
Journal of Volcanology and Geothermal Research 201 (2011) 83–96

Contents lists available at ScienceDirect

Journal of Volcanology and Geothermal Research

j ourna l homepage: www.e lsev ie r.com/ locate / jvo lgeores
Insights into extensional processes during magma assisted rifting: Evidence from
aligned scoria cones

Tyrone O. Rooney a,⁎, Ian D. Bastow b, Derek Keir c

a Deptartment of Geological Sciences, Michigan State University, East Lansing, MI 48824, USA
b Department of Earth Sciences, University of Bristol, Bristol, BS8 1RJ, UK
c School of Earth and Environment, University of Leeds, Leeds, LS2 9JT, UK
⁎ Corresponding author. Fax: +1 517 353 8787.
E-mail address: rooneyt@msu.edu (T.O. Rooney).

0377-0273/$ – see front matter © 2010 Elsevier B.V. Al
doi:10.1016/j.jvolgeores.2010.07.019
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 28 March 2010
Accepted 18 July 2010
Available online 25 July 2010

Keywords:
East African Rift
Ethiopia
volcanism
extension
geochemistry
rifted margin
Mechanical and magmatic processes exert first-order control on the architecture and evolution of rifts. As a
continental rift develops towards a new oceanic spreading centre, extension that is initially accommodated
in a broad zone of faulting and ductile stretching must transition towards a narrow zone of focused
magmatic intrusion. The Main Ethiopian Rift (MER), part of the East African Rift System, is an ideal location
to study this transition because it captures rifting processes during continental breakup. In this contribution
we synthesise geochemical data from scoria cones in the Wonji Fault Belt (WFB) and Silti-Debre Zeyit Fault
Zone (SDFZ) in the MER to provide new constraints on the development of mantle melting columns and
magmatic plumbing systems since the onset of rifting. We utilize the extensive geophysical and geochemical
databases, collected in the Ethiopian Rift, to show that geochemical evidence of heterogeneity in the depth of
the mantle melting column which produced Quaternary rift basalts correlates with lithospheric structure.
When combined with existing observations of asymmetry across the rift in terms of depth of melting column
and magmatic plumbing systems, it is evident that the mechanical structure of the rift, defined during the
initial stages of breakup, has played a dominant role in the initial development of magma assisted rifting in
the MER. Surface structures and crustal-scale geophysical studies have suggested the WFB is analogous to a
sea-floor spreading centre. However, the geochemical characteristics of rift basalts are consistent with
mantle tomography that shows no evidence beneath the MER for passive magmatic upwelling beneath
discrete rift segments as is observed in the ocean basins. Collectively, the Ethiopian data show that the
distribution of mantle melts during the initiation of magma assisted rifting is fundamentally influenced by
lithospheric structures formed during earlier syn-rift stretching.
l rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Continental rifts are initially characterised by relatively broad
zones of ‘mechanical’ extension in which faulting and stretching of the
lithosphere accommodates strain. Ultimately, however, the locus of
extension must shift towards narrow zones of magma intrusion at a
new oceanic spreading centre. Recent studies of continental rifts (e.g.,
Ethiopia: Mackenzie et al., 2005; Baikal: Thybo and Nielsen, 2009),
and passive margins (White et al., 2008) show increasingly that
extension of the continental lithosphere is accommodated in part by
the intrusion of magma into the plate prior to rupture, without
marked crustal thinning. Such observations have important implica-
tions for the estimation of stretching factors and thus the thermal
evolution of potentially hydrocarbon-rich passive margins world-
wide. Despite the obvious need to incorporate magma intrusion,
however, traditional kinematic (e.g. McKenzie, 1978) andmore recent
dynamic (e.g. Huismans and Beaumont, 2003) rifting models have
regarded melt only as a by-product (e.g., continental flood basalts) of
extension, and not a mechanism by which it is achieved.

