rates depending on factors such as temperature,

composition and fluid content of the crust as well as partial melt and magmatic intru-

sions (Schlotterbeck and Abers, 2001; Wang et al., 2009; Carletti and Gasperini , 2003;

Keir et al., 2006b). This rate of attenuation is characterised by an attenuation curve.

The use of an inappropriate attenuation curve will result in errors when assigning local

magnitude values to earthquakes. For two years, from 2011 to 2013, a seismic network

was deployed over an area covering 260 × 150 km (Figures 3.1, 3.2). The aim of this

study is to use the seismic data recorded by eleven broadband seismometers in order to

quantify seismic activity including improved estimation of local magnitudes (ML). To

do this we invert maximum body-wave amplitude and hypocentral distance information

to derive a region-specific magnitude scale based on the definitions of Richter (1935,

1958).

3.2 Geological Setting

The Afar depression is a region that is in the late stages of continental breakup and lies

at the triple junction between the Gulf of Aden, the southern Red Sea and the Main

Ethiopian rift (McKenzie and Davies, 1970; Mohr , 1970). The initiation of rifting in

Afar occurred between 31 and 29 Ma (Hofmann et al., 1997; Ukstins et al., 2002), with

initial extension thought to be accommodated by large-scale border faults (Wolfenden

et al., 2005). In northern Afar strain localised to NNW–SSE trending, 10–30 km wide,
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60–100 km long axial volcanic segments between 25 and 20 Ma (Hayward and Ebinger ,

1996; Wolfenden et al., 2005). Extension rates vary across the Danakil region with ex-

tension of ∼7 mm/yr in the northernmost area (15◦N) and ∼20 mm/yr in the south

(13◦N), with the extension directed ENE–WSW (McClusky et al., 2010). The crust thins

dramatically in the Danakil depression from ∼27 km thickness in the rift to the south

of the depression to <15 km beneath the depression (Makris and Ginzburg , 1987; Ham-

mond et al., 2011). The crust is >40 km thick beneath the Ethiopian plateau (Hammond

et al., 2011; Corti et al., 2015).

The Danakil depression is a ∼200 km long, 50–150 km wide basin which is mostly be-

low sea level but currently subaerial (Figure 3.1). Due to the low elevation the surface

sediments in the area largely consist of thick layers of evaporites formed from repeated

marine incursions (Keir et al., 2013; Barberi and Varet , 1970) most recently 32000 years

ago (Bonatti et al., 1971). The depression also contains the NNW–SSE trending Erta-

Ale volcanic segment (EAVS) and seven active volcanoes (Nobile et al., 2012; Barberi

and Varet , 1970) (Figure 3.1). The volcanic range is the focus for most of the magmatic

activity in the region and is responsible for the majority of Quaternary to Recent basalts

in Afar (Bastow and Keir , 2011). It is also thought to mark the boundary of the Danakil

microplate to the east (Eagles et al., 2002). Geodetic observations of Gada-Ale, Dallol

and Alu-Dalafilla volcanoes in the Erta-Ale range have been successfully modelled as

fluxes of magma in upper crustal reservoirs and intrusions (Nobile et al., 2012; Pagli

et al., 2012; Amelung et al., 2000; Field et al., 2012).

In addition to the Erta-Ale volcanic range there are a suite of other active volcanoes in

the region (Figure 3.1). At the southern edge of the Danakil depression there are the

Amarta-Barawli volcanic complex (ABVS), Afdera volcano (AV) and Alayta volcano

(ALV) (Barberi and Varet , 1970). To the south of the Danakil depression in central west

Afar, the rift axis steps en echelon to the southwest into the Dabbahu segment (DVS),

which underwent a major dyke intrusion episode during 2005–2010 (Wright et al., 2006;

Ebinger et al., 2008; Barnie et al., 2015). Nabro volcano (NVS), which erupted in June

2011, is on the eastern margin of the Danakil depression near the Eritrean-Ethiopian

border (Hamlyn et al., 2014; Goitom et al., 2015) (Figure 3.1).

A variety of geophysical studies have shown that extension in Afar and the Main

Ethiopian rift is accommodated by a combination of magmatic intrusion and lithospheric

thinning (e.g., Bastow and Keir , 2011). There is extensive evidence, from InSAR, mag-

netics, receiver functions, magnetotellurics and seismic anisotropy, for the presence of

dykes and sills in the crust south of 13◦N in Afar (Keir et al., 2011; Hammond , 2014;

Wright et al., 2006; Desissa et al., 2013; Bridges et al., 2012). Furthermore, a study

into forty years of seismicity in Afar by Hofstetter and Beyth (2003) found that >50%
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Figure 3.1: The seismic network deployed for this study. The network was in place
between February 2011 and February 2013. Stations marked with an asterisks had
one or more faulty horizontal components and so were not used for calculating mag-
nitudes. The region contains the Erta-Ale volcanic segment (EAVS), the Dabbahu
volcanic segment (DVS), Nabro volcano (NVS), the Amarta-Barawli volcanic complex
(ABVS), Afdera volcano (AV) and Alayta volcano (ALV). Topography data is taken

from NASA’s Shuttle Radar Topography Mission (SRTM).

of the geodetic moment, as predicted by plate separation rates, is taken up aseismically.

Along with a larger body of work these results show that magmatic processes play an

important role in continental breakup (Thybo and Nielsen, 2009; Calais et al., 2008).

North of 13◦N, in the Danakil depression, extensive crustal thinning is observed (Makris

and Ginzburg , 1987; Hammond et al., 2011). This suggests that ductile stretching and

thinning of the crust may also play an important role in the accommodation of extension.

Many studies have attempted to investigate the thermochemical state of the mantle
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beneath Afar. Seismic tomography by Bastow et al. (2008) finds a broad low seismic

velocity structure beneath the Main Ethiopian rift that extends to depths of >400 km.

Tomographic studies in northern Afar also show a region of low seismic velocity from 50

km to 400 km depth, which is interpreted as a region of elevated temperature and partial

melt (Hammond et al., 2013; Stork et al., 2013; Civiero et al., 2015). This interpretation

is further corroborated by modelling geochemical data that suggests an elevated man-

tle temperature of 1450◦C (Ferguson et al., 2013; Armitage et al., 2015). The elevated

mantle temperature will promote partial melting even at relatively low rates of extension.

Figure 3.2: Locations and respective magnitudes of the 4275 earthquakes recorded
in the two years between February 2011 and February 2013. All earthquakes have
a minimum of four phases recorded on a minimum of three stations. The black box

outlines those earthquakes associated with the eruption of Nabro volcano.
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3.3 Data

The seismic network comprised sixteen broadband seismometers that were operational

for two years between February 2011 and February 2013 (Figure 3.1). Thirteen Güralp

CMG-3ESPCD instruments and three Güralp CMG-6TD instruments recorded continu-

ous data at 50 Hz. A total of 4275 earthquakes were recorded across the network during

the experiment and were located with Hypo2000 (Klein, 2002). We used a 1D velocity

model based on a seismic refraction survey from the area (Makris and Ginzburg , 1987).

Accounting for instrument faults, a total of eleven seismometers were used to calculate

the local magnitude scale. The velocity seismograms were convolved with the standard

Wood-Anderson response, with a Wood-Anderson gain of 2800, in order to produce

Wood-Anderson displacement seismograms (Anderson and Wood , 1925; Kanamori and

Jennings, 1978). The maximum peak-to-peak amplitude on both the east-west and the

north-south components of each station was measured, in millimeters, for each event.

The final dataset consisted of 32904 amplitude measurements with hypocentral distances

ranging from 0 to 420 km (Figure 3.3).
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Figure 3.3: Magnitudes and hypocentral distances for the horizontal components
for all stations. Magnitudes are calculated using the magnitude scale for the Danakil

region.



Chapter 3 Local Earthquake Magnitude Scale and b-Value for the Danakil Region of
Northern Afar 39

3.4 Method

The definition of local magnitude, ML, is given by Richter (1935, 1958):

ML = log(A)− log(A0) + C, (3.1)

where A is the maximum zero-to-peak amplitude on the horizontal seismogram, log(A0)

is a distance correction term that is calculated empirically and C is a correction term

for each component of each station, that is also calculated empirically.

Richter originally defined the local magnitude scale such that an earthquake of ML 3

would cause a 1 mm deflection on a standard horizontal Wood-Anderson seismograph

at a distance of 100 km from the hypocentre. Hutton and Boore (1987) observed that

Richter’s scale tended to underestimate magnitudes at stations close to the hypocentre

and overestimate for more distant stations. To counter this problem they developed a

method to calculate how attenuation rates vary over increasing hypocentral distances,

which yields an attenuation curve for specific regions. This allows for the magnitude

scale to be normalised at a closer distance, thus minimising geographical variations in

wave propagation. They now define a ML 3 earthquake as causing a 10 mm deflection

on a Wood-Anderson seismograph at a distance of 17 km from the hypocentre. The

distance correction term is defined as:

− log(A0) = n log(r/17) +K(r − 17) + 2, (3.2)

where n and K are constants to be calculated and relate to geometrical spreading and

attenuation of seismic waves, respectively, and r is the hypocentral distance in kilome-

ters.

Combining equations 3.1 and 3.2, the observed amplitude, Aijk, for each component of

each station for each event can be written as:

log(Aijk) + 2 = −n log(rij/17)−K(rij − 17) +ML(i) − Cjk, (3.3)

where indexes i, j and k represent events, stations and components respectively. It is

now possible to invert for the unknowns n, K, ML and C. Each station has two correc-

tion terms associated with the north-south and east-west horizontal components. The

set of equations includes a constraint that all station corrections sum to zero. The set

of equations 3.3 can be combined into a matrix form, shown in Equation 3.4, which

represents an equation d = m.A and is a system of Ne + 2Ns + 2 unknowns, where
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Ne and Ns are the number of events and stations respectively. The data from Danakil

includes 4275 events recorded on 11 stations, producing a matrix with dimensions of

32904 × 4299 with 4299 unknowns to be solved. We then solve Equation 3.4 with a

least-squares criterion and produce an optimal solution (Keir et al., 2006b).



log(A111) + 2
log(A112) + 2

...
log(A1Ns2) + 2
log(A211) + 2

...
log(ANeNs2) + 2


=



n
K

ML(1)

ML(2)
...

ML(Ne)

C11

C12
...

CNs2


.



log(r11/17) (r11 − 17) 1 0 · · · 0 1 0 · · · 0
log(r11/17) (r11 − 17) 1 0 · · · 0 0 1 · · · 0

...
...

...
...

. . .
...

...
...

. . .
...

log(r1Ns/17) (r1Ns − 17) 1 0 · · · 0 0 0 · · · 1
log(r21/17) (r21 − 17) 0 1 · · · 0 0 0 · · · 1

...
...

...
...

. . .
...

...
...

. . .
...

log(rNeNs/17) (rNeNs − 17) 0 0 · · · 1 0 0 · · · 1


,

(3.4)

Our approach differs to many previous studies which have used an iterative technique

(Langston et al., 1998; Baumbach et al., 2003). The direct inversion method is com-

putationally much faster and has been tested by Pujol (2003) on data from Tanzania

that was previously analysed using the iterative technique (Langston et al., 1998). The

method used in this study has been tested on data from the Main Ethiopian rift and

yielded identical results to those produced by Keir et al. (2006b).

3.5 Results

The inversion produced an equation for the distance correction term, log(A0), for the

Danakil region using a 17 km normalisation:

− log(A0) = 1.274336 log(r/17)− 0.0002731(r − 17) + 2. (3.5)

Attenuation rates for the Danakil region (Figure 3.4) are very similar to that of the

Main Ethiopian rift for hypocentral distances up to ∼70 km. For larger distances the
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attenuation is significantly lower than in the Main Ethiopian rift (Keir et al., 2006b).

The curve also shows that the attenuation rate in the Danakil region is significantly

higher than in Tanzania (Langston et al., 1998).
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Figure 3.4: Comparison of attenuation curves for the Danakil region (this study), the
Main Ethiopian rift (Keir et al., 2006b), Tanzania (Langston et al., 1998) and southern
California (Richter , 1958; Hutton and Boore, 1987). The attenuation rate in Danakil
is significantly lower than the Main Ethiopian rift for hypocentral distances >70 km.

The effect that the newly derived attenuation curve has on magnitude estimates is shown

in Figure 3.5. We show the magnitude residuals with increasing hypocentral distance

when using the magnitude scale for the Danakil region, the Main Ethiopian rift (Keir

et al., 2006b) and Tanzania (Langston et al., 1998). Magnitude residuals calculated

with the new Danakil magnitude scale display no bias with hypocentral distance, and

hence an average residual of near zero at all hypocentral distances. In contrast the Main

Ethiopian rift scale overestimates magnitudes with increasing hypocentral distance and

the Tanzanian scale underestimates magnitudes, as shown by the respective gradients of
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Figure 3.5: Magnitude residuals calculated for all events using three different scales;
the newly derived magnitude scale for (a) Danakil, (b) the Main Ethiopian rift magni-
tude scale (Keir et al., 2006b) and (c) the Tanzania magnitude scale (Langston et al.,
1998). The Danakil magnitude scale minimises residuals at all hypocentral distances
whereas the Main Ethiopian rift scale and Tanzania scale overestimate and underesti-

mate magnitudes respectively.

the residual averages in Figure 3.5. The average variance of the residuals for the Danakil

magnitude scale is 0.2 ML, therefore the average error in magnitude calculation is given

as ±0.2 ML. Individual magnitude errors for each event are listed in Tables S1, S2. To

test whether the error in magnitude is dependent on magnitude value we plot box plots

of error values for events grouped at 0.5 magnitude intervals (Figure 3.6). This clearly
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Table 3.1: A comparison between independently calculated moment magnitudes (Mw)
and local magnitudes (ML).

Date and Time Moment Magnitude Mw
∗ Local Magnitude ML

† Depth (km)

12/06/2011 15:37:04 5.1 5.2 12
12/06/2011 19:21:50 5 5 1
12/06/2011 20:32:40 5.6 5.5 1
12/06/2011 21:03:23 5.4 5.7 2
17/06/2011 09:16:12 5.6 5.8 1

The events occurring on 12/06/2011 are associated with the eruption of Nabro
volcano. ∗ Moment magnitude calculated by GCMT and USGS.
† Local magnitude calculated with local magnitude scale derived from this study.

shows that magnitude error is stable for the full range of magnitudes in this study. As a

further test of the magnitude scale we compare GCMT moment magnitudes (Mw) from

the Danakil region with local magnitude values calculated with the derived magnitude

scale, Table 1. The listed events are assumed to be representative and worldwide com-

parisons of Mw and ML find the two scales to be, on average, consistent for shallow

earthquakes (< 33 km) (Kanamori , 1983).

Figure 3.6: Box plot of magnitude error versus magnitude, binned in 0.5 ML intervals.
Box height represents the interquartile range and whiskers represent extreme values that
are within 1.5 interquartile range. Magnitude errors are clearly shown to be stable for

the reported magnitude range.
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3.6 Station Corrections

The set of equations 3.4, includes a station correction term Cjk for each component of

each station. There is also a condition included that all station corrections sum to zero.

The station corrections calculated for the east-west components range from 0.48 and

-0.25 ML units and the north-south component corrections range from 0.42 and -0.39

ML units (Figure 3.7). Most stations have very similar station correction values for the

north-south and east-west components. Through examining the distribution of station

corrections there is no obvious link between regional geology and station correction. It

is therefore most likely that station correction values are dependent on very local effects,

such as near surface geology and the level of coupling between the seismometer and the

soil.

Figure 3.7: Variation of station corrections across the network. (a) North-south com-
ponent corrections. (b) East-west component corrections. There is no clear correlation
between regional geology and station correction. The corrections are therefore likely

controlled by very local geology and site specific variables.
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Magnitude residuals, the magnitude calculated at a single station minus the average

magnitude, were calculated at all stations for both the north-south and east-west com-

ponents with and without station corrections (Figure 3.8). Magnitude residuals calcu-

lated without station corrections have an average of almost zero (-1.3×10−2 ML), and a

variance of 0.096. Magnitude residuals calculated with station corrections included have

an average of very nearly zero (-3.3×10−8 ML) and a variance of 0.042. This shows that

including the calculated station corrections brings the average residual closer to zero

and reduces the variance by >64%.

3.7 Discussion

We compare the attenuation curve derived for the Danakil region to those from other

regions worldwide (Figure 3.4). Attenuation is significantly higher in the Danakil re-

gion than Tanzania for all hypocentral distances greater than 50 km (Langston et al.,

1998). The two regions are geologically very different, Tanzania is a region of early

stage, non-volcanic, continental rifting of Archaean cratonic lithosphere. Archaean cra-

tons generally consist of thick, crystalline rock with very low geothermal gradients, both

of which promote low seismic attenuation. The observed difference in seismic attenua-

tion can therefore be explained by the presence of the Tanzanian craton.

Our new attenuation curve shows that at hypocentral distances of less than 100 km the

attenuation in Danakil is very similar to that in the Main Ethiopian rift and in southern

California (Keir et al., 2006b; Hutton and Boore, 1987). High attenuation in southern

California is explained by high geothermal gradients beneath the San Gabriel mountains

(Schlotterbeck and Abers, 2001). In the Main Ethiopian rift, the high rate of attenua-

tion is ascribed to the presence of magmatic intrusions and partial melt within the crust

(Keir et al., 2006b). The Danakil region has an abundance of active volcanism and a

thinned crust which suggests the presence of partial melt and high geothermal gradients.

These conditions can explain the high level of attenuation at hypocentral distances less
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Figure 3.8: (a) Magnitude residuals calculated with station corrections. (b) Magni-
tude residuals calculated without station corrections. Magnitude residuals calculated
with station corrections sum to nearly zero and the variance (0.042) has been reduced

by >64% when compared to the variance without station corrections (0.096).

than 100 km.

The attenuation rate in Danakil is significantly lower than the Main Ethiopian rift at

hypocentral distances of over 100 km. Ray paths for earthquakes with hypocentral dis-

tances of over 100 and 150 km are shown in Figure 3.9. The rays at these hypocentral

distances predominantly traverse from the Danakil depression in the north to the Dab-

bahu segment in the south. We then calculated two-dimensional travel-time curves using

MacRay (Luetgert , 1992) and a velocity model based on the seismic refraction survey by

Makris and Ginzburg (1987), the results of which are shown in Figure 3.10. Earthquakes

at these large hypocentral distances are sampling the lower crust and uppermost mantle

at a maximum depth of ∼45 km, therefore the low attenuation observed for the Danakil

region is originating from these depths. A low attenuation rate could be consistent with
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Figure 3.9: The ray paths for earthquakes with hypocentral distances over (a) 100
km and (b) 150 km. The ray paths predominantly traverse the Danakil depression and

Dabbahu segment region.

a paucity of partial melt. However, previous geophysical work including high conductiv-

ity in magnetotelluric data and high VP /VS of >2 imaged by receiver functions, strongly

suggest that there is a large amount of melt present in the lower crust and uppermost

mantle (Desissa et al., 2013; Hammond et al., 2011).



48
Chapter 3 Local Earthquake Magnitude Scale and b-Value for the Danakil Region of

Northern Afar

Figure 3.10: (a) Travel-time curves for an earthquake occurring in the north of the
Danakil depression. The S-waves sample the uppermost mantle at hypocentral distances
>100 km, reaching depths of up to 40 km. (b) Travel-time curves for an earthquake
occurring in the south of the study area. The S-waves sample the uppermost mantle
at hypocentral distances >125 km, reaching depths of up to 45 km. Layer P-wave

velocities are given in km s−1 taken from Makris and Ginzburg (1987).