Ethiopia provides a unique opportunity to understand the role of
magma intrusion during continental breakup because it exposes
subaerially several stages of rift evolution from juvenile continental
rifting in the south, to incipient sea-floor spreading in Afar (e.g. Ebinger
and Hayward, 1996; Hayward and Ebinger, 1996; Ebinger and Casey,
2001). Recent international collaborative experiments, in particular the
Ethiopia Afar Geoscientific Lithosphere Experiment (EAGLE: e.g. Bastow
et al., in press and references therein), have probed this region using a
suite of geophysical and geochemical tools including passive and
controlled source seismology, magnetotellurics, gravity surveying, and
isotopegeochemistry to place new constraints on present day extension
in Ethiopia. The south-to-north exposure of progressively evolved
stages of rifting means that these results can be used to understand the
evolution of rifting processes over time, and in particular the changing
role of magma intrusion in accommodating extension.

Structural and crustal-scale geophysical studies of the MER cite
evidence of discrete zones of magmatic intrusion in the crust to
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suggest that the early stages of mid-ocean ridge development are
already underway (e.g., Ebinger and Casey, 2001; Keranen et al., 2004;
Casey et al., 2006). In contrast, the velocity structure of the uppermost
mantle shows no correlation with crustal magmatic segmentation,
with the implication that processes in the ocean basins are not yet
operating beneath the MER (Bastow et al., 2005, 2008). The
geochemical properties of rift magmatism can reveal details of the
magmatic plumbing system, degree of lithospheric thinning, and
changes in properties or proportions of the magmatic reservoirs that
contribute to rift volcanism. A coupled geochronological and
geochemical study of rift magmatism therefore provides a fresh
opportunity to place constraints on the spatial and temporal
development of rifting during the transition from continental rifting
to sea-floor spreading.

In continental rifts, a significant proportion of magma intrudes
continental lithosphere in the form of near vertical dikes (e.g. Parsons
and Thompson, 1991; Kendall et al., 2005; Rooney et al., 2005; Behn
et al., 2006; Buck et al., 2006; Wright et al., 2006; Calais et al., 2008;
Keir et al., 2009b; Bastow et al., 2010). These intruded dikes may
induce faulting in the brittle upper crust (e.g. Rubin and Pollard, 1988;
Rubin, 1990; Keir et al., 2006a; Wright et al., 2006; Ayele et al., 2009;
Hamling et al., 2009), or where the dike intersects the surface, aligned
chains of scoria cones and fissural flows form during volcanic eruption
(e.g. Nairn and Cole, 1981; Cole, 1990; Chadwick and Dieterich, 1995;
Ferguson et al., 2010). In this contribution we track the evolution of
continental breakup by focusing on the magmatic products of cinder
cones located in the MER. Significant developments in understanding
the geochemical reservoirs which contribute to rift magmatism (e.g.
Hart et al., 1989; Deniel et al., 1994; George and Rogers, 1999; Furman
et al., 2006) have focused attention on the relationship between rift
magmatism and extensional processes within the MER (Rooney et al.,
2007; Rooney, 2010). This study utilizes existing geochemical and
geophysical data and interprets them in the context of recent
geodynamic models (e.g. Ebinger and Casey, 2001; Buck, 2006; Bialas
et al., 2010) to place new constraints on the nature of the transition
Fig. 1. A) Shaded digital elevation model (SRTM-NASA/JPL) of the East African Rift system.
however to the south a western and eastern branch circle the Tanzania Craton. B) Inset of the
from existing studies and shown in grey (Ebinger et al., 2000; Keir et al., 2006a). The rift is d
26 Ma (Wolfenden et al., 2005), 2) central Ethiopia ~5–12 Ma (WoldeGabriel et al., 1990; Ch
21 Ma (Bonini et al., 2005). Magmatism associated with the WFB, SDFZ, and Arba Minch i
magmatism is unclear (Keir et al., 2006a), otherwise basaltic outcrops are those of Kazmin e
(TGD) is shown as a dotted grey line. Note that Quaternary magmatic activity outside of th
from broad mechanical extension (faulting and stretching) towards
narrow zones of magma intrusion prior to the onset of sea-floor
spreading.