It is therefore unlikely that low attenuation is caused by low melt fractions. Seismic

attenuation in the upper mantle is thought to occur through two potential mechanisms,

grain boundary sliding (Faul et al., 2004) and melt squirt (O’Connell and Budiansky ,

1977; Mavko and Nur , 1975). Grain boundary sliding has been shown to cause a broad

absorption peak in the seismic frequency band and so cannot explain the low attenua-

tion that we observe (Faul et al., 2004). Hammond and Humphreys (2000) modelled the

effect that melt squirt has on attenuation in the upper mantle with melt percentages
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ranging from 0–3%. They demonstrate that as melt percentage increases, melt pockets

become more interconnected and melt squirt can occur at a faster rate. This has the

effect of pushing the frequency at which attenuation occurs towards higher frequencies

and away from the seismic frequency band. This interpretation of melt squirt causing

low attenuation in the seismic frequency band has also been observed at the East Pacific

Rise (Yang et al., 2007). We suggest that the low attenuation observed in the uppermost

mantle of Danakil can therefore be explained by a high melt fraction undergoing melt

squirt.

We used the new magnitude scale for the Danakil region to investigate the seismicity that

occurred in the region between February 2011 and February 2013. Figure 3.11 shows

the Gutenberg-Richter distribution of log of the cumulative number of earthquakes of

magnitude ML or greater (Gutenberg and Richter , 1956). The time period of the study

featured the eruption and associated seismic swarm of Nabro volcano (Hamlyn et al.,

2014; Goitom et al., 2015). Eruptions at caldera systems, such as Nabro, are extremely

rare and this was the first recorded eruption of Nabro volcano. Due to the infrequent

nature of the eruption, inclusion of the associated seismicity would bias the Gutenberg-

Richter distribution. The events associated with the Nabro eruption have therefore been

removed based on their location at the volcano (Latitude: 13.1–13.6. Longitude: 41.5–

41.9) (Figure 3.2). We estimate the magnitude of completeness by initially using the

maximum curvature method (Wiemer and Wyss, 2000), which corresponds to the mag-

nitude bin with the highest event frequency. In our data this is 1.8 ML (Figure 3.11).

However, Woessner and Wiemer (2005) report that the maximum curvature method

tends to underestimate the magnitude of completeness by 0.1–0.2 magnitude units, and

we therefore estimate a magnitude of completeness of 2.0 ML. A b-value of 0.9 was cal-

culated using the maximum likelihood calculation (Aki , 1965). We calculated an error

of ±0.06 ML by performing a bootstrap analysis following the method of Pickering et al.

(1995). Including the events associated with the Nabro eruption in the b-value calcula-

tion reduces it to 0.8±0.04. This is unsurprising given the number of large magnitude

events that occurred during the eruption. It is important to note that b-values have been

observed to change significantly over small distances and through time, particularly in
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areas of volcanic activity (Wyss et al., 2001; Barton et al., 1999; Wyss and McNutt ,

1998).

Figure 3.11: Analysis of earthquake magnitude distribution of earthquakes in the
Danakil region, excluding those associated with the eruption of Nabro on 12 June
2011. Left axes - Gutenberg-Richter distribution where log(N) represents the log of the
cumulative number of earthquakes of magnitude ML or greater. Right axes - Number
of events represents the frequency of events in each magnitude bin. The magnitude of
completeness (2.0 ML) is calculated using the maximum curvature method (Wiemer
and Wyss, 2000). We calculate the b-value using the maximum likelihood method. The
calculated b-value suggests that geodetic strain is primarily released through swarms of

low magnitude earthquakes, rather than large-scale faulting.

The Danakil region has a higher b-value than most other areas in the East African rift.

South Sudan, Tanzania and Kenya, which are all regions of continental rifting, have b-

values that range from 0.7–0.9 (Ayele and Kulhanek , 1997; Langston et al., 1998; Tongue

et al., 1992). It is also significantly higher than other continental rift systems such as

the Rio Grande and Eger rifts, both of which exhibit b-values of 0.8 (Ibs-von Seht et al.,

2008). In these regions rifting is less developed and also less magmatically accommo-

dated. A lack of magmatic activity during rifting allows greater stresses to accumulate
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in the crust, facilitating larger earthquakes and a lower b-value.

The b-value for Danakil is lower than values recorded at mid-ocean ridges. At the Mid-

Atlantic ridge, b-values have been observed to vary but they are consistently above 1

and can reach values of up to 1.5 (Kong et al., 1992; Barclay et al., 2001; Tilmann et al.,

2004). Wilcock et al. (2002) performed a microearthquake study on the Endeavour seg-

ment of the Juan de Fuca Ridge and recorded a b-value of 1.06. These b-values suggest

that seismic energy at ocean ridges is primarily released through swarms of relatively

low-magnitude earthquakes. The observation that the b-value for the Danakil region lies

between those found at mid-ocean ridges and at regions of continental rifting, suggests

that the Danakil region is at the transition from continental rifting to seafloor spreading.

The calculation of accurate local earthquake magnitudes is essential for estimating max-

imum magnitudes and for better quantification of time-space variations in seismicity

b-values. As population grows in Afar and the Ethiopian plateau, more accurate quan-

tification of earthquakes will aid seismic hazard assessment in the region (e.g., Ayele

et al., 2007; Hagos et al., 2006; Ayele et al., 2015).

3.8 Conclusions

We have calculated the first local magnitude scale for the Danakil region of northern

Afar. The study used 32904 amplitude measurements, from 4275 earthquakes on 11

seismometers and yields the equation:

− log(A0) = 1.274336 log(r/17)− 0.000273(r − 17) + 2, (3.6)

where r is the hypocentral distance from station to earthquake. This equation and the

corresponding attenuation curve show that the attenuation rate of seismic energy in
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Danakil is relatively high in the crust consistent with the presence of magmatic intru-

sions and melt. The relatively low attenuation observed at greater depths could indicate

a low melt percentage, inconsistent with independent geophysical data. We therefore

suggest that the low attenuation rate is due to a sufficiently high melt fraction in the

upper mantle beneath Danakil undergoing melt squirt and causing the seismic attenua-

tion to occur outside the seismic frequency band.

We used the seismicity in Danakil to produce a Gutenberg-Richter relationship. The

catalog is complete above ML 2.0 and the calculated b-value is given as 0.9± 0.06. Our

b-value is consistent with the area transitioning to sea floor spreading. Our improved

magnitude scale and seismicity rate are critical for better quantification of seismic haz-

ard. These results will also help quantify the distribution and amount of seismic strain.



Chapter 4

Seismicity During Continental

Breakup in the Red Sea Rift of

Northern Afar

Abstract

Continental rifting is a fundamental component of plate tectonics. Recent studies have

highlighted the importance of magmatic activity in accommodating extension during

late-stage rifting, yet the mechanisms by which crustal thinning occurs are less clear.

The Red Sea rift in northern Afar presents an ideal opportunity to study the final

stages of continental rifting as these active processes are exposed sub-aerially. Between

February 2011 and February 2013 two seismic networks were installed in Ethiopia and

Eritrea. We locate 4951 earthquakes, classify them by their frequency content and cal-

culate 31 focal mechanisms. Results show that seismicity is focused at the rift axis and

at the western marginal graben. Seismicity at the rift axis accounts for ∼64% of the

seismic moment release and exhibits a swarm like behaviour. In contrast, seismicity

at the marginal graben is characterised by high-frequency earthquakes that occur at

a constant rate. Our results suggest that the rift axis remains the primary locus of

seismicity. Low-frequency earthquakes, indicative of magmatic activity, highlight the

53
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presence of a magma complex ∼12 km beneath Alu-Dalafilla at the rift axis. Seismicity

at the marginal graben predominantly occurs on westward dipping, antithetic. Focal

mechanisms show that this seismicity is accommodating E-W extension. We suggest

that the seismic activity at the marginal graben is either caused by upper crustal fault-

ing accommodating enhanced crustal thinning beneath northern Afar, or as a result of

flexural faulting between the rift and plateau. This seismicity is occurring in conjunction

with magmatic extension at the rift axis.

4.1 Introduction

The breakup of continents to form ocean basins is a fundamental process in plate tec-

tonic Wilson Cycles, however the processes governing the transition from continental

rifting to seafloor spreading have largely remained enigmatic. Specifically, how crustal

extension is accommodated and whether it predominantly occurs through mechanical

faulting of the crust or magmatic activity. Studies of developed continental rifts have

shown that as continental rifting progresses to breakup, extension is increasingly ac-

commodated by magmatism (Wolfenden et al., 2005). Localised magmatism serves to

focus extension at the rift axis through diking and lower crustal sill intrusions (Buck ,

1991; Ebinger et al., 2013; Mackenzie et al., 2005; Thybo and Nielsen, 2009). Further,

numerical models demonstrate that magmatic activity plays an important role in strain

localisation from rift onset to plate rupture (e.g., Buck , 2004; Bialas et al., 2010; Allken

et al., 2012). However, the role that mechanical faulting and seismicity play in the final

stages of continental rifting remain poorly understood, in large part because the process

is occurring in only a few remote areas worldwide (e.g., Bosworth et al., 2005; Bastow

and Keir , 2011; Persaud et al., 2016).

Most studies of continental breakup rely on data from rifted margins that have under-

gone full continental breakup. Although 2D, and in some cases, 3D details of crustal

structures can be gained from such studies (e.g., White and McKenzie, 1989; Pindell

et al., 2014; Quirk et al., 2014), the thermal and mechanical response of the lithosphere
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to stretching is obscured by thick sedimentary and volcanic sequences, and the thermal

processes have long since decayed. To counter this problem, studies of currently active

continental rifts and young ocean basins can provide solutions to questions regarding

the distribution and accommodation of extension during rifting.

The southern Red Sea rift in the Danakil depression of northern Afar, Ethiopia/Er-

itrea, provides a unique opportunity to document processes occurring during continental

breakup (Figure 4.1). The Danakil depression is currently undergoing the final stages of

continental breakup in an area affected by magmatism since rift onset (e.g., Wolfenden

et al., 2005; Medynski et al., 2013; Stab et al., 2016).

For two years, from 2011 to 2013, we deployed a seismic network of fifteen stations in the

Danakil region, which was combined with a network of six stations deployed in Eritrea

during the same time period (Figure 4.2). We use the continuous seismic data to identify

the spatial distribution of brittle deformation within the crust, its depth extent, and its

frequency content to shed new light on the rifting cycle.

4.2 Tectonic Background

4.2.1 The Afar Depression

The Afar depression marks a triple junction between the Arabian, Somalian and Nubian

plates, and contains the narrow Danakil microplate (McKenzie and Davies, 1970; Tes-

faye et al., 2003; DeMets and Merkouriev , 2016) (Figure 4.1). Geochronological results

suggest that rifting between Arabia and Africa began ∼29–31 Ma with extension focused

on large scale (>50 km) border faults (Ayalew et al., 2006; Wolfenden et al., 2005), which

now separate the substantial 2–3 km high Ethiopian and southeastern plateaus from the

Afar Depression, which reaches ∼100 m below sea level. Further to the south lies the

younger, Main Ethiopian rift (MER), where E-W extension is oblique to the NE-SW
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Figure 4.1: The Afar depression and surrounding region (modified after Keir et al.
(2013)). The Danakil Block is shown in yellow. Orange triangles show volcanoes active
during the Holocene (Global Volcanism Program, 2013). Grey circles show large (>
ML 3) earthquakes from the National Earthquake Information Centre (NEIC). Black
earthquake focal mechanisms are from the Global Centroid Moment Tensor (CMT) cat-
alogue. Red earthquake focal mechanisms are from waveform modelling of earthquakes
from 2007-2008 (Supplementary Material). Bottom right inset: Plate motions of the

region relative to a fixed Nubian plate (ArRajehi et al., 2010).

directed extension in the southern Red Sea and Gulf of Aden (e.g., Bendick et al., 2006).

The MER initiated at ∼18 Ma, with initial strain localised along long, large offset border

faults (Ebinger et al., 1993b).

Extension in the MER has, since the Quaternary, migrated away from the basin bound-

ing border faults and has localised to rift-aligned magmatic segments at the rift axis
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Figure 4.2: The Danakil depression, in northern Afar. (a) Purple inverted triangles
are seismometers we deployed between 2011-2013. GPS velocities relative to a station-
ary Nubian plate taken from McClusky et al. (2010). Blue focal mechanisms are from
a 2002 earthquake sequence (Ayele et al., 2007). Red earthquake focal mechanisms are
from waveform modelling of earthquakes from 2007-2008 (Supplementary Material).
(b) Volcanic and tectonic features of the Danakil depression. Orange triangles are vol-
canoes known to have been active during the Holocene (Global Volcanism Program,
2013). Red ellipses outline magmatic segments. Thin black lines denote major sur-
face, Pliocene-Recent faults taken from Manighetti et al. (2001) and Illsley-Kemp et al.

(2017b).

(Wolfenden et al., 2004). Here extension is accommodated through dyking and mag-

matic underplating processes which mask the total crustal thinning (Mackenzie et al.,
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2005). A similar such migration of extension occurred in the southern Red Sea rift be-

tween 25 and 20 Ma (Hayward and Ebinger , 1996; Wolfenden et al., 2005; Stab et al.,

2016). This migration of extension is characterised by a focusing of magmatism and

faulting at the rift axis and has been postulated to be the final stage of continental

rifting, prior to the transition to seafloor spreading.

GPS measurements from northern Afar show that extension is currently oriented NE-

SW (McClusky et al., 2010) (Figure 4.2). In the southern Danakil depression, extension

rates are ∼20 mm/yr, decreasing to the North until extension is transferred entirely to

the Red Sea rift in the northeast (McClusky et al., 2010). Active deformation studies

also indicate that strain is localised to ∼50 km long, <20 km wide zones of Quaternary-

Recent magma intrusion and faulting, referred to as magmatic segments (Casey et al.,

2006). Northern Afar features large changes in topography and crustal thickness. The

crust beneath the Ethiopian Plateau is ∼40 km thick, but thins dramatically eastward

to ∼20–26 km beneath the ∼300 m wide Afar depression (Hammond et al., 2011). The

crust beneath the Danakil depression is ∼15 km thick, suggesting ongoing, crustal thin-

ning and magma intrusion (Bastow and Keir , 2011; Hammond et al., 2011; Makris and

Ginzburg , 1987; Tiberi et al., 2005). Geophysical surveys have shown that the crust

beneath the Danakil depression has seismic velocities that are consistent with stretched

and heavily intruded continental crust, with VP /VS ratios of >1.9 strongly suggesting

the presence of partial melt in the crust (Hammond et al., 2011; Dugda et al., 2005;

Makris and Ginzburg , 1987; Tiberi et al., 2005).

Global and regional studies of seismic tomography show a broad low-velocity anomaly

rising from 400 to 50 km subsurface beneath East Africa and the southern Red Sea

(Ritsema et al., 2011; Chang and Van der Lee, 2011; Hansen et al., 2012). These obser-

vations are taken to represent a broad thermal upwelling known as the African Super-

plume. More detailed tomographic imaging of the Main Ethiopian and Afar rifts and

their uplifted flanks using local seismic networks show that there are markedly lower

velocities beneath the rift valleys, consistent with the presence of partial melt (Bastow
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et al., 2008; Hammond et al., 2013; Stork et al., 2013; Civiero et al., 2015, 2016). In ad-

dition, Gallacher et al. (2016) suggest that melt generation in the asthenospheric mantle

beneath the Afar Depression is segmented and buoyancy-driven, resembling character-

istics of the mantle beneath regions of seafloor spreading (e.g., Wang et al., 2009; Ligi

et al., 2012). The observations from broadband seismology corroborate geochemical

models which suggest an elevated mantle potential temperature of 1450 ◦C (Ferguson

et al., 2013; Armitage et al., 2015).

4.2.2 The Danakil Depression

The Danakil depression is situated in the northernmost Afar depression and is a ∼200

km long 50–150 km wide basin (Figure 4.2). It is bounded to the west by ∼3 km of

relief, controlled by an Oligo-Miocene border fault system; to the east it is bounded by

the Danakil block, a narrow horst of crystalline basement and Miocene sediments which

forms 500–1000 m of elevation.

The western rift-margin is characterised by narrow (10–20 km wide) marginal grabens

which lie at the foot of the Oligo-Miocene border faults (Tesfaye et al., 2003; Wolfenden

et al., 2005; Stab et al., 2016). These marginal grabens extend from the intersection of

the MER and Red Sea rift at ∼10◦N to the northern Danakil depression, yet they are not

found within the MER (Tesfaye et al., 2003). Wolfenden et al. (2005) and Tesfaye et al.

(2003) observed that between 10◦N and 11◦N the marginal grabens are composed of both

ENE and WSW dipping normal faults. However, further north at ∼11.5◦N Stab et al.

(2016) do not observe any ENE dipping faults and instead find that faults consistently

dip WSW, antithetic to the Oligo-Miocene border faults. Through dating of sedimentary

and volcanic sequences, Wolfenden et al. (2005) found that displacement on the marginal

graben faults postdates 14 Ma and thus are an exception to the general pattern of rift

migration of extension. Wolfenden et al. (2005) suggests that the marginal grabens are

formed through crustal flexure due to the discrepancy between crustal thickness and

density between the thick, felsic plateau and the thin, highly intruded crust in the Afar
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Depression. Alternatively, Stab et al. (2016) propose that the WSW dipping faults of

the marginal grabens are the surface manifestation of antithetic mid-crustal shear zones.

The Danakil Depression lies predominantly below sea level but is currently subaerial,

with the surface geology dominated by thick layers of evaporites, from repeated marine

incursions. In addition there are abundant basaltic lavas from the Erta-Ale magmatic

segment, which is the focus for the majority of Quaternary to Recent volcanism in Afar

(Barberi and Varet , 1970; Bastow and Keir , 2011; Keir et al., 2013). At the southern

end of the Danakil Depression lies the seismically active Tat-Ale volcanic range (Bar-

beri and Varet , 1970; Belachew et al., 2011). The Erta-Ale and Tat-Ale ranges acts as

the locus of plate boundary deformation (Pagli et al., 2014). Further to the south the

rift axis steps en-echelon to the southwest to the Dabbahu-Manda Harraro magmatic

segment (Belachew et al., 2011). Within this step-over region lies the NE-SW trending

Alayta range and Afdera volcano and many NE trending faults, which are inferred to

open obliquely and promote volcanism (Barberi and Varet , 1970; Belachew et al., 2011).

To the east of the Danakil Depression, on the Danakil block is the Bidu volcanic com-

plex (Wiart and Oppenheimer , 2005) which consists of two calderas, Nabro and Mallahle.

The majority of recorded large-magnitude seismicity in the Danakil region occurs at the

western rift margin (Figure 4.2), including a 2002 earthquake swarm near the town of

Mekele featuring a MW 5.6 event (Ayele et al., 2007). To the south of the Danakil De-

pression, earthquake monitoring revealed an intense period of seismicity associated with

the 2005–2010 Dabbahu-Manda Hararo dyke sequence (Belachew et al., 2011; Barnie

et al., 2015). The dyke intrusions at Dabbahu were associated with low-frequency earth-

quakes during dyke propagation (Tepp et al., 2016).

The Danakil region has hosted much recent volcanic activity with all magmatic seg-

ments, excluding the Tat-Ale volcanic range, featuring earthquakes and caldera and

fissure eruptions since historical records began (Gouin, 1979; Wiart and Oppenheimer ,

2005; Pagli et al., 2012). At Gada-Ale, radar interferometry were used to show that an
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actively deforming magma chamber exists beneath the volcano (Amelung et al., 2000).

Seismicity and satellite observations were used to show that a 6×106 m3 dyke intrusion,

sourced from a previously unrecognised magma chamber, occurred at Dallol in 2004

(Nobile et al., 2012). Similarly, in 2008, a 5.1 × 106 m3 dyke intruded at Alu-Dalafilla

and resulted in a fissure eruption that covered an area of ∼ 16 × 106 m2 (Pagli et al.,

2012). In November 2010 the lava lake of Erta-Ale erupted ∼ 6×106 m3 of basaltic lava

onto the crater floor (Field et al., 2012) and this same volcano underwent another major

eruption in January 2017 (Xu et al., 2017). In 2011, in Eritrea, Nabro volcano under-

went a major caldera-style eruption that generated ash clouds reaching 17 km height

(Clarisse et al., 2014), an estimated 4.3 Tg of SO2 (Theys et al., 2013) and a lava flow

that stretched for 17.5 km (Goitom et al., 2015; Hamlyn et al., 2014).

4.3 Data and Methods

4.3.1 Seismic Data

The seismic network comprised of fifteen stations in Ethiopia, active for two years be-

tween February 2011 and February 2013. This was supplemented by a network of six

stations in Eritrea active between June 2011 and October 2012. The resulting com-

bined network consisted of eighteen Güralp CMG-3ESPCD instruments and four Güralp

CMG6TD instruments that all recorded continuous seismic data at 50 Hz. Earthquakes

were picked manually for both P and S waves and events were located with NonLinLoc

(Lomax et al., 2000). We used a two-dimensional velocity model based on controlled

source experiments and receiver functions (Hammond et al., 2011; Makris and Ginzburg ,

1987). This resulted in a total of 4951 earthquakes in a catalog complete above magni-

tude 2.0, where magnitudes are calculated using a region-specific local magnitude scale

(Illsley-Kemp et al., 2017a). In Figure 4.3 we plot earthquakes with horizontal errors

less than ±5 km, amounting to 1429 events.
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Figure 4.3: Locations of 1429 earthquakes in the Danakil depression between 2011–
2013. All horizontal errors <5 km and the catalogue is complete above magnitude 2.0

(Illsley-Kemp et al., 2017a).

4.3.2 Frequency Analysis

We use frequency index, FI, to classify earthquakes based on their spectral content. This

allows us to probe the source of seismic activity and whether seismicity is influenced by

magmatic processes. We use the procedure outlined by Buurman and West (2006) who

define FI as:
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FI = log (Aupper/Alower), (4.1)

where Aupper and Alower are the spectral amplitudes measured across a band of high and

low frequencies respectively. Through inspection of the frequency spectrum of charac-

teristic events (Figure 4.4) we define the low-frequency band as 0.5–2 Hz and the high

frequency band as 7–11 Hz, following the strategy of Tepp et al. (2016). We then cal-

culate FI for further calibration events at each station, in order to test whether the FI

method can distinguish between different types of events or a continuous spectrum.

Owing to the heterogeneity of surface materials in basins and volcanic ranges and the

shallow active faulting in the area, path effects may influence the spectral content (Coté

et al., 2010; McNutt , 2005; Tepp et al., 2016). However, the spectral content of P-waves

are more sensitive to source effects (Tepp et al., 2016). We therefore performed the

calculation over both the full waveform and short time windows that isolate the P-wave.

Figure 4.5 shows that we see a clear distinction between high frequency, hybrid and

low-frequency for all stations when using only the P-wave. The distinction becomes less

clear when the full waveform is used. We use these results to define the FI windows for

each station and calculate FI values for all earthquakes with a SNR ratio of over 2.5

(Figure 4.6).

4.3.3 Earthquake Relocation and Focal Mechanisms

In order to better constrain hypocentral locations we compute relative relocations us-

ing the double-difference software HypoDD and a 1D velocity model taken from the

model used for absolute locations (Waldhauser , 2001). We use a combination of P and

S wave phase picks and cross-correlation derived P-wave differential travel times. The

relocation procedure tightens earthquake hypocenters and images active fault planes

with much greater accuracy, allowing us to interpret structural features with increased

confidence. We relocate the earthquakes occurring at the western marginal graben and
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Figure 4.4: Comparison between hand picked, representative high-frequency and low-
frequency earthquakes. The waveform and frequency spectrums show clear differences
between the two. The two earthquakes analysed at HALE (top) are located at the
western marginal graben, the two earthquakes at GALE (bottom) are located beneath
Alu-Dalafilla volcanic complex. The low-frequency band is defined as 0.5–2 Hz (blue)

and the high frequency band as 7–11 Hz (red).

successfully relocate 745 events with an average horizontal error of ±0.58 km and aver-

age depth error of ±0.58 km (Figure 4.7). We then compute focal mechanisms based on

first-motion P-wave polarities using the HASH software (Hardebeck and Shearer , 2002,

2003). This resulted in a total of 31 focal mechanisms with solution probabilities >70%.

The type of faulting that each focal mechanism represents is determined by the plunge

of the T, B and P axes (Kaverina et al., 1996; Álvarez-Gómez , 2014). This results in

26 of 31 focal mechanisms having normal fault solutions (Figure 4.8). This is further
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Figure 4.5: Calibration for the FI calculation at selected stations for both the full
waveform and the P-wave. We see a clear distinction between the three different earth-

quake classifications for the P-wave calculation.

corroborated by full moment tensors from 2007–2008 (Figure 4.2), a more detailed dis-

cussion of the associated methodology can be found in Appendix A (Dreger et al., 2000;

Minson and Dreger , 2008; Saikia, 1994; Belachew et al., 2011, 2012).

4.4 Results

To aid discussion of results we divide the earthquake catalogue into three groups; the

full catalogue of 4951 earthquakes, earthquakes that had sufficient SNR to be classified

using the FI method (1191 earthquakes) (Figure 4.6) and earthquakes relocated with

HypoDD (745 earthquakes) (Figure 4.7). We use the full catalogue to draw interpre-

tations where high-accuracy locations are not necessary, for example when comparing

large regions (Figures 4.9, 4.11, 4.12). FI classified earthquakes are used to probe po-

tential source mechanisms for seismicity (Figures 4.6, 4.10), and relocated earthquakes
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Figure 4.6: Results of the frequency analysis, a total of 1191 earthquakes had SNR
sufficient to perform frequency analysis. Seismic activity at Alu-Dalafilla volcanic com-
plex is characterised by low-frequency earthquakes, which can be explained by magma
storage and/or transport. In contrast, seismicity at the western marginal graben is
characterised by high frequency events, suggesting that tectonic deformation is preva-
lent here. Profile A-B indicates the location of the cross section for Figure 4.13. Profile

C-D indicates the location of the cross section shown in Figure 4.10.

are used to interpret tectonic structures, where highly-accurate locations are required

(Figures 4.7, 4.13).

The earthquake locations can be broadly categorised into two groups: seismicity at the

rift axis and at the western marginal graben system (Figure 4.3). The catalogue earth-

quakes that are focused at the rift axis show a clear along-axis segmentation coinciding

with the axial magmatic segments that have been sites of historic and modern eruptions

and intrusions. There is a cluster of 54 earthquakes focused at the Dabbahu magmatic

segment with magnitudes ranging from 1.0 to 2.8 and a mean depth of 9.1 km. The
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Figure 4.7: Seismicity at the western marginal graben. 745 earthquakes relocated with
HypoDD (red) (Waldhauser , 2001), with additional locations from NonLinLoc (pink)
(Lomax et al., 2000). Seismicity occurs in a region of overlapping margin-bounding
faults. Where these faults overlap, seismicity occurs on both bounding faults (section

B). The west-dipping, eastern fault remains active further to the north (section C).

Dabbahu segment has undergone 14 separate dyke intrusions since a ∼60 km long dyke

was intruded in 2005 (Wright et al., 2006; Hamling et al., 2009; Ebinger et al., 2008;

Belachew et al., 2011), causing similar clusters of rift-aligned seismicity. The SNR at

nearby stations was not of high enough quality to perform a frequency analysis to eval-

uate the spectral content.

The locus of catalogue seismicity then steps en-echelon to the northeast where there

is a region of clustered seismicity (562 earthquakes), between the Tat-Ale and Erta-Ale

magmatic segments (the Giulietti Plain, Figure 4.2b). The seismicity here features some

of the largest magnitude events in the region (ML 4.2) and is characterised by high fre-

quency events (Figure 4.6). Continuing northward, seismic activity is focused along the
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Figure 4.8: Calculated focal mechanisms at the western marginal graben. 26 out of
31 focal mechanisms show normal faulting with an NEE-SWW direction of extension.
Stereonet displays the P and T axes for calculated focal mechanisms, density contours
represent the 90%–95% Kamb density contours. Focal mechanisms are classified by the

plunge of the T, B and P axes (Kaverina et al., 1996; Álvarez-Gómez , 2014).

Erta-Ale magmatic segment, 885 earthquakes form a rift-aligned pattern with individual

clusters at Erta-Ale, Alu-Dalufilla and Dallol. Magnitudes range from 1.1 to 3.9, with

the majority of events occurring at shallow depths (<2 km; Figure 4.11).

There is a particular focus of seismicity at the Alu-Dalafilla volcanic complex; 554 earth-

quakes occurred beneath the volcano. Seismicity here exhibits a pulsing swarm-like

behaviour with an increase in activity in mid-2012: 368 earthquakes occurred between

April 2012 and November 2012 (Figure 4.9). The majority of the FI classified seismicity

at Alu-Dalafilla is classified as low-frequency and occurs in a cluster of 29 events at ∼12
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Figure 4.9: Number of earthquakes through time at the Alu-Dalafilla volcanic complex
and the western marginal graben, full catalogue in grey (4951 earthquakes), FI classified
earthquakes are coloured (1191 earthquakes). Rate of seismicity is fairly consistent at
the western marginal graben, whereas Alu-Dalafilla shows a clear swarm behaviour.

km depth (Figures 4.6, 4.9, 4.10). The deeper low-frequency events form a roughly cir-

cular structure ∼10 km in diameter where most of the seismicity clusters (Figures 4.10,

4.13). The Erta-Ale magmatic segment is responsible for a seismic moment release of

∼ 7×1015 Nm during the study period, amounting to ∼64% of the total seismic moment

release in the region. The seismic moment release at Alu-Dalafilla is dominated by the

deep (∼12 km) earthquakes (Figure 4.11).

A large proportion of the catalogue seismicity (1429 events) is focused at the western

marginal graben, at the foot of the Oligo-Miocene border fault system (Figure 4.7). This

area has been active historically (Gouin, 1979), with the most recent documented earth-

quake sequence during August, 2002 (Ayele et al., 2007; Belachew et al., 2011). The rate

of seismicity at the western marginal graben does not vary significantly through time

(Figure 4.9) and the FI classified earthquakes are almost exclusively high frequency

events (Figure 4.6). Earthquakes are generally focused in the upper 5 km but extend

to over 20 km depth in both the full catalogue and relocated earthquakes (Figures 4.11,
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Figure 4.10: Along-axis section through the Erta-Ale magmatic segment with earth-
quakes that are FI classified. Crustal thickness and velocities are taken from the
seismic refraction survey of Makris and Ginzburg (1987). low-frequency earthquakes

are interpreted to indicate a lower crustal magmatic complex.

4.13). Magnitudes here range from 0.36–3.77 ML. The seismic moment release at the

western marginal graben amounts to ∼ 4× 1015 Nm. Over 80% of the calculated focal

mechanisms at the margin represent normal faulting, the majority of which is consistent

with extension oriented ENE-WSW. Using the 745 relocated events, seismicity on the

margin shows a clear, westward dipping structure, that is antithetic to the dominate

dip-direction of the Oligo-Miocene border faults, which dip towards the rift axis. This

seismically active structure is oriented roughly N-S and is ∼50 km in length (Figure 4.7).

4.5 Discussion

Seismic activity at the Erta-Ale magmatic segment accounts for ∼64% of the seismic

moment release in the Danakil Depression over the period of our study (Figure 4.12).

Although a large proportion of the seismicity occurs at shallow depths (<2 km), a sig-

nificant amount of activity occurs at ∼10–12 km depth (Figure 4.11). In addition the

seismicity rate through time indicates swarm activity with a period of increased seis-

micity from April 2012 to September 2012 (Figure 4.9). The seismicity at the Erta-Ale

volcanic range is dominated by activity at the Alu-Dalafilla volcanic complex (Figure

4.3). Through frequency analysis we show that seismicity beneath Alu-Dalafilla features
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a high proportion of low-frequency earthquakes (Figures 4.6, 4.10). Low-frequency seis-

micity typically has a frequency range of 0.5–5 Hz and generally consists of a sudden,

broadband onset followed by decaying harmonic signals (Chouet , 1996). Low-frequency

earthquakes at volcanic systems can be produced by acoustic waves, propagating within

a fluid filled crack (Aki et al., 1977; Chouet , 1986; Chouet and Matoza, 2013). We there-

fore interpret that the low-frequency earthquakes beneath Alu-Dalafilla are caused by

magma movement in a previously unidentified reservoir at ∼12 km depth (Figures 4.10,

4.13).

Figure 4.11: Comparison of the depth distribution of earthquakes and seismic moment
at the western marginal graben and Erta-Ale magmatic segment. Earthquakes taken

from the full catalogue of 4951 earthquakes.

Through modelling of ground deformation, Pagli et al. (2012) have shown that there

is a magma chamber at ∼4 km depth beneath Alu-Dalafilla with an associated sill at

1 km depth, which was the source of the 2008 fissure eruption. We propose that the

shallow dyke and sill complex at Alu-Dalafilla are fed by a lower crustal magma reser-

voir identified in our study. This is likely fed aseismically from the mantle and would
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suggest a stacked sill reservoir system such as that proposed at Eyjafjallajökull and

Bárdarbunga, Iceland (Sigmundsson et al., 2010; Tarasewicz et al., 2012; Hudson et al.,

2017) and beneath the Dabbahu-Manda-Hararo magmatic segment (Desissa et al., 2013;

Hammond , 2014). The inferred magma plumbing system is similar to those proposed

at slow-spreading ocean ridges (Carbotte et al., 2013; Jian et al., 2017; Schmid et al.,

2017). This suggests that such structures may form during continental rifting and persist

through to seafloor spreading. This supports the model proposed by Gallacher et al.

(2016) that segmented mantle-upwelling, typical of mid-ocean ridges, initiates during

continental rifting.

It is interesting to note that we observe very little seismic activity and we detect no

low-frequency seismicity beneath Erta-Ale volcano, consistent with previous short-term

seismic experiments (Harris et al., 2005; Jones et al., 2012). Erta-Ale is an extremely

active volcano, maintaining a persistent lava lake and hosting frequent eruptions (Field

et al., 2012; Vergniolle and Bouche, 2016). Analysis of SO2 flux, in March 2003, suggest

a magma supply rate of 350–650 kg/s (Oppenheimer et al., 2004), however this may not

be indicative of the current magma flux. Further, the low form of the basaltic shield com-

plex indicates that it is actively broadening through dyke intrusion. We see no evidence

in the seismicity for a magma conduit beneath Erta-Ale (Figure 4.10). It may be that

magma replenishment did not occur during the two-year period of this study, however

this seems unlikely given the high supply rate. Another possibility could be that the

seismic activity associated with magma replenishment lies below the detection threshold

of our catalogue which is complete to magnitude 2.0 ML (Illsley-Kemp et al., 2017a).

Erta-Ale is an open magmatic system, where changes in magma chamber pressure can

be relieved by changes in lava lake level (Vergniolle and Bouche, 2016) and it is also

likely that the crust beneath Erta-Ale is hot and/or contains a high melt percentage.

Both characteristics would inhibit the buildup of stress required for brittle failure, as

observed at Askja volcano, Iceland (Greenfield et al., 2016).

While strain continues to be focused at the Erta-Ale magmatic segment the intense
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Figure 4.12: Comparison of the seismic moment release through time at the western
marginal graben and Erta-Ale magmatic segment. Earthquakes taken from the full

catalogue of 4951 earthquakes.

seismicity at the western marginal graben marks a distinct change in how strain is dis-

tributed in comparison to the rest of Afar and the MER. This pattern of increased

seismicity at the western margin of the Danakil depression is also observed in the 2007–

2009 study of Belachew et al. (2011) and the NEIC earthquake catalogue (Keir et al.,

2013) (Figure 4.2). Seismicity at the western marginal graben accounts for ∼36% of the

seismic moment release in the Danakil depression (Figure 4.12). The majority of this

seismicity is focused in the upper crust and occurs at a consistent rate through time

(Figures 4.9, 4.11). This suggests that the seismicity at the western marginal graben is

tectonic (i.e. non-volcanic) in origin, and that it accounts for a significant proportion

of the deformation in the Danakil depression. This constitutes a change from the Main

Ethiopian rift, southern Afar, and the Eastern Branch where the border fault system

and rift margins have become inactive and the majority of extension and seismicity is

focused at the rift axis (Keir et al., 2006a; Ebinger and Casey , 2001; Wolfenden et al.,

2005; Weinstein et al., 2017).

The seismicity at the western marginal graben appears to occur in a region of over-

lapping margin bounding faults (Figure 4.7). Where these faults overlap, seismicity

appears to occur on both faults (Figure 4.7b). Further to the north (Figure 4.7c), the
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seismicity occurs along a west-dipping structure and correlates at the surface with the

west-dipping eastern fault scarp of the marginal graben (Stab et al., 2016; Sembroni

et al., 2017). What remains unclear, however, is how and at what depth the eastward

and westward-dipping structures intersect. Stab et al. (2016) use balanced cross sections

to suggest that antithetic, west-dipping faults dominate the western rift margin and

extend to ∼15 km depth. We propose that the seismicity at the western rift margin is

predominantly occurring on the west-dipping fault which bounds the eastern side of the

marginal graben. The westward dipping seismicity that we observe may not be charac-

teristic of continental rifting as presumably the eastward dipping, western fault scarp

of the marginal graben will be seismically active at different points in time. Similar

‘landward’ dipping structures have been identified in active continental rifts (Hatzfeld

et al., 2000; Lambotte et al., 2014) and rifted margins worldwide (Pindell et al., 2014;

Geoffroy et al., 2001; Quirk et al., 2014; Becker et al., 2016; Stica et al., 2014).

Figure 4.13: Cross section through the Danakil depression. The seismicity clearly
shows that extension is distributed between the rift axis, where magmatic activity is
prevalent, and the western marginal graben. The rift margin seismicity occurs pre-
dominantly on the west-dipping, eastern fault scarp of the marginal graben. Seismicity
extends to at least ∼20 km depth. Crustal thickness across the rift is estimated from
gravity inversions (dashed line) and receiver functions (purple squares) (Tiberi et al.,
2005; Hammond et al., 2011). Relocated earthquakes at the western marginal graben

(red), with the full catalogue (pink). FI classified earthquakes at the rift-axis.

In northern Afar, there is a marked increase in the amount of Quaternary-Recent basaltic

volcanism at the surface (Bastow and Keir , 2011). This increase in basaltic volcanism

and 30 My of magma intrusion has increased the density of the Afar crust relative to the

less extended Ethiopian plateau, as indicated by seismic and gravity data (Makris and



Chapter 4 Seismicity During Continental Breakup in the Red Sea Rift of Northern
Afar 75

Ginzburg , 1987; Tiberi et al., 2005). Tiberi et al. (2005) show a steep Bouguer gravity

anomaly gradient across the western rift margin which reflects the combined effects of

a decrease in crustal thickness and increase in crustal density into the Afar depression.

This strong density contrast at the rift margin may cause flexural faulting (Tesfaye et al.,

2003; Wolfenden et al., 2005; Buck , 2017) which would explain the increase in seismic

activity at the western rift margin.