2. Continental rifting in East Africa

2.1. Structural and temporal constraints on rifting in the MER

The role of melt emplacement in facilitating continental rupture
has been highlighted as geodynamic studies have shown that the
tectonic force needed to initiate and maintain breakup of thick
continental lithosphere in the absence of melt is greater than that
typically available (Kusznir and Park, 1987; Hopper and Buck, 1993;
Buck, 2004; Buck, 2006; Bialas et al., 2010). Ultimately, however, the
locus of extension in rifts that develop to the point of rupture shifts
towards narrow zones of magma intrusion as a new oceanic spreading
centre is established. Early models incorporating melt into the
evolution of the MER theorized that asthenospheric material is
diapiracally emplaced into the lithosphere (Mohr, 1987). More
recently, detailed multi-disciplinary investigation of the MER (e.g.
Bastow et al., in press and references therein for a review) suggests
lithospheric extension migrates from slip along rift border faults to
focused dike intrusion and associated faulting on the rift floor
(Ebinger and Casey, 2001; Casey et al., 2006).

The timing of initial extension in Ethiopia varies markedly along the
length of the rift and three regions are recognized based upon the initial
phase of rift border fault development (Fig. 1B). The timing of initiation
of extensionalong theRedSeaandGulf of Aden riftmarginshas been the
subject of detailed stratigraphic (e.g. Bosworthet al., 1998; Fantzotti and
Sgavetti, 1998), geochronologic (e.g. Hughes and Filatoff, 1995; Ukstins
et al., 2002; Wolfenden et al., 2005), and magmatic studies (e.g. Camp
and Roobol, 1989; Camp et al., 1991; Camp et al., 1992). While much
uncertainty exists, a common conclusion of these studies is that
extension along the Red Sea and Gulf of Aden margins occurred
subsequent to the (30±1 Ma: Hofmann et al., 1997) initial plume
The northern East African rift has one distinct branch traversing the Ethiopian Dome,
Main Ethiopian Rift and Afar regions of the East African rift system. Rift border faults are
ivided into three zones based upon the approximate time of initial rifting. 1) Afar ~29–
ernet et al., 1998;Wolfenden et al., 2004; Bonini et al., 2005), 3) southern Ethiopia ~20–
s shaded in black. A dotted outline indicates inferred segment location where surface
t al. (1981) and Woldegabriel and Aronson (1987). The Tendaho–Goba'ad discontinuity
e WFB/SDFZ/Arba Minch regions is not shown (e.g. North of the TGD).



85T.O. Rooney et al. / Journal of Volcanology and Geothermal Research 201 (2011) 83–96
volcanic event (see Bosworth et al., 2005 for more detailed discussion).
In southern Ethiopia, the initiation of rifting is thought to be ~18–20 Ma
(WoldeGabriel et al., 1990; 1991; Ebinger et al., 1993; Yemane et al.,
1999; Bonini et al., 2005). Themost recently rifted (5–12 Ma) portion of
theMain EthiopianRift is in central Ethiopia between 7 and 10°N (Fig. 1:
WoldeGabriel et al., 1990; Chernet et al., 1998; Wolfenden et al., 2004).
Tectonic processes in the MER and Afar Depression continue to the
present day in this seismically and volcanically active rift zone (Tadesse
et al., 2003; Wright et al., 2006; Ayele et al., 2007; Keir et al., 2009b).