An alternative explanation of the seismicity at the western marginal graben is that it is

caused by faulting associated with enhanced crustal thinning beneath the Danakil de-

pression. The crust rapidly thins from ∼27 km beneath Dabbahu and southern Afar to

<15 km beneath the Danakil depression (Makris and Ginzburg , 1987; Hammond et al.,

2011). The stratigraphy in the Danakil depression is characterised by ∼3 km of Pliocene-

Recent evaporites and basaltic flows (Hutchinson and Engels, 1972). Bastow and Keir

(2011) used these observations of crustal thinning and young sediments to suggest that

this region is undergoing a stage of enhanced crustal thinning. This increase in mechan-

ical extension of the crust, at the expense of magmatically accommodated extension,

is expected to lead to an increase in extensional faulting. In this sense, extension in

the Danakil region would now be distributed between the magmatically accommodated

extension at the rift axis (Pagli et al., 2012; Nobile et al., 2012), and brittle extension

at the western margin. The orientation of calculated focal mechanisms at the western

marginal graben suggest that the extension here is oriented E-W (Figure 4.8).

The rifting mechanics of the Danakil depression differ to other regions of rifting world-

wide. Seismicity and GPS measurements from the actively extending Gulf of Corinth

show that extension is currently accommodated by a seismically active, immature de-

tachment fault, which underlies the entire rift at 5–10 km depth, and by non-elastic,

aseismic deformation at greater depths beneath the rift axis (Lambotte et al., 2014). We

see similarities with the Woodlark Basin, Papua New-Guinea, which is a region of highly

extended crust, transitioning to seafloor spreading. Seismicity in the Woodlark Basin
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remains concentrated on basin bounding faults extending to 20–40 km depth. This seis-

micity then focuses at the rift-axis once seafloor spreading initiates (Abers et al., 2016).

Observations from the Woodlark Basin therefore complement the findings of our study

and suggest that rift-bounding faults remain seismically active in the final stages of con-

tinental breakup.

It may be that the seismic moment release rate between 2011–2013 is not represen-

tative of the long-term seismicity of northern Afar. We can compare our data to the

long-term seismic catalogue from the National Earthquake Information Center (NEIC),

which covers the past 40 years. Using the available ∼40 year catalogue we find that the

seismic moment release rates at the marginal graben and Erta-Ale segment are 1× 1016

Nm/yr and 4.7× 1015 Nm/yr respectively. The seismic moment release rate calculated

for the Erta-Ale segment in this study (2011–2013) therefore appears to agree with the

∼40 year seismic catalogue. The seismic moment release rate at the western marginal

graben presented in this study is ∼5 times less than the long-term release rate. This

difference in seismic moment release is equivalent to a magnitude 4.5 earthquake. In

the study period, we did not record any earthquakes >3.8 ML at the marginal graben,

however earthquakes of this magnitude are not uncommon with 11 >4.5 ML earthquakes

occurring over the past 40 years. We therefore suggest the difference in seismic moment

release rate between this study and the long-term catalogue is due to the relatively short

time duration of the study.

In other regions of the East African rift system the seismic moment release rate tends

to be inversely proportional to the amount of magmatism. For example, the Main

Ethiopian rift has seismic moment release rates of ∼ 1 × 1016 Nm/yr, over a 100 km

long segment (Déprez et al., 2013), comparable to the Danakil region. However, for

regions of the EAR that are less tectonically developed, such as the Western Branch,

seismic moment release rates are significantly higher (1 × 1018 Nm/yr over a 100 km

long segment).
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In the past 13 years, there have been three observed dyke intrusions within the Danakil

depression, in 2004 at Dallol (Nobile et al., 2012), in 2008 at Alu-Dalafilla (Pagli et al.,

2012) and in 2017 at Erta-Ale (Xu et al., 2017). We calculate the total aseismic, geode-

tic release caused by these intrusions and calculate an approximate dyke accommodated

geodetic moment release rate of 1.9 × 1017 Nm/yr. This suggests that a large propor-

tion of tectonic extension is accommodated through dyke intrusions at the rift axis, a

similar finding to the Main Ethiopian rift (Bendick et al., 2006). However, the Danakil

depression hosts many large faults and features thick, young sediments, suggesting that

rifting in the Danakil region is associated with upper crustal extension (Bastow and

Keir , 2011; Keir et al., 2013). This suggests that the large earthquakes which accom-

modate upper crustal extension are not sampled by the 2011–2013 dataset or the ∼40

year seismic catalogue. The largest earthquake to occur at the rift axis in the last 40

years was a Mw 5.5 earthquake in 2004 (Nobile et al., 2012). This earthquake occurred

in the Dallol region and is thought to have been induced by an accompanying dyke in-

trusion (Nobile et al., 2012). Large upper crustal earthquakes were also observed during

the 2005–2010 Dabbahu dyke intrusion (Grandin et al., 2011). This suggests that the

large earthquakes which accommodate upper crustal extension are induced by dykes. In

the inter-dyke period, crustal extension is accommodated by seismicity, but the amount

of crustal extension is minimal when compared to the extension accommodated during

dykes and their associated seismicity. In this manner, we suggest that extension in the

Danakil region may occur in an episodic manner.

4.6 Conclusion

We use a new catalogue of over 4951 local earthquakes in the Danakil region of northern

Afar to show that seismicity is focused at both the rift axis, and the western marginal

graben (Figure 4.3). Through analysing the frequency content of 1191 earthquakes we

have shown that seismicity at the Alu-Dalafilla volcanic complex, at the rift axis, is dom-

inated by low-frequency seismicity indicative of magmatic processes (Figures 4.6, 4.10).

In contrast seismicity at the western marginal graben is exclusively of high frequency
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spectral content, suggesting that tectonic deformation is dominant here. Calculated

focal mechanisms reveal that the seismicity at the western margin is characterised by

normal faulting, generally consistent with E-W extension (Figure 4.8). We then relo-

cated the western margin earthquakes and greatly reduce the hypocentral errors on 745

events, revealing a west-dipping structure that extends to at least 20 km depth and

represents the eastern fault scarp of the marginal graben (Figure 4.13). The presence of

significant seismicity at the western margin of the Danakil region is in contrast to less

developed continental rifts, such as the MER, where seismicity is focused almost exclu-

sively at the magmatic segments at the rift axis. The Danakil depression is underlain

by a crust that is significantly thinner (∼15 km) than central Afar (∼30 km). The age

of basin sediments (Pliocene-Recent) within the Danakil depression suggests that it is

undergoing a stage of enhanced crustal thinning and voluminous basaltic magmatism,

resulting in a high-density crust within the rift. We propose that the seismicity at the

western marginal graben is either a result of flexural faulting due to the density contrast

between the rift and plateau, or that the seismicity is caused by faulting that accommo-

dates enhanced crustal thinning while magmatic extension remains focused at the rift

axis.
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Northern Afar

Abstract

Studies that attempt to simulate continental rifting and subsequent breakup require de-

tailed knowledge of crustal stresses, however observational constraints from continental

rifts are lacking. In addition, a knowledge of the stress field around active volcanoes can

be used to detect sub-surface changes to the volcanic system. Here we use shear wave

splitting to measure the seismic anisotropy of the crust in northern Afar, a region of

active, magma-rich continental breakup. We combine shear wave splitting tomography

with modelling of gravitational and magmatic induced stresses to propose a model for

crustal stress and strain across the rift. Results show that at the Ethiopian plateau,

seismic anisotropy is consistently oriented N-S. Seismic anisotropy within the rift is gen-

erally oriented NNW-SSE, with the exception of regions north and south of the Danakil

depression where seismic anisotropy is rift-perpendicular. These results suggest that

79
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the crust at the rift axis is characterised by rift-aligned structures and melt inclusions,

consistent with a focusing of tectonic extension at the rift axis. In contrast, we show

that at regions within the rift where extension rate is minimal the seismic anisotropy is

best explained by the gravitationally induced stress field originating from variations in

crustal thickness. Seismic anisotropy away from the rift is controlled by a combination of

inherited crustal structures and gravitationally induced extension whereas at the Dab-

bahu region we show that the stress field changes orientation in response to magmatic

intrusions. Our proposed model provides a benchmark of crustal stress in northern Afar

which will aid the monitoring of volcanic hazard. In addition we show that gravitational

forces play a key role in measurements of seismic anisotropy, and must be considered

in future studies. We demonstrate that during the final stages of continental rifting

the stress field at the rift axis is primarily controlled by tectonic extension, but that

gravitational forces and magmatic intrusions can play a key role in the orientation of

the stress field.

5.1 Introduction

The transition from continental rifting to seafloor spreading is a fundamental stage of

plate tectonics; yet the mechanisms behind it have remained poorly constrained. Many

studies which attempt to understand continental rifting have used numerical models

(e.g., Brune et al., 2016); analogue models (Corti et al., 2003) or reconstructions of

rifted passive margins (e.g., Pindell et al., 2014). Such studies require an understand-

ing of how extension and stress are oriented across a continental rift. In recent years,

studies have shown that extension migrates away from rift margins and focuses at rift

axes through magmatically accommodated extension (Ebinger et al., 2013). However,

the orientation of extension from rift margin to rift axis in the final stages of conti-

nental breakup remains poorly constrained. In addition, continental rifts typically host

considerable volcanic activity that threatens local populations (e.g., Hutchison et al.,

2016). The stress field that acts on a volcano has a profound effect on the orientation

of fissure eruptions (Wadge et al., 2016) and any changes in the local stress field around

the volcano may act as an indicator of an impending eruption (Gerst and Savage, 2004).
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Therefore an understanding of extension and the associated stress field during continen-

tal rifting is crucial for volcanic hazard assessments.

An ideal location to study the stress field during continental breakup is the Danakil de-

pression of northern Afar (Figure 5.1). In this study we use shear-wave splitting of local

earthquakes to measure strain and interpret the stress field at a late stage continental

rift. This allows us to gain a deeper understanding of continental rifting, providing ob-

servational constraints for future studies of rifting and volcanic hazards.

5.2 Background

5.2.1 Tectonic Background

The Afar depression lies at the triple junction between the Main Ethiopian rift (MER),

the Red Sea rift and the Gulf of Aden (Tesfaye et al., 2003) (Figure 5.1). Rifting in

Afar first involved the separation of Arabia and Africa and has been geochronologically

dated as commencing ∼29–31 Ma (Wolfenden et al., 2005), with extension oriented NE-

SW and initially accommodated on large (>50 km) border faults. Between 25 and 20

Ma, extension in northern Afar migrated away from the border faults and focused at

rift aligned, axial volcanic segments (Wolfenden et al., 2005). This change in extension

mechanism is characterised by a focusing of seismicity and volcanic activity at the rift

axis (Wolfenden et al., 2005).

The Danakil depression is a ∼200 km long 50–150 km wide basin situated in the north-

ernmost Afar depression (Figure 5.1b). It lies predominantly below sea level but is

currently sub-aerial. The crust beneath the Danakil depression thins dramatically from

∼27 km in central Afar to <15 km at the Danakil depression (Hammond et al., 2011;

Makris and Ginzburg , 1987). This is in stark contrast to the Ethiopian plateau, in the

west, which has a ∼38 km thick crust (Hammond et al., 2011). Due to the low elevation



82
Chapter 5 Extension and Stress During Continental Breakup: Seismic Anisotropy of

the Crust in Northern Afar

39˚ 40˚ 41˚ 42˚

12˚

13˚

14˚

15˚

−1000 0 1000 2000 3000 4000

m

Seismometer

10 mm/yr

km

2 3 4 5
Magnitude

(a)
39˚ 40˚ 41˚ 42˚

12˚

13˚

14˚

15˚

0 50

12˚

13˚

14˚

15˚

−1000 0 1000 2000 3000 4000

m

Ethiopian
Plateau

Red Sea

Danakil Block

Topography

(b)

km

0 50

Volcano

Erta−Ale

Gada−Ale

Dallol

Alu−Dalafilla

Alayta

Nabro
Afdera

Tat−Ale

Alid

Dabbahu Segment

Bidu Complex

Danakil Depression 

Tendaho Goba’ad Discontinuity

Giulie
tti

Plai
n

38˚ 40˚ 42˚ 44˚

8˚

10˚

12˚

14˚

Afar Depression
Somalia

Ethiopia

Yemen

MER

Eritrea

Djibouti

Figure 5.1: The Danakil depression of northern Afar. (a) Red circles are earthquakes
recorded between 2011–2013, with horizontal errors <5 km (Illsley-Kemp et al., 2017a,
2018). Blue inverted triangles are seismometers deployed between 2011-2013. GPS
velocities taken from McClusky et al. (2010) show the NE-SW regional extension. (b)
Orange triangles are active volcanoes. Volcanic segments shown in red (Wolfenden
et al., 2005). Bottom left inset: The Afar depression, located at the triple junction
between the Main Ethiopian rift (MER), the Red Sea rift and the Gulf of Aden rift.
Political boundaries shown with black lines. Topography data taken from NASA’s

Shuttle Radar Topography Mission.
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of the Danakil depression, repeated marine incursions mean the surface geology largely

consists of thick layers of evaporites (Barberi and Varet , 1970). The NNW-SSE trending

Erta-Ale volcanic range dominates the depression, and is the focus for the majority of

Quaternary to Recent basalts in Afar (Bastow and Keir , 2011). Recent volcanic ac-

tivity includes a fissure eruption at Alu-Dalafilla volcano in 2008, which was oriented

sub-parallel to the rift axis (Pagli et al., 2012). The Erta-Ale range acts as the magmatic

rift axis within the Danakil depression; further to the south the rift axis steps en echelon

to the southwest to the Dabbahu volcanic segment. The Dabbahu segment underwent a

major dyke intrusion episode from 2005–2010, which consisted of 14 large volume dykes

(Belachew et al., 2011; Ebinger et al., 2010; Wright et al., 2006). To the east of the

Danakil depression, straddling the Ethiopian-Eritrean border, is the NE-SW trending

Bidu volcanic complex, which consists of two calderas Nabro and Dubbi (Figure 5.1b).

In 2011 Nabro underwent a major eruption of VEI 4, which killed 7 people and displaced

over 12000 people (Goitom et al., 2015).

5.2.2 Sources of Crustal Seismic Anisotropy

In this study we use local, crustal earthquakes and thus our measurements of seismic

anisotropy are strictly limited to the crust. As extension is focused and aligned in the

upper crust of the Danakil depression, stress induced dilatancy of micro cracks will in-

duce seismic anisotropy (Crampin, 1994); such that the anisotropy direction (φ) aligns

with the maximum horizontal stress (SHmax) (Hudson, 1981). In an extensional regime

the minimum horizontal compressive stress (SHmin) corresponds to the minimum com-

pressive stress (S3). In contrast, SHmax corresponds to the intermediate compressive

stress (S2). In the absence of a strong regional stress field, anisotropy can also be caused

by aligned features within the crust. The alignment of crustal structures such as fault

zones will induce seismic anisotropy that is parallel to these faults (Boness and Zoback ,

2006). Faults in the crust of Afar generally trend perpendicular to the orientation of ex-

tension, however there are local variations in the surface faulting, particularly in central

Afar (Figure 5.2).
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Figure 5.2: Structural map of the Afar depression, showing fault traces from central
Afar (Manighetti et al., 2001) and northern Afar. Major surface, Pliocene-Recent faults

are in red. Fault traces are available in the supplementary material.

The alignment of magmatic intrusions and melt within the crust will also produce ob-

servable seismic anisotropy (Kendall et al., 2005; Dunn et al., 2005). The Afar depression

has been the focus of repeated dyke intrusions and ongoing volcanic activity (Pagli et al.,

2012; Wright et al., 2006). It can therefore be expected that these features will affect

the seismic anisotropy in the region. Magmatic activity is focused at the rift axis and

is generally aligned with regional SHmax. Therefore it can be difficult to distinguish

between anisotropy induced by the extensional stress field and anisotropy due to aligned
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magmatic features.

The presence of aligned fabrics within the basement rock of the Afar depression may

also influence the seismic anisotropy. Exposures of basement foliation and Proterozoic

ophiolite formations have been used to suggest the presence of N to NE oriented sutures

within the East African basement (Berhe, 1990). These features are not exposed within

the Afar depression, and thus interpretation of basement fabrics within the Afar depres-

sion must be performed with caution. However, if it is assumed that the N-NE trend

observed elsewhere in East Africa also exists in the Afar depression, then associated

seismic anisotropy would align parallel to these features (e.g., Keir et al., 2011).

Our study uses local earthquakes that are confined to the crust, and thus any measure-

ments of seismic anisotropy originate from the crust. However, knowledge of fabrics

in the mantle beneath the Afar depression may be important for an understanding of

underlying fabrics the region. Hammond et al. (2014a) show that anisotropy in the

mantle beneath the Afar depression is stratified into two layers. In the shallow man-

tle, there is little anisotropy beneath the Afar depression, suggesting that melt has

no preferential alignment. In the deeper mantle, anisotropy shows a consistent NE-SW

orientation, which is interpreted to represent a broad mantle flow towards the northeast.

5.3 Data and Methods

5.3.1 Seismic Data

The seismic network was comprised of eleven stations in Ethiopia, active for two years

between February 2011 and February 2013. This was supplemented by a network of

three stations in Eritrea active between June 2011 and October 2012 (Figure 5.1a, Ta-

ble 1). The resulting combined network consisted of eighteen Güralp CMG-3ESPCD
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instruments and four Güralp CMG-6TD instruments that all recorded continuous seis-

mic data at 50 Hz. Earthquakes were picked manually for both P and S waves and

events were located with NonLinLoc (Lomax et al., 2000). We used a two-dimensional

velocity model based on controlled source experiments and receiver functions (Hammond

et al., 2011; Makris and Ginzburg , 1987). This resulted in a total of 4951 earthquakes,

in a catalogue complete above magnitude 2.0, where magnitudes are calculated using

a region-specific local magnitude scale (Illsley-Kemp et al., 2017a). Here we show only

those earthquakes with horizontal errors less than ±5 km (Figure 5.1a).

5.3.2 Shear Wave Splitting

Once we have a catalogue of manually picked S-waves, we apply the Multiple Filter

Automatic Splitting Technique Version 2.2 (MFAST) developed by Savage et al. (2010).

This method is based on the method of Silver and Chan (1991), which minimises the

eigenvalue of the covariance matrix of horizontal particle motion by performing a grid

search over a range of fast directions (φ) and delay times (δt).

MFAST uses the method of Teanby et al. (2004) and develops it further to allow the au-

tomatic classification of the quality of the measurement. MFAST trials a set of 14 filters

over a window surrounding the S-wave pick and determines the three most preferable

filters by evaluating signal-to-noise ratio and the filter bandwidth. These three filters

are then used to apply the Silver and Chan (1991) splitting measurement over multi-

ple windows. This has the advantage of avoiding the additional subjectivity of window

definitions. Cluster analysis is then performed on these measurements in order to select

the most reliable measurement. Further to the analysis of clustering, MFAST rejects

measurements from waveforms that have an unclear linearity in incoming polarisation by

analysing the smallest and largest eigenvalues. The rigorous quality analysis of MFAST

removes any unintentional bias that is associated with manual methods. For further

details on the MFAST method, see Savage et al. (2010).
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Table 5.1: Seismic anisotropy results for individual stations (Figure 5.4). Circular
mean anisotropy orientation (Φ) given in degrees clockwise from north. Standard error
(±Φ) is the circular standard deviation. Average delay time at each station (δt) given

in seconds.
Station Latitude Longitude Elev. (m) Num. Meas. Φ (◦) ±Φ (◦) δt (s)

ABAE 13.353 39.764 1447 299 25.1 3.0 0.18
AFME† 13.204 40.858 58 178 25.9 7.4 0.33
CAYE 14.862 39.305 2435 25 10.8 6.7 0.17
DALE 14.229 40.218 -97 176 -17.7 4.8 0.23
DOLE 15.097 39.981 88 119 50.5 4.6 0.14
ERTE† 13.446 40.497 -5 110 -80.3 2.3 0.09
GALE 13.725 40.394 -87 70 -35.6 7.6 0.27
GULE 13.694 39.589 2025 92 -1.0 3.6 0.19
HITE† 13.101 40.317 566 321 17.2 6.5 0.15
IGRE 12.253 40.461 675 42 88.0 3.2 0.09
KOZE 12.495 40.985 543 29 7.25 9.3 0.06
SAHE 12.040 40.977 365 58 42.9 5.5 0.22
TIOE 14.655 40.867 43 79 27.8 11.8 0.19
TRUE 12.481 40.315 381 8 27.8 3.7 0.14
†Stations with a bipolar anisotropy distribution.

We use the incidence angles calculated from NonLinLoc in order to restrict the earth-

quake raypaths we analyse to the shear-wave window. The shear-wave window is defined

by the vertical cone beneath the seismic station bound by sin−1(VS/VP ). By limiting the

incoming raypaths to this window we remove any potential effect of phase conversions at

the surface (Booth and Crampin, 1985). We find that due to high velocity gradients near

the surface, largely due to sedimentation, a high proportion of the earthquakes fulfil the

shear-wave window criteria. The resulting incidence angles range from 59.1◦ to 90◦ from

horizontal, with an average incidence angle of 75.7◦ from horizontal. We choose to only

interpret splitting measurements that were classed as A-grade by MFAST. This resulted

in a total of 888 measurements across the network from 636 individual earthquakes (Ta-

ble 5.1, Figure 5.4). Seismic anisotropy is accrued along the raypath of the earthquake,

thus measurements are taken at or above the earthquake depth. Over 78% of the anal-

ysed earthquakes occur in the upper 20 km of the crust, thus seismic anisotropy results

represent the mid to upper crust. The depth distribution of the analysed events is shown

in Figure 5.3.
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Figure 5.3: Depth distribution of the analysed earthquakes showing a predominance
of events at depths <20 km and no clear dependance of δt with source depth. Seismic
anisotropy results (Table 1) are therefore likely to be dominated by anisotropy within
the mid to upper crust. Crustal thickness values for the Ethiopian plateau and Danakil

depression taken from Hammond et al. (2011) and Makris and Ginzburg (1987).

5.3.3 Shear Wave Splitting Tomography

To better understand the spatial distribution of seismic anisotropy we use the two-

dimensional splitting tomography method of Johnson et al. (2011). This method as-

sumes that δt is accrued along the entire path length in a homogenous sense. It also

assumes that there is no depth dependence of anisotropy. The region is placed in an

initial grid which is then iteratively divided, using a quad-tree method (Townend and

Zoback , 2004), into increasingly smaller blocks based on the ray path density (Figure

5.5a). We place the constraint that each block must contain at least 10 and a maximum

of 65 rays.

In order to determine the minimum scale of features that we can resolve with our dataset

we performed a checkerboard test. We input a checkerboard with alternating anisotropy
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Figure 5.4: Rose diagrams of seismic anisotropy measurements. Only measurements
graded as A quality are displayed. Average anisotropy orientation (Φ) scaled for average
delay time (δ) plotted at each station. Table 1 gives the number of measurements and

the average anisotropy orientations for each station.

strength values of 0.01 km/s and 0.02 km/s and adding random noise drawn from a

standard normal distribution (Johnson et al., 2011). We set the minimum checkerboard

block size to be 20 km2 and performed the inversion with the same quad-tree grid de-

scribed above. We then use the residual between the input checkerboard and inversion

output to examine the regions in which we have resolution. Figure 5.5b shows that we
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Figure 5.5: (a) The raypath coverage for the shear wave splitting tomography, red
circles indicate earthquakes that yielded shear-wave splitting measurements. The region
is divided into a grid based on ray density, with a minimum block size of 20 km2. White
grid blocks do not contain sufficient rays to perform calculation. (b) Checkerboard
residuals for the shear wave splitting tomography. We only interpret regions with a

residual <0.005 km/s and have excellent resolution in the Danakil depression.

have a residual of less than 0.005 km/s for the majority of the Danakil depression and

western rift margin. We only interpret regions within the residual contour of 0.005 km/s.

Our final tomography results are shown in Figure 5.6.

5.3.4 Gravitational Modelling

Northern Afar features dramatic changes in both topography and crustal thickness. The

Ethiopian plateau has elevation above 3 km and crustal thickness of ∼38 km, whereas the

Danakil depression lies beneath sea level and has a crust of ∼15 km thickness (Hammond

et al., 2011; Makris and Ginzburg , 1987). The density of the crust in northern Afar is

poorly constrained, gravity observations (Tiberi et al., 2005) suggest that the density

of the crust increases from the plateau to the rift which likely reflects an increase in



Chapter 5 Extension and Stress During Continental Breakup: Seismic Anisotropy of
the Crust in Northern Afar 91

Figure 5.6: Shear wave splitting tomography results. Red rose diagrams are
normalised, spatial averages of anisotropy orientations, yellow bars show the mean
anisotropy orientation. Rose diagrams are plotted in the centre of each grid block

(Figure 5.5a). Shaded areas indicate regions outside of resolution.

intrusive magmatism within the rift. These variations in crustal thickness and density

will induce gravitational forces that contribute to the stress field. Araragi et al. (2015)

showed that the gravitational stress around Mt. Fuji is sufficient to alter the orientation

of seismic anisotropy, it is therefore plausible that the seismic anisotropy in northern

Afar may be affected in a similar manner. We use an implementation of the Flesch

et al. (2001) method (Hirschberg et al., In Review), to model the vertically averaged,
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gravity-induced, deviatoric stress field in northern Afar. We model the deviatoric stress

by solving the force balance equation, equating stress to the force due to gravity, and

seek the minimum stress magnitude solution, corresponding to the deviatoric stress due

to gravity (Flesch et al., 2001; Hirschberg et al., In Review). The force due to gravity

is represented by the vertically-averaged gravitational potential energy (GPE). GPE is

calculated from the density structure of the region and is given by the formula (England

and Houseman, 1986; Molnar and Lyon-Caen, 1988):

GPE =
1

L

∫ L

−h

∫ z

−h
ρ(z′)gdz′dz, (5.1)

where ρ is the density, g the acceleration due to gravity and h the elevation. L is the

thickness of the layer over which GPE (and, thus, the deviatoric stress due to gravity)

is averaged; here, we use a thickness of 100 km. We use densities of 2760 kg m−3 for the

crust at the Ethiopian plateau and Danakil block, 2890 kg m−3 for the crust within the

rift, and 3200 kg m−3 for the mantle (Tiberi et al., 2005). These were combined with

measurements of crustal thickness (Hammond et al., 2011; Makris and Ginzburg , 1987)

to determine the density structure used in Equation 5.1. We perform the calculations at

20 km spacing to provide the modelled full tensor of the deviatoric stress due to gravity,

averaged to a depth of 100 km, including the principal axes and the SHmax direction

(Figure 5.7a).

5.4 Results and Discussion

The average delay time of 0.19 s (Table 1), concentrated in the upper 20 km of the crust

(Figure 5.3), requires 4% anisotropy, which is consistent with previous measurements

from the Afar region (Keir et al., 2011). However, we do not see any consistent pattern

in distributions of delay time (δt), an observation that is consistent with other studies

(e.g., Gerst and Savage, 2004) and may be due to scattering (Aster et al., 1990). We

therefore base our interpretations solely on variations in anisotropy orientation (φ). Seis-

mic anisotropy results show a consistent N-S orientation on the western rift flank and
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Figure 5.7: (a) The gravitationally induced deviatoric stress field in the Danakil
region. The high topography of the Ethiopian plateau promotes an E-W oriented
extension and compression within the Danakil depression that rotates from E-W at the
Erta-Ale segment to NE-SW at the northern Danakil depression. (b) Residual between
the modelled gravitation SHmax and observed tomography results. We see excellent
agreement on the Ethiopian plateau and northern Danakil depression (40◦E, 15◦N).

margin (Figures 5.4, 5.6). The orientation of anisotropy changes to a NNW-SSE trend

within the Danakil depression. In contrast, seismic anisotropy north of the Danakil

depression is oriented perpendicular to the rift, NE-SW. Similarly, seismic anisotropy

is rift perpendicular to the south of the Danakil depression in the Dabbahu region. In

the following section we present results from each of these regions and discuss their im-

plications in light of gravitational potential modelling, structural geology and Coulomb

stress change modelling.

5.4.1 The Western Rift Flank and Margin

On the Ethiopian plateau we see a consistent result from stations GULE, CAYE and

ABAE, which have Φ values of -1.0◦±3.6◦, 10.8◦±6.7◦ and 25.1◦±3.0◦ respectively (Fig-

ure 5.4, Table 5.1). This north-south orientation of Φ is also apparent in results from
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splitting tomography (Figure 5.6) and gravitational modelling (Figure 5.7); which dis-

play a consistent north-south φ in the region between 13◦ and 14◦ latitude and have a

residual between the tomography results and gravitational modelling of <20◦. This ori-

entation is parallel to the Oligo-Miocene border faults and thus may show that structure-

induced anisotropy from the early stages of rifting dominates in these regions, rather

than structures associated with present-day extension, which is oriented NE-SW (Mc-

Clusky et al., 2010). Similar observations have been made in the Main Ethiopian rift,

where anisotropy away from the rift axis aligns with inherited structures (Keir et al.,

2005). Alternatively, the results of gravitational modelling show that deviatoric stress

in the Ethiopian plateau acts as an extensional force and that the associated SHmax

is oriented N-S. It may therefore be that the anisotropy observations at the Ethiopian

plateau reflect the extensional gravitational forces in this region. Alternatively obser-

vations may reflect a combination of both structural and gravitational stress induced

anisotropy.

At the western rift margin, we also observe a clear N-S orientation in splitting tomogra-

phy φ (Figures 5.6), however gravitational forces in this area are minimal (Figure 5.7).

Recent studies have shown that extension is now focused at both the rift axis and the

western rift margin (Ayele et al., 2007; Bastow and Keir , 2011). Detailed studies of

anisotropy around active faults have shown that seismic anisotropy that is not recorded

directly on the active fault, but is in close proximity, will preferentially align with SHmax,

regardless of any structures present (Boness and Zoback , 2006). If extension at the rift

margin had the same NW-SE orientation as at the rift axis, one would therefore expect

this to be reflected in the anisotropy alignments. Given that anisotropy at the western

rift margin is aligned N-S, this suggests that the extension at the western rift margin is

oriented E-W. This would mark a local reorientation of the spreading direction from the

rift axis to the rift margin. A similar rotation of extensional direction has been observed

in the Main Ethiopian rift (Corti et al., 2013).
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5.4.2 The Danakil Depression

Observational results within the rift display a greater variation in both the single sta-

tion and tomography results (Figures 5.4, 5.6). This suggests that more local features

are affecting the anisotropy in this region. Generally within the Danakil depression we

see a NNW-SSE orientation in both the single station, DALE (-17.7◦±4.8◦) and GALE

(-35.6◦±7.6◦), and tomography results. This orientation is parallel to the predicted

SHmax from tectonic extension in the region and with surface faulting (Figure 5.2) but

is in disagreement with gravitational forces, which predict compression (Figure 5.7). The

observed, rift-aligned anisotropy occurs in the vicinity of the Erta-Ale volcanic segment,

which has been shown to host an abundance of aligned melt and magmatic structures

(Pagli et al., 2012). The alignment of melt within the crust is an effective way of gener-

ating seismic anisotropy (Dunn et al., 2005), we therefore suggest that aligned melt is

the origin of the NNW-SSE oriented anisotropy in the Danakil Depression. This adds

further support to previous studies which suggest that extension within Afar is focussed

at the rift axis (Bastow and Keir , 2011; McClusky et al., 2010; Wolfenden et al., 2005).

We do, however, see some complexity in the anisotropy field within the Danakil de-

pression. At approximately 13.8◦ latitude, the tomography results show anisotropy

measurements that trend E-W, which is highly oblique to the trend of the rift. These

measurements lie in close proximity to the Alu-Dalafilla volcanic complex (Figure 5.1);

which has experienced significant recent volcanic activity (Pagli et al., 2012). Volcanic

processes have been repeatedly shown to influence and change the anisotropy in their

vicinity (e.g., Gerst and Savage, 2004; Savage et al., 2010). We lack the spatial and tem-

poral resolution to fully investigate whether Alu-Dalafilla is affecting the local anisotropy

field but suggest that it may be the cause of these anomalous measurements.

We see a bimodal pattern in the station results at the southern end of the Danakil de-

pression (ERTE, AFME) (Figure 5.4). Both stations have rift aligned anisotropy and

an approximately rift perpendicular anisotropy. In the tomography results we see that

in the Giulietti Plain, which lies between the Tat-Ale and Erta-Ale volcanic segments
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(Figure 5.1), there is a clear rift perpendicular anisotropy which is accountable for the

bimodal distribution at ERTE and AFME (Figure 5.6). Surface faulting here shows

complex orientations and suggest an interaction between the two volcanic segments

(Barberi and Varet , 1970; Barberi et al., 1974) and this may account for the change in

anisotropy orientation. At station TIOE. which is situated within the Danakil Block,

we see a large amount of variation in the orientation of anisotropy with little obvious

coherency. The Danakil Block has a complex and poorly understood tectonic and struc-

tural history (Figure 5.2). We suspect that this structural complexity is the origin of

the variable anisotropy observed at TIOE, however further research into the structures

of the Danakil Block would be required to verify this.

Further to the north, at a latitude of 15◦, the tomography and Φ at DOLE (50.5◦±4.6◦)

show a clear clockwise rotation of anisotropy towards a rift perpendicular orientation

(Figures 5.4, 5.6). This area hosts Alid volcano, which is poorly studied but is un-

derstood to be active (Duffield et al., 1997). The surface faults in this region follow

a similar NNW-SSE trend to the Danakil depression (Duffield et al., 1997). We thus

conclude that the observed anisotropy is not caused by such structures. Extension rate

in the Danakil depression decreases to the North, such that in the northernmost Danakil

depression the rate of extension is approximately zero (McClusky et al., 2010). If the

stress due to tectonic extension is minimal, it could be expected that the anisotropy

would be controlled by gravitational stresses. The modelled gravitational stress in the

northern Danakil depression (Figure 5.7a) shows compression and an SHmax oriented

approximately perpendicular to the rift. The modelled SHmax orientation is in excellent

agreement (residual <20◦) with the observed φ (Figure 5.7b). This therefore suggests

that in the northern Danakil depression, gravitational stress, and not tectonic extension,

controls the stress field and acts to induce rift-perpendicular anisotropy in this region.

Previous work by Araragi et al. (2015) has shown that the seismic anisotropy at Mt.

Fuji is influenced by the gravitational stress of the volcano. Our study is the first to find

that seismic anisotropy can be induced by gravitational forces which arise from crustal

thickness variations.
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Further to the south (<13◦ Latitude), anisotropy appears to align NNE-SSW at sta-

tions TRUE (27.8◦±3.7◦) and KOZE (7.25◦±9.3◦). In addition, measurements at sta-

tion HITE that have come from the south align NNE-SSW, as shown in the tomography

results (Figure 5.6). This orientation of anisotropy is sub-parallel with the Alayta vol-

canic complex and aligns with surface faulting that is associated with oblique extension

between the Danakil depression and Dabbahu volcanic segment. This suggests that ex-

tension in this area is not focused NE-SW, as the majority of extension in northern Afar

is, but is oriented oblique to the spreading direction, SEE-NWW. In this sense extension

is transferred between the Dabbahu volcanic segment and Danakil depression.

Figure 5.8: A comparison between the anisotropy results at station SAHE in 2011
(this study) and in 2008 (Keir et al., 2011). We observe a clear change in the orientation

of anisotropy between the two time periods.

5.4.3 The Dabbahu Region

Further south, in the Dabbahu region (Figure 5.1), both the tomography (Figure 5.6)

and station results at IGRE (88.0◦±3.2◦) and SAHE (42.9◦±5.5◦) (Figure 5.4) suggest

anisotropy is oriented oblique to the rift, NE-SW. In this region we can compare our

results to a previous study of seismic anisotropy by Keir et al. (2011), who used seis-

micity data from 2008. We see an excellent agreement at the Ethiopian plateau, where
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Keir et al. (2011) also show anisotropy oriented N-S, however in the rift, near the Dab-

bahu volcanic segment, we see a stark discrepancy between the two sets of results. Keir

et al. (2011) show many measurements that are aligned parallel to the rift (NNW-SSE),

however we see no evidence for rift-parallel anisotropy in either the single station results

(Figure 5.4) or the tomography (Figure 5.6). The discrepancy in results is most clear at

station SAHE, which was occupied during both studies. Keir et al. (2011) obtained an

anisotropy orientation of -12◦, whereas in our study we obtain an average orientation of

42.9◦. To ensure that the difference in anisotropy orientation is not due to the method

we recalculate the 2008 data at station SAHE (Figure 5.8). We calculate an anisotropy

orientation of -39.0◦ which agrees with the rift-parallel measurements that Keir et al.

(2011) found in the Dabbahu region.

The seismic data used by Keir et al. (2011) was obtained from 2005–2008, during

this time period the Dabbahu volcanic segment underwent a series of dyke intrusions

(Belachew et al., 2011; Ebinger et al., 2010; Wright et al., 2006). The initiation of vol-

canic activity at Dabbahu was marked by seismic swarms and a fissure eruption on 26

September 2005 which was associated with the intrusion of a ∼60 km long dyke which

induced opening of up to 8m (Wright et al., 2006). From 2005 through to 2010 a fur-

ther 13 dykes intruded in the rift segment, three of which were associated with basaltic

fissure eruptions (Ebinger et al., 2010; Hamling et al., 2009). Volcanic intrusions have

been shown to change the local seismic anisotropy (Gerst and Savage, 2004; Johnson

et al., 2011), so it is possible that the Dabbahu dyke intrusions will have influenced the

seismic anisotropy measured by Keir et al. (2011).

In order to test this hypothesis we perform Coulomb stress change modelling using the

package of Lin and Stein (2004) and Toda et al. (2005). We use this to calculate the

induced maximum horizontal stress (SHmax) from the Dabbahu dyke sequence and test

whether this influenced the anisotropy measurements of Keir et al. (2011). We use

constraints on dyke geometry and opening from geodetic and seismicity observations

(Belachew et al., 2011; Hamling et al., 2009; Wright et al., 2006). The results of the
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Figure 5.9: Coulomb stress change modelling of the Dabbahu dyke intrusion from
2005–2008. Small black lines are the modelled SHmax, thick black lines are anisotropy
measurements from Keir et al. (2011) measured between 2005–2008, and the recalcu-

lated result at station SAHE.

Coulomb stress change modelling show that the results of Keir et al. (2011), and the re-

calculated result at SAHE, can be accurately explained by the modelled, induced stress

field, with an average residual in φ of 27◦±17◦ (Figure 5.9). We therefore suggest that

the previous rift parallel anisotropy orientations from the Dabbahu region are not nec-

essarily representative of the long term anisotropy, rather the anisotropy results of Keir
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et al. (2011) represent the stress field around the actively intruding Dabbahu volcanic

segment. If this is the case, we can further suggest that the results presented in this

study represent the background stress field in the Dabbahu region. In this sense, the

stress field in the Dabbahu region changes orientation episodically with the occurrence

of magma intrusions. This lends observational support to numerical models which sug-

gest that the stress field around magmatic segments in continental rifts changes between

magmatic and amagmatic periods of extension (Beutel et al., 2010).