2.2. Geophysical evidence of MER development

The recent Ethiopia Afar Geoscientific Lithospheric Experiment
(EAGLE: e.g. Bastow et al., in press) probed the region of transition
from continental rifting to sea-floor spreading in the Ethiopian rift
using passive and controlled source seismic techniques complemen-
ted by gravity and magnetotelluric studies. Results from EAGLE imply
the presence of high seismic velocity (Keranen et al., 2004; Mackenzie
et al., 2005; Maguire et al., 2006; Daly et al., 2008), high density
(Tiberi et al., 2005; Cornwell et al., 2006; Mickus et al., 2007; Cornwell
et al., 2010) crustal intrusions derived from a hot, partially molten
upper mantle (e.g. Bastow et al., 2005; Bastow et al., 2008) with
possible connection to the deeper African superplume (Ritsema and
van Heijst, 2000; Grand, 2002; Benoit et al., 2006a; Benoit et al.,
2006b; Montelli et al., 2006; Simmons et al., 2007; Li et al., 2008;
Sicilia et al., 2008). High conductivity zones in the crust imaged by
magnetotelluric study (Whaler and Hautot, 2006), and the spatial
coincidence of seismicity in and around the MER with these zones of
inferred partial melt (Keir et al., 2009a) point strongly towards
ongoing magmatic processes in the region. Measurement of crustal
thickness in the MER (Mackenzie et al., 2005; Maguire et al., 2006;
Stuart et al., 2006; Cornwell et al., 2010) shows remarkably little
crustal thinning, compared to predictions of stretching models with
the implication that extension by magma intrusion may maintain
crustal thickness during the later stages of breakup.

Studies of seismic anisotropy (e.g. Kendall et al., 2005; 2006;
Bastow et al., 2010) show that the MER is one of the most anisotropic
regions worldwide, with SKS splitting delay times as high as ~3 s.
Intriguingly, the change in orientation of fast SKS waves from the
plateau regions to the MER mirrors a shift from N130°E-directed
extension to N110°E-directed extension at ~2 Ma, when crustal strain
localized towards the volcanically active Wonji Fault Belt (WFB) (e.g.
Wolfenden et al., 2004), though recent studies have questioned such
polyphase deformation (Corti, 2008) based upon revised kinematic
models for Nubia–Somalia plate motion (Royer et al., 2006). Study of
seismic anisotropy via combined analysis of body and surface waves
shows that elongatemelt inclusions (dikes and veins) characterise the
Ethiopian lithosphere from ~20 km to at least 50 km depth beneath
the MER (Bastow et al., 2010).

2.3. Initiation and development of magmatism associated with the MER

The initial magmatic expression of extension has typically
occurred along the rift margin where abundant silicic volcanoes
(Wolfenden et al., 2004) and basaltic flows with unusual geochemical
compositions (George and Rogers, 2002) are observed. In the central
MER, abundant silicic volcanism along the rift flanks at 10–12 Ma, is
coincident with the development of rifting in this region (Wolfenden
et al., 2004). The Getra Kele basalts (19–11 Ma) near Arba Minch
(Fig. 2) erupted synchronously with the initiation of rifting and are
thought to represent a partial melt of the lithospheric mantle during
initial lithospheric thinning (George and Rogers, 2002). Within the
central MER, the earliest stages of volcanism are not well isotopically
characterised, however in Afar, early rift volcanics (10–25 Ma) are
well-exposed and geochemical studies have shown that these lavas
have been substantially contaminated by the continental lithosphere
(e.g. Deniel et al., 1994). Volcanism in the MER since the Late Miocene
has been typically bimodal; silicic activity is by far the most dominant
composition (e.g. Boccaletti et al., 1995; 1999a; Trua et al., 1999;
Peccerillo et al., 2003). Large silicic volcanoes have developed on the
rift floor and are typically located at the intersection of east–west
striking faults with the more dominant northeast–southwest striking
faulting in the rift (Korme et al., 2004; Abebe et al., 2007). The origin
of these silicic centres has been linked to variations in strain rate,
where the transition from silicic domes to basaltic cones coincides
with an increased extension rate within the rift (Lahitte et al., 2003;
Mazzarini et al., 2004). Increased extension, accommodated by crustal
stretching, reduces the crustal thickness and may impact on magma
transport through the lithosphere. The observed correlation between
crustal thickness and the upper length-scale cutoff at which volcanic
vents show self-similar clustering shows that the degree of crustal
stretching fundamentally influences transport of basaltic magma from
deep/subcrustal reservoirs to the surface (Mazzarini, 2007). In Afar,
these large silicic centres developed as precursors to localized fissural
basaltic volcanism along the axis of the rift (Lahitte et al., 2003). Away
from these edifices, substantial volumes (up to 2000 km3 in a single
eruption: WoldeGabriel et al., 1990) of ignimbrites, tuff, and
volcanoclastic and lacustrine sediments cover the rift floor and
deposition of these materials has continued to recent times
(WoldeGabriel et al., 1990; WoldeGabriel et al., 2005; Brown and
Fuller, 2008). As the locus of strain hasmigrated from rift border faults
to seismically and volcanically active zones of extension on the rift
floor (Ebinger and Casey, 2001; Buck, 2006; Casey et al., 2006),
magmatism has become more restricted to small volume basaltic
eruptions emanating from scoria cones and fissures locatedwithin the
Wonji Fault Belt and Silti-Debre Zeyit Fault Zone (Figs. 1B, 2).