The reason behind the NEE-SWW orientation of anisotropy (IGRE, SAHE) in the Dab-

bahu region is unclear. The southern extent of the Dabbahu volcanic segment extends

into central Afar, a region that is postulated to be the location of the Afar triple junction

(Tesfaye et al., 2003). The stress field is therefore expected to be extremely complex

here. The surface faulting in central Afar is generally oriented NW-SE, consistent with

the Red Sea rift (Figure 5.2). As the anisotropy measurements do not align with these

structures, one can infer that the anisotropy is either originating from deeper structural

fabrics, or it is representative of the stress field in the region. The NE-SW orientation of

the anisotropy is sub-parallel to the trend of the Main Ethiopian rift, it may be that the

anisotropy is therefore originating from either deep structures in central Afar related to

the Main Ethiopian rift, or that the stress field related to Main Ethiopian rift extension

is currently dominant in central Afar. Alternatively the rift perpendicular orientation

of anisotropy is predicted by the gravitational modelling (Figure 5.7), therefore it may

be that the anisotropy in the Dabbahu region is influenced by the gravitational stress

due to crustal thickness variations.

5.4.4 Summary

Our results present the first detailed observations of crustal strain in northern Afar.

We use these observations to propose a model for the stress field in the crust during

the final stages of continental breakup. Seismic anisotropy at the rift axis is oriented

perpendicular to tectonic extension, suggesting that the rift axis is the current locus for
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extension. We show that extension changes orientation from NE-SW at the rift axis to

a W-E orientation at the rift margin. We also show that the stress field can change dra-

matically within the rift, such that north of the Danakil Depression, gravitational forces

due to gradients in crustal thickness are sufficient to influence the anisotropy within

a continental rift. Further, through Coulomb stress change modelling of the Dabbahu

dyke intrusions we show that the stress field in this region changes periodically through

time and that during times of no active intrusions, the extensional stress field is not

observed in the seismic anisotropy.

The observation of rift-aligned seismic anisotropy at the axis of continental rifts is in

agreement with previous studies of continental rifts (Keir et al., 2011) and ocean ridge

segments (Dunn et al., 2005). We suggest that the anisotropy within the Danakil De-

pression originates from rift-aligned melt within the crust. This adds further support

to the suggestion that magmatic extension focuses at the rift axis during continental

rifting and that this persists through to seafloor spreading (e.g., Wolfenden et al., 2005).

However, we demonstrate that the orientation of the stress field away from the rift axis is

more complex than previously thought and is heavily influenced by gravitational forces

and magmatic activity. Our results are amongst the first observations of gravity in-

duced seismic anisotropy and shows that variations in crustal thickness is an important

consideration in studies of crustal seismic anisotropy in continental rifts. We also note

that gravitational forces act to induce compression within the rift such that SHmax is

oriented perpendicular to the rift (Figure 5.7). Several studies of surface geology in

northern Afar have noted the presence of cross-rift structures (e.g., Barberi et al., 1974)

and Afar hosts dyke intrusions and volcanic chains that do not align with SHmax in-

duced by regional extension (Wadge et al., 2016). We show that gravitational forces due

to variations in crustal thickness act to induce a stress field that is highly-oblique to the

stress field due to tectonic extension. It may be that this induced gravitational force is

the origin of the observed cross-rift structures and volcanism.

In addition to gravitational influence on the stress field, we also demonstrate that
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magmatic intrusions can dramatically alter the orientation of the stress field. We use

Coulomb stress change modelling of dyke intrusions at the Dabbahu volcanic segment

to show that previous measurements of rift aligned anisotropy are best explained by the

induced stress field from the actively intruding dykes (Keir et al., 2011) (Figure 5.9).

Seismic anisotropy measurements presented in this study are not influenced by active

intrusions and display a rift-perpendicular orientation in the Dabbahu region. This sug-

gests that the current stress field in the Dabbahu region is not characterised by the

regional NE-SW extension of the Danakil depression.

5.5 Conclusions

We present the first detailed study of the seismic anisotropy of the Danakil Depression of

northern Afar through automated shear wave splitting, shear wave splitting tomography

and forward modelling of both the gravitational and magmatically induced stress fields.

This enables us to propose a model for the crustal stress field in the region and we draw

the following conclusions:

1. Seismic anisotropy on the Ethiopian plateau is controlled by gravitationally in-

duced extension and/or preexisting structures inherited from initial Miocene rift-

ing.

2. Seismic anisotropy within the Danakil depression, at the rift axis, is controlled by

the NW-SE oriented extension in the region, suggesting that extension is currently

focused at the rift axis through rift-aligned magmatic intrusions and structures.

There is also an increase in variability of anisotropy direction within the rift,

implying that local effects such as volcanic activity are affecting the local stress

field.

3. At the actively extending western rift margin seismic anisotropy is oriented N-S,

oblique to the inferred extension direction at the rift axis. This suggests that there

is a rotation in the extension direction from the rift axis to the rift margin, such

that extension at the western rift margin is oriented E-W.
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4. At the northern termination of the Danakil Depression, anisotropy rotates towards

a rift-perpendicular orientation which is coincident with a decrease in extension

rate. We propose that the stress field due to the regional extension becomes

minimal in this area and that stress induced by gravitational forces now control

anisotropy. These gravitational forces cause an SHmax orientation that is perpen-

dicular to the rift. This is amongst the first observation of gravitational forces

inducing seismic anisotropy.

5. Through Coulomb stress change modelling of the Dabbahu dyke intrusions we show

that the anisotropy south of the Danakil Depression, in the vicinity of the Dab-

bahu segment, changes temporally. Previous measurements of anisotropy record

the stress field around an actively intruding segment, however since the cessation

of intrusions the stress field has re-oriented to a background, rift perpendicular

orientation.

We envisage that our results will have great importance for numerical and analogue

models of continental rifts and for reconstructions of rifted margins. We show that the

distribution and orientation of crustal stress and strain during continental rifting is more

complex than previously thought and that this is an important consideration for future

studies. In addition, our results will aid the monitoring of volcanic hazards in northern

Afar by providing a benchmark of anisotropy measurements, against which to test any

temporal changes.





Chapter 6

Initiation of an Oceanic

Transform Fault Prior to Seafloor

Spreading

Abstract

Transform faults are a fundamental tenet of plate tectonics, connecting offset extensional

segments of mid-ocean ridges in ocean basins worldwide. The current consensus is that

oceanic transform faults initiate after the onset of seafloor spreading. However, this

inference has been difficult to test given the lack of direct observations of transform fault

formation. Here, we integrate evidence from surface faults, geodetic measurements, local

seismicity, and numerical modelling of the subaerial Afar continental rift and show that

a transform fault is initiating during the final stages of continental breakup. This is

the first direct observation of transform fault initiation in a continental rift, and sheds

unprecedented light on their formation mechanisms. We demonstrate that they can

initiate during late-stage continental rifting, earlier in the rifting cycle than previously

thought. Future studies of volcanic rifted margins cannot assume that oceanic transform

faults initiated after the onset of seafloor spreaing.
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6.1 Introduction

6.1.1 Timing of Transform Fault Formation

Transform faults have long been known to play a key role in seafloor spreading (Mac-

donald et al., 1988). They link and accommodate strike-slip motion between laterally

offset mid-ocean ridge segments, and are present in ocean basins worldwide. Despite the

prevalence of oceanic transform faults, their initiation has not been directly observed

and thus the mechanisms behind their formation are poorly understood. Oceanic trans-

form faults rely heavily on strain accommodation by magmatism and are orthogonal

to spreading segments and parallel to the spreading direction (Taylor et al., 1995). In

contrast, extension in early-stage continental rifts is controlled by slip on overlapping,

en-echelon normal faults (Ebinger , 1989). Where these faults overlap, they are linked by

oblique accommodation zones (Ebinger , 1989; Bosworth et al., 1986). In addition, previ-

ous numerical modelling of continental rifting has suggested that oceanic-style transform

faults do not form in early-stage rifts (Allken et al., 2012), so it is generally assumed that

transform faults originate during seafloor spreading (Eagles et al., 2015). However, it is

not well constrained whether transform fault initiation can occur in mature continental

rift systems.

The geometric correspondence between mid-ocean ridges and the segmentation of pas-

sive margins has led some studies to propose that some large-scale fracture zones have

structural inheritance from the late stages of continental rifting (Cochran and Martinez ,

1988; Behn and Lin, 2000; McClay and Khalil , 1998). In contrast, many studies suggest

that short-scale transform faults are not inherited from continental rift geometry and the

majority of transform faults show no clear evidence of structural inheritance (Bosworth

et al., 1986; Taylor et al., 1995, 2009). The Danakil region, in northern Afar, Ethiopi-

a/Eritrea, is one of the few areas on Earth where the final stages of continental rifting

are subaerially exposed (Figure 6.1). The region thus provides a unique opportunity

to explore the timing of transform fault initiation, and to understand the kinematics of
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their formation.

Figure 6.1: Main figure shows the location of the seismic network (blue inverted
triangles) and all recorded earthquakes with horizontal errors <5 km (red circles) from
2011–2013, superimposed on topography taken from the Shuttle Radar Topography
Mission (SRTM). A cluster of events is located in the Giulietti Plain, between the
offset Erta-Ale and Tat-Ale segments. The box encloses the area shown in Figure 6.3.
White arrows denote GPS velocities, relative to a stationary Nubian plate (McClusky
et al., 2010). Cross section X–X’ shows thinned crust (<20 km) beneath the Giulietti
Plain (Makris and Ginzburg , 1987). Inset shows the location of the Danakil region in

East Africa.
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6.1.2 Continental Rifting in Northern Afar

In Afar, the southern extent of the Red Sea rift steps on-land into the Afar depres-

sion (McClusky et al., 2010) (Figure 6.1). The crust thins from ∼27 km in the central

and southern Afar rift, to <15 km beneath the Danakil region in the north (Hammond

et al., 2011; Makris and Ginzburg , 1987). However, the crust in the Danakil region

is still significantly thicker than that commonly observed in the oceans (White et al.,

1992), which, together with its seismic velocity structure (Hammond et al., 2011; Makris

and Ginzburg , 1987), suggests it is thinned and heavily intruded continental crust. The

marked thinning of the crust into the Danakil region has been attributed to a late stage

of plate weakening and stretching caused by protracted and localised magma intrusion

(Bastow and Keir , 2011). Since the Quaternary, strain in Afar has localised to axial

magmatic segments, hypothesised to be the future boundary of continental breakup

(Wolfenden et al., 2005), and is thought to be accommodated through magmatic intru-

sions and associated mechanical faulting (Illsley-Kemp et al., 2018).

In the Danakil region, two currently active magmatic spreading segments, the Erta-Ale

and Tat-Ale segments, separate the Nubian plate from the Danakil microplate (Figure

6.1). The Erta-Ale magmatic segment consists of 12 volcanic centres, including Erta-Ale

volcano with its persistent lava lake (Pagli et al., 2012). To the south, offset laterally by

∼20 km to the east is the Tat-Ale magmatic centre. The Giulietti Plain lies in the offset

region between the Erta-Ale and Tat-Ale magmatic segments (Figure 6.3). The plain

is below sea level and is predominantly overlain by evaporites from repeated marine

incursions (Keir et al., 2013) and contains the saline Lake Afrera. Acoustic bathymet-

ric profiles from the lake reveal Red Sea parallel normal faults intersected by oblique

structures and has been compared to a nodal deep at oceanic transforms (Bonatti et al.,

2017). Extension rates in the Danakil region are analogous to a slow spreading ridge

(Dick and Schouten, 2003) varying from ∼7 mm yr−1 in the north (15◦N) to ∼20 mm

yr−1 in the south (13◦N) (McClusky et al., 2010). Extension is orientated 058◦, roughly

perpendicular to the spreading segment axes.
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6.2 Observational Methods and Results

6.2.1 Structural Geology

Surface faults were mapped remotely using Google Earth (DigitalGlobe) and ArcGIS (a

geospatial data analysis tool). The surface expression of faults was mapped and digitised

to create the fault map (Fig. 6.2). The strike of the faults was calculated using the start

and end points of each mapped fault. Strike distributions are weighted accorded to fault

length and displayed in 10◦ binned rose diagrams. Analysis of the mapped surface faults

(>2000 faults) demonstrates that mean orientations within the Erta-Ale (157◦±14◦) and

Tat-Ale (145◦±8◦) segments are consistent with the direction of maximum extension

(McClusky et al., 2010). In addition, these segments exhibit low variation in fault orien-

tations, whereas surface faults in the Giulietti Plain show greater variability (147◦±28◦)

(Figure 6.2). We interpret the increased variability in fault orientations in the Giulietti

Plain as being due to interaction between the Erta-Ale and Tat-Ale magmatic segments.

6.2.2 Satellite Geodesy

We combine an extensive set of InSAR from multiple tracks and GPS measurements (Fig-

ure 6.4) to invert for the three-dimensional velocity and strain field of Afar, following a

two-step approach (Pagli et al., 2014). We obtained maps of the line of sight (LOS) av-

erage surface velocities for each InSAR track using a multi-interferogram method (Wang

and Wright , 2012) and then we combined these with the GPS velocities using a velocity-

field method (Kogan et al., 2012). The LOS interferograms were created using images

from the Envisat satellite in both descending and ascending orbits, in image and wide-

swath modes, spanning the period between 2007 and 2010 (Pagli et al., 2014). GPS

sites in central Afar were measured between 2007 and 2010 (Kogan et al., 2012), while

GPS velocities from the Red Sea coast, the Gulf of Aden, and the Main Ethiopian rift

are from other sources (McClusky et al., 2010; Kogan et al., 2012; Saria et al., 2014;

Vigny et al., 2006, 2007). All GPS velocities were combined in the common Interna-

tional Terrestrial Reference Frame 2008 and given with respect to a stationary Nubian
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Figure 6.2: Surface faults and their associated rose diagrams show mean orientations
that are consistent with regional extension in the Erta-Ale (green rose diagram) and
Tat-Ale (blue rose diagram) segments. Whereas within the Giulietti Plain (orange
rose diagram) surface faults display a greater variation, consistent with an interaction
between the two spreading segments. Inset shows a zoom of the Giulietti Plain faults

overlain on satellite imagery (Google Earth).

plate. Sudden deformations were subtracted from the GPS as well as the InSAR data

in order to remove the contributions from dyke intrusions and eruptions at Dabbahu

(Pagli et al., 2014).

To invert for the continuous three-dimensional velocity field we divided the Afar region

into a mesh of triangular elements (Figure 6.4) and assumed that the velocity varies

linearly within each triangle (Pagli et al., 2014). The geodetic observations (InSAR

and GPS) within each triangle are related to the velocities of their vertices by an in-

terpolation function. We inverted for the velocities of the triangular vertices using the

system of equation described by Nooner et al. (2009). The system was solved using a
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Figure 6.3: a) Earthquakes with location errors <5 km (red circles) are focused within
the Giulietti plain, including three relocated temporal clusters (green, blue, purple cir-
cles). b) Focal mechanisms for the relocated temporal clusters display characteristic
right-lateral, oblique strike slip motion. c) InSAR and GPS derived maximum hori-
zontal shear strain rate clearly showing a region of high strain rate within the Giulietti
Plain. The combination of observations from the Giulietti Plain clearly indicates that

extension is transferred between the spreading segments through oblique shear.

least square method that included full variance-covariance matrices as well as smooth-

ing with a Laplacian operator. A smoothing factor that minimises the trade-off between

the solution roughness and the weighted RMS misfit of the model was selected (Pagli

et al., 2014). After finding the velocities at the vertices of the triangles, we calculate the

horizontal strain rates at each vertex using spherical approximation equations (Savage

et al., 2001).

We find a region of elevated maximum horizontal shear strain rate (up to 4×10−7 yr−1)

concentrated at the Giulietti Plain (Figure 6.3c). No sudden discrete or large magnitude

deformation has occurred in the vicinity of the Giulietti Plain during this period, and

therefore we interpret the strain rates as representative of the tectonic regime. In addi-

tion, all deformation caused by intrusions and eruptions, such as dyking at the Dabbahu

segment (Wright et al., 2006), are removed from the data prior to inversion (Pagli et al.,

2014). These geodetic results show that active shear is occurring in the Giulietti Plain.
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Figure 6.4: Data set and mesh used in the 3-D velocity field inversion for Afar. Taken
from Pagli et al. (2014). Black rectangles delineate the InSAR tracks, black triangles
are GPS sites (McClusky et al., 2010; Kogan et al., 2012; Saria et al., 2014; Vigny et al.,

2006, 2007).

6.2.3 Seismicity

A network of 20 seismometers in both Ethiopia and Eritrea (Figure 6.1) provided con-

tinuous seismic data for two years between February 2011 and February 2013. A total

of 4971 earthquakes of magnitude 0.4–5.8 were recorded during the experiment and

were located with a 2-D velocity model (Hammond et al., 2011; Makris and Ginzburg ,

1987; Lomax et al., 2000). These earthquakes have average location errors of ±1.9 km

and ±4.1 km in the horizontal and vertical directions respectively, and the catalogue is
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Figure 6.5: The principal axes of observed maximum horizontal shear strain rates in
the Giulietti Plain, from InSAR and GPS data. Extensional (red) and compressional
(blue) principal axes of the strain rates, plotted on the maximum shear strain rate. Axes
are consistent with right-lateral strike-slip on NW-SE fault planes within the Giulietti

plain, in agreement with observed seismicity (Figure 6.3).

complete above magnitude 2.0 (Illsley-Kemp et al., 2017a). Generally, earthquakes are

focused at the western rift margin, which separates the Ethiopian plateau from the Afar

depression, or in the vicinity of volcanic centres (Illsley-Kemp et al., 2018) (Figure 6.1).

In addition, there is a cluster of 418 earthquakes focused within the Giulietti Plain, at

the region of observed horizontal strain and fault interaction.

Within the Giulietti Plain we relocated three temporal earthquake clusters using Hy-

poDD (Waldhauser and Ellsworth, 2000). This process increases the relative location

accuracy for clustered earthquakes by assuming that any difference in relative travel time

can be attributed to their relative hypocentral separation. Initial average location errors

were markedly improved for relocated events which have an average hypocentral error

of ±0.14 km. The relocated earthquakes all occur in the upper 2 km of the crust. Ray

take-off angles generated from HypoDD were then used to calculate focal mechanisms for

the relocated earthquakes using the polarities of the first P and S-wave arrivals and the
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software FocMec (Snoke, 2003). The resultant focal mechanisms display a characteristic

right lateral strike slip motion with a component of extension (Figure 6.3b). The nodal

plane is inferred from surface faults resulting in a mean strike and dip of 135◦±9◦ and

75◦±7◦ respectively.

6.2.4 Summary of Observations

The strike slip events show excellent correlation with the observed region of maximum

shear strain rate (Figure 6.3c). In addition our focal mechanisms are consistent with

the orientations of principal strain rate axes, which suggest right lateral strike slip faults

on planes generally trending NW-SE (Figure 6.5). Their strike (135◦) is oblique to the

spreading segments and aligns with the most NW-SE striking surface faults within the

Giulietti Plain, suggesting that these are the currently active faults. This suggests that

active faulting was less oblique in the past and that the stress field within the Giulietti

Plain has since rotated in an anticlockwise direction. The combination of earthquake lo-

cations, focal mechanisms, surface faulting trends and geodetic strain rates, imply that

the right lateral strike slip events are accommodating oblique shear between the two

magmatic segments. In this way, extension is transferred between the two magmatic

segments.

6.3 Thermomechanical Numerical Modelling

The nucleation and evolution of oceanic transform faults has been the subject of several

analogue and numerical modelling studies (Gerya, 2012, and references therein). Ana-

log freezing wax experiments (e.g., Oldenburg and Brune, 1972; O’Bryan et al., 1975)

were able to reproduce features indicative of seafloor spreading, including transform

faults and inactive fracture zones. These studies showed that the spreading-parallel pat-

tern of transform faults is an intrinsically preferential orientation. With the advent of
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high-powered computing, studies involving complex three-dimensional numerical mod-

els have begun to investigate transform fault formation. Such numerical studies (e.g.,

Hieronymus, 2004; Choi et al., 2008; Gerya, 2013b), suggest that crustal thinning is

promoted in the region of the transform fault at low to intermediate spreading rates.

In addition, they suggest that transform faults can form at single straight ridges with-

out initial ridge offsets and that the orthogonality of transform fault is formed through

asymmetric crustal accretion, and is not necessarily inherited from offsets in the initial

rift (Gerya, 2010a,b). To investigate the temporal evolution of this extension transfer in

the Giulietti Plain we use high-resolution 3D thermomechanical numerical models that

simulate the extensional setting in the Danakil region. The Eulerian-Lagrangian visco-

plastic model with an internal free surface (Figure 6.7 & 6.8) allows for large strains and

spontaneous crust growth by magmatic accretion. The employed numerical technique

(Gerya, 2010a,b, 2013b) is based on a combination of a finite difference method applied

on a uniformly spaced staggered finite difference grid, with the marker-in-cell technique.

Full details of the numerical modelling are given in Gerya (2013b).

The initial model setup corresponds to late stage continental rifting in northern Afar,

with a 20 km thick crust (Figure 6.6). Similarly to previous numerical models of spon-

taneous plate fragmentation (Gerya, 2013b; Hieronymus, 2004; Choi et al., 2008), two

linear thermal perturbations (weak seeds) with an offset of 20–40 km are imposed at the

bottom of the lithospheric mantle. The modelled (full) spreading rate corresponds to 20

mm yr−1, taken from GPS studies in the region (McClusky et al., 2010). The numerical

model thus simulates the final stages of continental rifting, where the crust has been sig-

nificantly modified by repeated magmatic intrusions, such as in Afar. The hydrothermal

circulation in the crust is controlled by the Nusselt number, which we range between

1–2 (Gerya, 2013b) and find that it has little effect on model evolution. The rheological

response to elastic strain in the mantle and crust is controlled by the upper strain limit

for fracture-related weakening (γ0). The Eulerian computational domain is equivalent to

98× 98× 50 km and is resolved with a regular rectangular grid of 197× 197× 101 nodes

and contains 34 million randomly distributed Lagrangian markers. We performed 16

numerical experiments (Table 6.3) by systematically varying different model parameters
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in their uncertainty ranges. Here we describe the evolution of the reference model afab.

Figure 6.6: Initial model setup and boundary conditions for 3D thermomechanical
numerical experiments simulating rifting in northern Afar. Boundary conditions are
constant spreading rate in x-direction (vspreading = vleft + vright, wherevleft = vright)
and compensating vertical influx velocities through the upper and lower boundaries
(vtop and vbottom) are chosen to ensure conservation of volume of the model domain and
constant average 5 km thickness of the air layer [(vtop+vbottom)/50 = (vleft+vright)/98),
where vtop/5 = vbottom/45]; front and back boundaries in the x-y plane are free slip.
The weak 5 km thick air/water layer has a low density (1 kg/m3 above 5 km and 1000
kg/m3 below 5 km, where 5 km is the assumed water level) and a viscosity of 1018 Pa s to
ensure small stresses (<105 Pa) along the upper plate interface. The symmetric initial
thermal structure is perturbed in two places where offset linear thermal anomalies (weak
seeds) A and B are prescribed by an elevated geotherm. Thermal boundary conditions
are insulating (zero heat flux) on all boundaries with except of the upper and lower
boundaries, over which a constant temperature of 273 K and 1600 K is prescribed,

respectively.

During the initial stages of the model, offset rift grabens form above the thermal per-

turbations (Figure 6.7a). 1.2 Myr into the model, two volcanic ridges form at the centre

of the two grabens as a result of decompression melting of the rising asthenosphere. At

this stage of the model new oceanic style crust begins to form at the volcanic centres

through the crystallisation of melt at the walls of the magma regions (Figure 6.8). The

model does not attempt to simulate small scale intrusions, thus this formation of oceanic

style crust may be analogous to the intrusion of dykes and sills, commonly observed in

the Danakil region. Initially these volcanic ridges are separated by ∼80 km in the along

strike direction, as the model develops the ridges propagate towards each other such
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Figure 6.7: Time steps refer to time after model initiation. Topography (pink below
sea level) and horizontal shear-strain rate (at depth of 5 km) initially show a diffuse
distribution of shear-strain. This shear-strain develops into a narrow region of trans-
form oblique shear-strain at ∼1.8 Myr (b) and acts as a proto-transform fault. The
topography and ∼27◦ angle between proto-transform fault and volcanic segment closely
resemble the topography and strike of earthquakes in Afar. In addition the modelled
horizontal shear-strain is of a similar magnitude to that observed in the Giulietti Plain
(Figure 6.3). The model predicts that the proto-transform fault is transtensional, which
would produce oblique strike slip earthquakes, as seen in the Giulietti Plain. The proto-
transform fault then rotates (c) towards a spreading parallel orientation, this would
produce and anticlockwise rotation of surface faults as seen in the Giulietti Plain. At
3.8 Myr (d), the proto-transform fault becomes a stable, spreading parallel transform
fault, which separates the two magmatic segments and is a persistent feature for the

remaining model time.

that by 1.8 Myr they are separated along strike by ∼40 km and laterally by ∼20 km

(Figure 6.7b), broadly the same configuration as the Erta-Ale and Tat-Ale segments in
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the Danakil region (Figure 6.3a). At this stage of the model the volcanic centres begin

to interact and form a narrow region of maximum horizontal shear-strain that is oriented

∼27◦ to the trend of the volcanic ridges and has shear-strain rates of ∼10−6–10−5 per

year, which is of a similar magnitude to the observed maximum horizontal shear-strain

(Figure 6.3c). This stage of the model can be considered to represent the emergence of a

proto-transform fault (Figure 6.7b). The angle of the proto-transform fault with respect

to the volcanic ridges matches very well with the angle between the average strike of

earthquakes within the Giulietti Plain and the Erta-Ale segment (Figure 6.3b).

Figure 6.8: Viscosity variation and pseudo-geological cross-sections within the numer-
ical model of the Giulietti Plain, northern Afar. Time steps refer to time after model
initiation. The viscosity plots clearly show the development of the proto-transform
fault (b) and subsequent evolution to a stable transform fault (d). Pseudo-geological
cross sections show the thinning of the continental crust and accretion of new crustal
material. Continental lithosphere is present in the model up until 3.8 Myr, after the

formation of a stable transform fault.

The model predicts that the deformation within the proto-transform fault is transten-

sional. This deformation would likely manifest itself as oblique strike-slip earthquakes

in the upper crust, as is observed in the Giulietti Plain (Figure 6.3b). The extensional

component of the proto-transform fault promotes opening and volcanism at the end of
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each volcanic segment, causing the segments to propagate towards each other (Figure

6.7c). The proto-transform fault continually reconnects to the propagating segment tips,

such that it undergoes an anti-clockwise rotation towards a spreading parallel orienta-

tion (Figure 6.7c). Evidence for this anti-clockwise rotation of deformation is shown in

the surface faults of the Giulietti Plain (Figure 6.3a).

As the model further develops (∼2.8 Myr), the lithosphere in the proto-transform fault

region is predicted to remain continental in composition and acts as a ‘bridge’ maintain-

ing a connection between the two plates (Figure 6.8). The model then predicts that,

at ∼3.8 Myr a transform fault will form between the volcanic segments (Figures 6.7d).

At this stage deformation on the transform fault is purely strike-slip. These transform

faults are then stable features that are persistent in the model as it develops into a ma-

ture ridge-transform pattern which closely resembles young, seafloor spreading segments

(Taylor et al., 1995). Therefore, our results also suggest that once transform faults have

initiated they are stable, persistent features that focus deformation during the transition

from continental rifting to seafloor spreading; and that they will continue through to

the mature oceanic ridge stage of plate tectonics.

6.4 Discussion

The mode of extensional transfer in the Giulietti Plain is not observed in early-stage

continental rifts. In these less developed rifts extension is focused along asymmetric

half graben structures, and transferred through complex, oblique accommodation zones

(Ebinger , 1989; Bosworth et al., 1986; Corti , 2008) (Figure 6.9a). These regions are

extremely structurally complex and are dominated by oblque-slip normal faults which

strike sub-parallel to the rift (Bosworth et al., 1986). In analogue models of oblique

rifting (Corti , 2008; Agostini et al., 2009; Corti et al., 2013), offset rift segments are

connected by a region of strike-slip deformation. These models predict that the ac-

commodation zone will rotate in line with the sense of strike-slip motion, however they
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Figure 6.9: a) Extensional transfer observed in early-stage continental rifting. Exten-
sion is focused along half-graben structures and transferred through a region of complex,
oblique faults (Ebinger , 1989; Bosworth et al., 1986; Corti , 2008). b) Bookshelf fault-
ing accommodates transfer of extension between between overlapping oceanic spreading
segments (Green et al., 2014). c) Extension is transferred between overlapping spread-
ing centres through a region of rotational deformation (Macdonald and Fox , 1983; Tyler
et al., 2007). d) Centimetre scale faulting observed in bedrock that accommodates ex-
tensional transfer between microcracks (Willemse et al., 1997). e) Extensional transfer
through a proto-transform fault, observed in young seafloor spreading segments (Taylor
et al., 2009) and proposed here for Northern Afar. f) Ridge-perpendicular, spreading
parallel oceanic transform faults characteristic of ocean ridges (McClay and Khalil ,

1998).

require high degrees of rift obliquity (30–45◦) which is not observed in Northern Afar. In

addition, they do not directly model the focusing of strain through magmatic intrusions,

therefore the inferences from such models are not directly applicable to Northern Afar.

Where ocean ridge segments overlap by several kilometres, a variety of mechanisms

for the transfer of extension have been observed. In Iceland, shear motion between

overlapping magmatic segments is shown to occur through bookshelf faulting. Green

et al. (2014) detail how a region of focused seismicity between the Askja and Kverkfjöll

segments is accommodating right-lateral shear motion. This occurs through strike-slip

motion along a system of left-lateral faults which are sub-parallel to the magmatic seg-

ments (Figure 6.9b). The bookshelf faulting mode of extensional transfer is therefore

fundamentally different to observations from the Giulietti plain as the orientation of slip
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is opposite, and the active faulting in the Giulietti plain is oblique to the magmatic

segments (Figure 6.3).

A further style of non-transform ocean ridge discontinuity is found where magmatic

segment overlap by 10s of kilometres. This results in a focused region of rotational de-

formation which results in a volcanically active, elevated terrain (Macdonald and Fox ,

1983; Tyler et al., 2007) (Figure 6.9c). This central domain is the focus for shear and ro-

tational deformation and is thought to be unstable with time. Macdonald and Fox (1983)

use analogue models of spreading processes to suggest that the overlapping spreading

segments will link, leading to the abandonment of the deformation zone.

In contrast to previous examples, ocean ridge segments are arranged en-echelon, with

characteristic, ridge-perpendicular oceanic transform faults (Behn and Lin, 2000) (Fig-

ure 6.9e). Modes of oblique, extension transfer that are analogous to that currently

observed in the Danakil region are seen in small-scale faults in bedrock (Willemse et al.,

1997) (Figure 6.9d). In this setting, shear zones form en-echelon veins which are con-

nected by a system of perpendicular solution seams. Extensional strain is transferred

between veins through displacement along these solution seams.

Similar proto-transform fault systems (Figure 6.9e) have been observed in young seafloor

spreading segments in the Woodlark Basin, Papua New Guinea (Taylor et al., 1995).

These systems have been postulated to mark the initiation of transform faults yet are

observed only in regions of young seafloor spreading. Further, a young oceanic transform

fault which separates regions of continental and oceanic crust has been observed in the

Gulf of Aden (Ahmed et al., 2016). The Danakil region is therefore the first observed

example of extension transferring between axial magmatic segments through a region of

oblique shear, prior to the initiation of seafloor spreading.
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Previous studies on transform fault formation do not consider axial localisation of strain

during continental breakup. However, observations and models of continental rifts in-

creasingly show that as extension increases, faulting and magmatism become focused

in-rift to a narrow swath of dense faulting, volcanic centers, and aligned cones with sub-

surface dykes (Buck , 2006; Kendall et al., 2005). The border faults that controlled the

architecture of the young rift become less active as extension is focused at the rift axis

(Wolfenden et al., 2005). In terms of deformation mechanisms this mode of continental

rifting is more closely analogous to seafloor spreading than early stage continental rift-

ing. In addition, the mechanisms of magmatic crustal accretion that have been observed

at mid-ocean ridges (e.g., Carbotte et al., 2013), have initiated in the Danakil region

(Illsley-Kemp et al., 2018). Thus, the transition from late-stage continental rifting to

seafloor spreading must be considered as a prolonged process, and processes which are

considered indicative of seafloor spreading can initiate prior to final continental breakup.

Considering that the observations from the Danakil region cannot be explained by any

previously proposed modes of extensional transfer, we suggest that the correlation be-

tween the numerical model and observations provides compelling evidence that the

Giulietti Plain is at the proto-transform fault stage of formation. Our results there-

fore document the first directly observed initiation of a transform fault and corroborate

previously proposed mechanisms of formation (Gerya, 2013b). The development of the

numerical model towards a stable oceanic-style transform fault lends support to the

interpretation that the Giulietti Plain is a proto-transform fault. However, we cannot

preclude that the Giulietti Plain may develop into a throughgoing, continuous magmatic

segment (e.g., Gerya, 2010a, 2013b) and this behaviour is predicted by model runs with

elevated mantle temperatures (Table 6.3). The transfer of extension between magmatic

segments through transform faults is a fundamental characteristic of seafloor spreading

(Macdonald et al., 1988). Our results demonstrate, for the first time, that transform

faults can initiate during late stage continental rifting, prior to seafloor spreading (Fig-

ure 6.10). This provides further evidence that seafloor spreading processes can initiate

earlier in the rifting cycle than previously thought. There are many offset magmatic

segments in Afar and it is not clear whether the proto-transform process is limited to
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Figure 6.10: a) Topography taken from the numerical model at 1.8 Myr (shaded below
sea-level, light above sea- level) overlain on topography from the Giulietti Plain (pink
below sea-level) shows good agreement in the location of topographic highs and lows.
The oblique, strike-slip faults that are observed in the Giulietti Plain are caused by the
transtensional proto-transform fault, as predicted by the numerical model. Numerical
modelling predicts that the proto-transform fault will rotate in an anti-clockwise sense
and volcanic segments will propagate towards each other (b). The anti-clockwise rota-
tion of the proto-transform fault results in the observed rotation of surface faulting in
the Giulietti Plain. The proto-transform fault then develops into a spreading parallel
transform fault (c), with pure strike-slip motion. This is then a stable and persistent

feature such as transform faults observed at mid-ocean ridges worldwide.

the Giulietti Plain. This study focuses on the Giulietti Plain as that is the locus for

present day deformation, however this may not be a long-term pattern. Other regions

of segment offset may have been active in the past and may become active in the future.

Rifting in Afar occurs above anomalously hot mantle, which causes significant magma

intrusion (Ferguson et al., 2013; Gallacher et al., 2016). This magmatism may enable

the style of extension in Afar to be more similar to that observed at oceanic ridges

(Keir et al., 2013; Illsley-Kemp et al., 2018). Studies of the magmatically less active

Woodlark basin suggest that transform faults initiate as, or after, spreading nucleates

(Gerya, 2013a). It is therefore not clear whether our interpretations regarding the tim-

ing of transform fault initiation applies beyond the formation of a volcanic rifted margin.

However, our research suggests that future work on volcanic rifted margins should not
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assume that transform faults initiated after the onset of seafloor spreading.





Chapter 7

Conclusions

In this thesis I have investigated the seismicity of the Danakil region of northern Afar, a

region that is undergoing the final stages of continental breakup. Through studying the

active processes in northern Afar, the thesis aimed to address the following questions

and hypotheses regarding the transition from continental rifting to seafloor spreading:

1. Is mechanical deformation focused solely at the rift axis during the final stages of

continental rifting?

2. Is extension during the final stages of continental breakup predominantly accom-

modated through magmatic intrusions?

3. Do processes associated with seafloor spreading initiate in the final stages of con-

tinental breakup?

4. What is the nature of the magma plumbing system at the rift axes of magmatic

continental rifts?

5. How are stress and strain distributed and oriented in the crust in the final stages

of continental rifting?

Here, I will summarise the findings of this thesis and highlight how they have helped to

answer these science questions.

127
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7.1 Summary

The attenuation vs hypocentral distance relationship derived from the seismic catalogue

(Figure 7.1) suggests that the upper and mid crust in the Danakil region has similar prop-

erties to the MER (Keir et al., 2006a). However, the low seismic attenuation observed

at greater hypocentral distances suggests that there is a system of highly interconnected

melt pockets in the lower crust and uppermost mantle beneath the Danakil depression

(Figure 7.3). This supports the hypothesis that magmatism plays an important role

in the extensional processes in northern Afar. This is an important characteristic of

seafloor spreading, and very similar findings have been observed at the East Pacific

Rise (Yang et al., 2007). The results of this thesis suggest that the presence of high

melt percentage in the uppermost mantle is a feature which develops during late-stage

continental rifting and persists through to seafloor spreading. In addition, the b-value

of 0.9 (Figure 7.1) suggests that seismic energy in the Danakil region is released in a

manner which is transitional in nature between early stage continental rifts (Ayele and

Kulhanek , 1997; Langston et al., 1998; Tongue et al., 1992) and seafloor spreading (Kong

et al., 1992; Barclay et al., 2001; Tilmann et al., 2004). These results directly address

science questions 2 and 3 as they suggest that magmatism and melt are present and play

a integral role in the rifting mechanics of northern Afar. In addition, they suggest that

the regions of highly connected partial melt that has been identified at mid-ocean ridges

(Yang et al., 2007), is a feature that initiates in the final stages of continental breakup.

The results of the investigation into crustal seismic anisotropy in northern Afar directly

address science question 5 and are summarised in Figure 7.2. These results show that

seismic anisotropy, and by inference crustal stress, in continental rifts is more complex

than has been previously assumed. At the rift axis in the Danakil depression, seismic

anisotropy suggests that crustal stress is primarily controlled by the regional tectonic

forces. However on a more local scale, results show that crustal stress can be dominated

by both gravitational forces and magmatic deformation. This is an important finding

for future studies of continental rifting, particularly those that rely on numerical and/or

analogue models (e.g., Brune et al., 2016; Corti et al., 2003). Models of continental
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Figure 7.1: Left: Attenuation vs hypocentral distance for the Danakil region com-
pared to other regions worldwide. At low hypocentral distance <150 km, the Danakil
region has very similar attenuation to the MER (Keir et al., 2006b). However, at larger
hypocentral distances attenuation in Danakil is significantly lower than the MER. Right:
Magnitude frequency distribution and b-value for the Danakil region. The seismic cata-
logue is complete above 2.0 ML. The b-value of 0.9 is indicative of a region transitioning

from continental rifting to seafloor spreading.

rifts will often assume a simple stress field that is controlled by the regional tectonics,

however my study shows that this should not be assumed to apply on a local scale in

regions of large crustal density contrasts and/or magmatism, both of which are com-

mon in continental rifts. These results also provide a benchmark of crustal stresses for

future studies of northern Afar which may prove vital in the forecasting of potentially

hazardous volcanic activity (e.g., Gerst and Savage, 2004).