3. Magmatic–tectonic fault belts in Ethiopia

3.1. Structural features of the Wonji Fault Belt

The topographic expression of the northernMER is defined by ~NE
striking border faults that become more N–S in the central and
southern MER (Corti, 2009 and references therein) and have
accommodated extensional strain during Miocene times (Wolfenden
et al., 2004). However, since ~2 Ma, the locus of extension has shifted
in-rift to a ~20-km-wide zone of ~NNE striking Quaternary–Recent
faults, fissures and chains of aligned volcanic cones (Ebinger and
Casey, 2001). This Quaternary–Recent volcano-tectonic lineament
was first described by Mohr (1962; 1967b) as the Wonji Fault Belt
(WFB), and has been referred to in more recent literature as axial
Quaternary magmatic segments (e.g. Ebinger and Casey, 2001; Keir
et al., 2006a). The WFB has been interpreted as the onset of extension
dominated by magma intrusion during the transition towards an
oceanic spreading centre, where similar length-scale segmentation
patterns are observed (Hayward and Ebinger, 1996; Ebinger and
Casey, 2001; Keranen et al., 2004; Daly et al., 2008). TheWFB defines a
clear topographic feature from the Central MER to its sharp northerly
termination at the Tendaho–Goba'ad discontinuity (Fig. 1: Tesfaye
et al., 2003). The southern termination of the WFB is less well defined
(Rooney, 2010). Within the central MER, the WFB is arranged in a
right-stepping en echelon pattern, a geometry that may be kinemat-
ically imposed by the ~40-degree obliquity between the ~NE striking
Miocene border faults and the current ~E–W direction of extension
(e.g. Corti, 2008). The obliquity between border faults and extension
direction may therefore be a contributing factor to the manner in
which strain localizes to a narrow zone as extension evolves (e.g.
Corti, 2008; Agostini et al., 2009). Here, the WFB is offset towards the
rift margins. In contrast, the northernmost ~150 km of the WFB is set
within the broad Afar depressionwhere rifting initiated at ~29–31 Ma
during extension in the southernmost Red Sea and westernmost Gulf
of Aden rifts (Fig. 1) (Wolfenden et al., 2005; Ayalew et al., 2006).