A detailed analysis of seismicity locations, magnitude, source mechanism and frequency

content shows that extension through mechanical faulting in the Danakil region is not

solely focused at the rift axis, but is also occurring at the western marginal graben (Fig-

ure 7.3). This addresses science question 1 & 5 as it suggests that extension and strain

are not solely focused at the rift axis, marking a change in rifting mechanisms from

the MER, where mechanical extension occurs almost exclusively at the rift axis (Keir

et al., 2006a). Further, the extension at the marginal graben is predominantly occurring

on a westward-dipping, rift-antithetic fault. Similar ‘landward-dipping’ structures have

been observed in rifted margins worldwide including the Gulf of Mexico (Pindell et al.,

2014), West and East Greenland (Geoffroy et al., 2001; Quirk et al., 2014), and the
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Figure 7.2: A summary of the orientation and causes of crustal seismic anisotropy.
This reveals the orientation of the stress field and dominant structures in northern Afar.
This reveals that the stress field is more complex than a simple, extension-controlled
stress orientation. On a local scale crustal stresses are dominated by gravitational forces

and magmatic deformation.

South Atlantic (Becker et al., 2016; Stica et al., 2014). Several mechanisms have been

proposed for the formation of these structures, including margin flexure (Geoffroy et al.,

2001), detachment faulting (Becker et al., 2016), axial uplift (Quirk et al., 2014), and

outer margin collapse prior to breakup (Pindell et al., 2014), however it is likely that

several of the proposed mechanisms can occur during a single rift cycle. It may be that

the large antithetic faults observed in the marginal graben of northern Afar may form
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the antithetic structures observed in rifted margins. This may have important impli-

cations for the reconstruction of rifted margins as the results of this thesis show that

these structures can form prior to full continental breakup. This further contributes to

science question 3, and provides evidence of another feature of seafloor spreading that

can initiate prior to full breakup. The observation that the marginal graben accommo-

dates extension at the same time that extension is occurring at the rift axis may also

have implications for the study of rifted margins. Many studies assume that extension

migrates in a continuous manner towards the rift axis (e.g., Stica et al., 2014), yet the

results of this thesis suggest that the evolution of extension and faulting may not be so

simple.

Figure 7.3: A summary of the rifting structures of the Danakil depression revealed
in this thesis. Profile A-B taken from Figure 4.13. Seismicity at the western marginal
graben reveals that active extension is occurring in this region, predominantly on a
west-dipping, antithetic fault. Low-frequency seismicity beneath Alu-Dalafilla volcanic
complex suggests the presence of a lower crustal magma complex. This may be fed by
a high melt fraction in the uppermost mantle, as revealed by seismic attenuation. The
lower crustal magma complex likely feeds the shallow stacked sill system which, in turn,
is the source for dyke intrusions and fissure eruptions (Pagli et al., 2012). In this sense,
magmatic crustal accretion in northern Afar is analogous to mid-ocean ridges (Figure

7.4).

In addition, low-frequency seismicity beneath the Alu-Dalafilla volcanic complex sug-

gests the presence of a lower crustal magma complex at ∼12 km depth (Figure 7.3). I

infer that this likely feeds the shallow magma bodies imaged by Pagli et al. (2012), which

were the source of the 2008 dyke intrusion and fissure eruption at Alu-Dalafilla. I further

suggest that the lower crustal magma complex is fed aseismically, direct from a region

of high melt fraction in the uppermost mantle, as evidenced by anomalously low seismic
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Figure 7.4: A summary of the magma plumbing system at the East Pacific Rise,
taken from Carbotte et al. (2013). At this mid-ocean ridge magmatic crustal accretion
at the axial summit trough (AST) occurs through dyke intrusions (broad arrows) which
are sourced from shallow, axial magma lenses (AML). These magma lenses are sourced
from a system of sills and crystal mush in the lower crust which, in turn, are sourced
from a region of ponded melt in the uppermost mantle. This mode of crustal accretion
and magma plumbing is directly analogous to the system proposed here for the Erta-Ale

volcanic segment (Figure 7.3).

attenuation (Figure 7.1 & 7.3). These combined observations suggest that magmatism

at the rift axis of the Danakil depression is characterised by a stacked sill system that is

similar to magma plumbing systems observed at mid-ocean ridges (Carbotte et al., 2013;

Jian et al., 2017; Schmid et al., 2017) (Figure 7.4). For example, Carbotte et al. (2013)

use seismic reflection data from the East Pacific Rise mid-ocean ridge to show that dyke

intrusions, which enable crustal accretion, are sourced from a stacked sill system which

is fed from the uppermost mantle by a region of high partial melt percentage. The East-

Pacific rise is a fast-spreading mid-ocean ridge with spreading velocities of 60 mm yr−1,

whereas the spreading rate at Alu-Dalafilla is ∼12 mm yr−1 (McClusky et al., 2010).

Thermal models of mid-ocean ridges suggest that shallow magma complexes should not

be present at the slow spreading rates observed in northern Afar (Phipps-Morgan and

Ghen, 1993). However, Pagli et al. (2012) argue that the lack of vigorous hydrothermal
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circulation in the arid Afar environment, and/or a high magma supply rate, may be

responsible for the presence of the proposed shallow magma complex. This suggests

that spreading rates are not the sole control on the nature of magma plumbing systems

at mid-ocean ridges or late-stage continental rifts. These findings address science ques-

tion 3 in suggesting that the mode of magmatic crustal accretion which is observed at

mid-ocean ridges (Figure 7.4), initiates during late stage continental rifting.

To address science question 2, I calculated the total geodetic moment release caused

by three dyke intrusions in the Danakil region. These intrusions occurred in 2004 at

Dallol volcano (Nobile et al., 2012), in 2008 at Alu-Dalafilla (Pagli et al., 2012) and

in 2017 at Erta-Ale (Xu et al., 2017). This reveals that the geodetic moment release

rate at the rift axis is approximately two orders of magnitude greater than the seismic

moment release rate. This alone suggests that the vast majority of extension at the rift

axis is accommodated through magmatic intrusions, and not through mechanical fault-

ing. However, the Danakil depression hosts large faults and thick, young sedimentary

sequences at the rift axis (Bastow and Keir , 2011; Keir et al., 2013). This suggests that

extension has been accommodated by large earthquakes in the recent past. I therefore

suggest that the seismic moment release rate at the rift axis which I report in this thesis

and is reported by the global catalogue, may not be representative of the long-term

deformation pattern. I further propose that the large earthquakes which are suggested

by presence of faulting and sedimentary sequences, may be induced by dyke intrusions,

such as observed during the Dallol (Nobile et al., 2012) and Dabbahu dyke intrusions

(Grandin et al., 2011). These dyke induced earthquakes may accommodate the majority

of mechanical extension at the rift axis in the long term, and in this sense extension in

northern Afar occurs in an episodic manner.

The final contribution of this thesis was to combine seismological, geodetic and satellite

imagery observations from the Giulietti Plain, with thermomechanical numerical mod-

elling. This reveals that an oceanic transform fault is initiating in the final stages of

continental rifting in the Danakil depression (Figure 7.5). The proto-transform fault
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Figure 7.5: A summary of the predicted evolution of the Giulietti Plain. Observations
of seismicity, geodetic deformation and surface faulting, combined with thermomechan-
ical numerical modelling shows that the Giulietti Plain is currently at a proto-transform
fault stage of development. The results of the numerical modelling suggests that this

will continue to develop into a stable, oceanic transform fault.

in the Giulietti Plain acts to transfer extension between the offset Erta-Ale and Tat-

Ale magmatic segments. The transfer of extension between magmatic segments through

transform faults is a key component of seafloor spreading and is observed in ocean basins

worldwide (Macdonald et al., 1988). The results presented here detail the first direct

observation of transform fault initiation and reveals that such structures can initiate in

the final stages of continental breakup, rather than exclusively during the initial stages

of seafloor spreading. There are many offset magmatic segments in Afar and it is not

clear whether the proto-transform process is limited to the Giulietti Plain. This study

focuses on the Giulietti Plain as that is the locus for present day deformation, however

this may not be a long-term pattern and other regions of segment offset may have been

active in the past. This section of the thesis addresses science question 3 as it shows that

this mode of extensional transfer that was thought to be unique to seafloor spreading,

can initiate prior to continental breakup.
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7.1.1 Addressing the Science Questions

Using the findings of this thesis I have attempted to address the following specific science

questions:

1. Is mechanical deformation focused solely at the rift axis during the final

stages of continental rifting? The results in this thesis provide strong evidence

to suggest that mechanical extension is not solely focused at the rift axis during

the final stages of continental breakup. The western marginal graben in northern

Afar is highly seismically active and accounts for a significant proportion of the

observed seismic moment release.

2. Is extension during the final stages of continental breakup predomi-

nantly accommodated through magmatic intrusions? The seismic moment

rate reported in this thesis and in the ∼40 year global seismicity catalogue suggests

that the vast majority of extension in northern Afar is accommodated through

magmatic intrusions. However, this is at odds with the presence of large faults

and thick, young sedimentary sequences at the rift axis. Therefore, it may be

that the seismic moment rate presented here and in the global catalogue is not

representative of the long term rifting mechanisms in northern Afar. I suggest

that the large earthquakes which account for the faulting and subsidence at the

rift axis, are not sampled by the relatively short term seismicity catalogue. It may

be that these large earthquakes occur coincidentally with large dyke intrusions,

such as observed at the Dabbahu volcanic segment (Grandin et al., 2011). In this

sense, extension in northern Afar, and in the final stages of continental rifting, can

be thought to occur episodically through both mechanical faulting and magmatic

intrusions.

3. Do processes associated with seafloor spreading initiate in the final

stages of continental breakup? This thesis provides numerous lines of evidence

to suggest that multiple processes that are associated with seafloor spreading, can

in fact initiate in the final stages of continental breakup. These include; the pres-

ence of highly connected partial melt in the lower crust and uppermost mantle; the
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formation of large scale antithetic faulting; and the transfer of extension between

magmatic segments through transform faults.

4. What is the nature of the magma plumbing system at the rift axes

of magmatic continental rifts? The identification of a lower crustal magma

complex beneath Alu-Dalafilla suggests that the magma plumbing system beneath

the rift axis in northern Afar comprises a stacked-sill system (Figure 7.3). This is

very similar to structures observed at mid-ocean ridges (e.g., Carbotte et al., 2013)

(Figure 7.4), where stacked sills in the crust are fed from a region of high melt

percentage in the uppermost mantle. Therefore, the mode of magmatic, crustal

accretion observed at mid-ocean ridges can initiate in the final stages of continental

rifting.

5. How are stress and strain distributed and oriented in the crust in the

final stages of continental rifting? The detailed study of crustal seismic

anisotropy allowed me to map the orientation of stress in northern Afar with

great detail (Figure 7.2). Combined with the locations and source mechanisms of

seismicity it showed that crustal stress is not simply controlled by the regional tec-

tonic strain. It changes orientation from the rift axis to the rift margins, and can

be greatly influenced on a local scale by strain that is induced by both magmatic

intrusions and deviatoric gravitational forces.

The findings of this thesis act together to suggest that the Danakil region of northern

Afar has begun the transition towards seafloor spreading. Deformation is predominantly

focused at the rift axis and occurs primarily through magmatic intrusions. This is a con-

tinuation of processes observed in the earlier stages of continental rifting in the MER.

In the MER the locus of extension has migrated away from the faults bordering the rift

and is now focused at the rift axis (Keir et al., 2006b; Wolfenden et al., 2005). This

extension is also predominantly accommodated by magmatic intrusions (Déprez et al.,

2013). These features appear to persist in the more developed rift in northern Afar.

However, unlike the MER, mechanical faulting is not solely focused at the rift axis but

also occurs at the rift margin. This change in the distribution of mechanical exten-

sion between the MER and Northern Afar has two potential explanations. Firstly, the
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voluminous basaltic volcanism in northern Afar and extended period of magmatic mod-

ification of the crust will have significantly altered the density of the crust (Bastow and

Keir , 2011). This will have resulted in a large density contrast between the Ethiopian

Plateau and the rift (Tiberi et al., 2005), which could indue flexural faulting at the rift

margin. Alternatively, the crust in northern Afar has become sufficiently weak such that

enhanced crustal thinning can be accommodated through plate stretching. This would

result in enhanced mechanical faulting in the crust, potentially explaining the reactiva-

tion of faulting at the rift margins. northern Afar also contrasts with the rift setting in

the southern Red Sea and Gulf of Aden, where full seafloor spreading has begun. Many

processes and features that are thought of as indicative of seafloor spreading, such as

the mode of magmatic crustal accretion; large scale antithetic faulting; and the transfer

of extension between magmatic segments through transform faults, have been shown to

initiate in the final stages of continental rifting in northern Afar. This suggests that the

transition from rifting as is currently observed in northern Afar, to seafloor spreading as

observed in the southern Red Sea and Gulf of Aden, may already be underway. Future

studies of rifted margins must take great care when interpreting the location and nature

of the continent-ocean boundary, as these results suggest that the transition from con-

tinental rift to seafloor spreading should not be considered as a discrete point in space

or time.

7.2 Potential Future Research

There is ample opportunity for further research in the Danakil region. In particular, I

feel a detailed study of the Giulietti Plain and western marginal graben would result in a

deeper understanding of the active processes in these regions. Due to the regional nature

of the seismic network in this thesis, it was only possible to perform detailed analysis of

the largest earthquakes in the Giulietti Plain. A dense network in this area would enable

future researchers to record smaller magnitude earthquakes and to assess the kinematics

of faulting with more detail. This could be complemented with a field study of the

exposed structures which would help to identify the currently active faults and to assess
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how the locus of active faulting has changed with time. In addition, palaeomagnetic

studies of the exposed lavas in the Giuietti Plain may be able to assess whether the re-

gion has undergone rotation. In addition to a detailed study of the Giulietti Plain, other

regions of offset magmatic segments in Afar should be considered. The Giulietti Plain

is the locus for present day deformation, however this may not be a long-term pattern

and other regions of segment offset may have been active in the past. Monitoring of

deformation, both seismically and geodetically, in the Giulietti Plain will give insight

into how the region responds through time. Further, any evidence for deformation in

other regions of segment offset should be investigated and compared/contrasted with

the observations presented here.

In Chapter 4 I detailed the seismicity observed in the western marginal graben. The

persistent seismicity here is a feature that has been observed in previous studies (e.g.,

Belachew et al., 2011), yet this is the first time that structures have been interpreted

with any detail. The western marginal graben is prone to large (>5 ML) earthquakes

and in August 2002 experienced a swarm of earthquakes, with a peak magnitude of 5.6

ML (Ayele et al., 2007). The marginal graben earthquakes in my study did not exceed

a magnitude of 3.77 ML. Therefore, it may be that the structures which accommodate

large earthquakes differ to those that I image. On 24th March, 2018 a 5.2 Mb earth-

quake occurred in the western marginal graben at a depth of 10 km (Figure 7.6). The

location and moment tensor are provided by the USGS but feature large errors (±5.3

km horizontal, ±1.9 km depth). The USGS moment tensor is in broad agreement with

the N-S oriented normal faulting identified in this thesis (Figure 4.8). A detailed study

of this individual earthquake and the associated microseismicity has the potential to

shed further light on the seismically active structures in the marginal graben. This is

particularly important, given the earthquake’s proximity to the large town of Mek’Ele.

Further, the complex tectonics of the marginal graben system would benefit greatly

from a detailed structural geology field study. This will provide details of the long term

deformation style in the marginal graben and whether the antithetic faulting shown in

this thesis is indicative of long-term faulting along the entire margin.
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Figure 7.6: The location of the 5.2 Mb earthquake occurring in the marginal graben
on 24/03/2018 as reported by the USGS. It occurs at a depth of 10 km ±1.9 km,

horizontal errors are ±5.3 km.

The findings presented in this thesis have exposed unanswered research questions re-

garding the final stages of continental rifting. I therefore propose the following science

questions and postulate how they may be approached:

1. How is long-term mechanical deformation accommodated in marginal

grabens? This thesis has revealed that a significant proportion of seismic mo-

ment release occurs in the marginal graben system of northern Afar. During the

study period (2011–2013), the majority of this mechanical deformation occurs on

a rift-antithetic fault. However, it is not clear whether this is a long-term feature
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of deformation in the marginal graben. Analysis of the March 2018 earthquake in

the region will reveal the fault plane which accommodated this large magnitude

earthquake. In addition, a detailed study of the structural geology and geomor-

phology of the marginal graben will provide insight into how deformation occurs

in this region on geological timescales.

2. What is the nature of the structures currently accommodating strain

transfer in the Giulietti Plain, and how have they evolved through time?

In this thesis I propose that the transfer of strain in the Giulietti Plain is occurring

through a proto-transform fault. However, the resolution of the seismic data is not

sufficient to precisely define how the proto-transform fault manifests itself in the

structural fabric of the region. A more detailed study of seismicity in the region,

with a dedicated seismic array, would enable these structures to be accurately

mapped and associated with surface features. In addition, palaeomagnetic and

structural geology studies within the Giulietti Plain may reveal how the locus of

deformation has evolved through time. This will place additional observational

constraints with which to predict the development of this region in the future.

3. Is the deep magma reservoir beneath Alu-Dalafilla a transient feature or

a long-term feature of late-stage continental rifting? In this thesis I identify

a lower-crustal magma reservoir beneath the Alu-Dalafilla volcanic complex at the

rift axis. However, due to the nature of this study I cannot postulate whether this

is a long lived feature beyond the two-year study period. A detailed petrological

analysis of the erupted lavas at the rift axis may reveal typical storage depths for

magma reservoirs.
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Calculation of Full Moment

Tensors

We use the full moment tensor grid search algorithm of Dreger et al. (2000) and Minson

and Dreger (2008) to determine strike, dip rake, double-couple moment and isotropic

moment. The compensated linear vector dipole (CVLD) component accounts for non-

double couple contributions, and is a measure of fit to a double couple mechanism (e.g.,

Dreger et al., 2000).

The Green’s function forming the synthetic seismograms were computed using the

frequency-wave number integration program (FKRPROG) (Saikia, 1994) and the one-

dimensional velocity model of Belachew et al. (2012). To determine the best source

depth, synthetic seismograms and deviatoric moment tensors were estimated for depths

from 0 km to 25 km in increments of 1 km. The depth that yielded the largest variance

reduction (best fit) is chosen as the centroid depth, and we used the selected depth in all

of the source modelling. Following methods described in Minson and Dreger (2008) and

Belachew et al. (2012), we use low pass filtered vertical, radial and transverse waveforms

and locations from the database in Belachew et al. (2011). The data and synthetic seis-

mograms were bandpass filtered between periods of 20 and 50 s for Mw > 4 and between

141
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10 and 50 s for Mw < 4.

None of the source mechanisms for earthquakes along the western escarpment showed

evidence for volumetric changes at source, and CLVD components are less than 5%,

indicating that the source mechanisms represent shear failure along planar faults. In

contrast, the May 2008 swarm of earthquakes inthe Main Ethiopian rift have CLVD

components. The percentage CLVD component varies from 4% to 29%, with the largest

values associated with the May 2008 swarm in the Main Ethiopian rift where magma

intrusion may have occurred.
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