Fig. 2. Tectonic andmagmatic map of the MER showing sample locations (circles). At this latitude, theWonji Fault Belt (WFB) occurs along the eastern rift margin and the Silti-Debre
Zeyit Fault Zone (SDFZ) occurs along the western rift margin. Outcrops of the Arba Minch volcanics occur around 6°N. Rift border faults are shown in black and undifferentiated
faults/fractures are shown in grey. The faults and basaltic outcrops are derived from existing maps (Kazmin et al., 1981; Woldegabriel and Aronson, 1987; Ebinger et al., 2000; Casey
et al., 2006). Magmatic segments (MS) as defined by Casey et al., (2006) are defined by dotted lines. Dot–dash–dot patterns denote other zones of activity not formally divided into
magmatic segments. F–D = Fantle–Dofan, B–K = Bosetti–Kone, A–G = Aluto–Gedemsa, DZ = Debre Zeyit, BJ = Butajira, AM = Arba Minch.
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Here, the ~NNE striking WFB is relatively straight and not markedly
offset to either the western or southern margins of the Afar
depression. Recent geodetic studies have shown that ~80% of
extension within the MER is currently accommodated within the
WFB (Bilham et al., 1999). In support of geodetic measurements of rift
deformation, geophysical studies show that the WFB is a locus of
seismicity concentrated in the upper ~15 km of the crust (Keir et al.,
2006a; 2006b). This relatively shallow brittle–ductile transition is
broadly consistent with estimates of the elastic plate thickness in the
MER derived from topography and gravity data (Ebinger et al., 1999;
Tessema and Antoine, 2003; Perez-Gussinye et al., 2009).

The surface expression of the WFB is mirrored in subsurface
geophysical data. The WFB is characterised by positive Bouguer
anomalies (Tessema and Antoine, 2003; Tiberi et al., 2005; Cornwell
et al., 2006) and underlain by anomalously high seismic velocity
material interpreted as cooled mafic intrusions (Keranen et al., 2004;
Daly et al., 2008). Keranen et al. (2004) and Daly et al. (2008) used local
seismic tomography techniques to image a right-stepping pattern of
high velocities between 20 km and 7 km depth in the crust beneath the
Fig. 3. Primitive mantle normalized (Sun andMcDonough, 1989) spider diagrams for quatern
et al., 2006; Rooney et al., 2007) has been divided based upon which segments they have bee
al., 2006; Rooney et al., 2007; Rooney, 2010) divided based upon segments defined by Casey
a segment by Casey et al. (2006). Also shown are data from Arba Minch (George and Rogers,
SDFZ are divided based upon locality of eruption and are grouped into three zones — see F
WFB. To first order, the geometry of the magmatic plumbing system in
the upper crust beneath rift segments appears similar to that observed
in mid-ocean ridges (e.g. Keranen et al., 2004). Numerical modeling
suggests that once an elongate zone of diking is established in the rift
axis, the strong, cooled mafic intrusions function to focus extensional
stress and thereby promote emplacement of new dikes into the narrow
zone of intrusion (Beutel et al., 2010).

Mantle structure beneath obliquely extending oceanic spreading
segments mimics the en echelon lithospheric structure (e.g. van Wijk
and Blackman, 2007); However beneath the WFB, the lowest seismic
velocities do not directly underlie the Quaternary magmatic segments
(Bastow et al., 2005; Bastow et al., 2008). Here the upper mantle is
dominated by a NE-trending low velocity zone (75–100 km depth)
that is offset towards the rift flanks, mimicking the initial fault
controlled segmentation (Bastow et al., 2005; Bastow et al., 2008).The
along-axis segmentation of the upper mantle, therefore, is not directly
comparable to that reported at mid-ocean ridge spreading centres,
where discrete zones of passively upwelling and partially molten
asthenosphere underlie rift segments (e.g. Wang et al., 2009).
ary basalts from theMER (MgO greater than 6%). A. Data from existing studies (Furman
n erupted in. These segments are defined by Casey et al. (2006). B. WFB data (Furman et
et al., 2006 but also shown is a sample from the Lake Shalla area (Fig. 2), not classified as
1999; Rooney, 2010) in the very south of the MER (Fig. 2). C. Magmas erupted along the
ig. 2. Data are from Rooney et al. (2005) and Rooney (2010).
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Fig. 4. Shaded DEM (SRTM – NASA/JPL) of the Debre Zeyit region of the SDFZ. Large
silicic volcanoes are labeled (Yerer, Ziqualla, and Bede Gebebe). The Pliocene Akaki
cinder cone field is shown adjacent to the SDFZ. The SDFZ terminates ~9°N against a
protrusion of the Ethiopian Plateau (Boru-Toru Structural High; Bonini et al., 2005).
Note the abundance of cinder cones and maars along the alignment of the SDFZ which
cut the earlier Bede Gebebe edifice.
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The cause of obliquity between the ~NE striking rift border faults
and ~NNE striking faults and aligned cones of the WFB remains
controversial. One class of models suggests border faults formed
within NW–SE extension during Miocene times, with a change to ~E–
W directed extension around ~3.5 Ma coeval with localisation of
magma intrusion dominated strain to the WFB (Bonini et al., 1997;
Boccaletti et al., 1999b; Wolfenden et al., 2004; Casey et al., 2006).
Alternatively, Corti (2008) and Agostini (2009) used analogue models
to show that the structural morphology of the central MER can be
replicated using only ~E–Wextension, with the ~NE strike of the early
rift border faults strongly influenced by similarly oriented pre-rift
basement.
Fig. 5. Photo of a maar (Lake Bishoftu) in the Debre Zeyit a
3.2. Cindercones along the WFB

Scoria cones and associated basaltic flows are the most visible
feature of the WFB, occurring along its entire length and forming
~2034 km2 (Abebe et al., 2007) of volcanic fields in the central-
northern MER (Fig. 2). Faulting and associated magmatic activity in
the WFB initially did not dissect earlier large silicic edifices built upon
the rift floor. However silicic caldera complexes located within the
WFB (e.g. Gedemsa) show evidence of dissection by subsequent
faulting, and host small basaltic cones associated with and cut by
these late-stage faults (Peccerillo et al., 2003). Throughout the WFB,
scoria cones are dominantly located along faults and extensional
fractures, frequently forming linear chains (e.g. Mohr, 1967b).
Favourable stress conditions that develop at fault tips are thought to
facilitate magma ascent and scoria cone eruption (Casey et al., 2006).
In the Kone region of the central MER, 51% of all faults have an
associated eruptive centre, with scoria cones focused at fault tips and
open cracks (Casey et al., 2006). Scoria cones are found in various
states of preservation within the WFB (both in terms of natural
erosion and mining for aggregate) but are particularly fresh around
the Bosetti–Fantale region where a magma fissuring event occurred in
the 19th Century (Mohr, 1962;Williams et al., 2004), and 1587 km2 of
magmas have been erupted (Abebe et al., 2007).

3.3. Geochemistry of WFB segments

The spatial extent of the WFB segments has previously been
defined from the surficial lateral continuity of magmatism and
faulting (Fig. 2) (Mohr, 1967b; Ebinger and Casey, 2001; Casey et
al., 2006; Kurz et al., 2007). These continental segments have been
compared to the segmentation observed at mid-ocean spreading
centres based upon some similarities in lithospheric structure (e.g.
Keranen et al., 2004), though the mantle beneath the rift has yet to
organise into punctuated upwellings (Bastow et al., 2005; 2008).
Geochemical labelling has proved particularly effective in defining
oceanic ridge segmentation (e.g. Sinton et al., 1991). We have taken
the most primitive (N6% MgO) lavas erupted within the segments
defined by Casey et al. (2006) and present a comparison of the
geochemical characteristics of the volcanic products (Fig. 3). Recent
geochemical studies have indicated that Ethiopian rift mafic magmas
have been derived from three sources: the Afar plume, the local
asthenospheric mantle, and the continental lithosphere (Deniel et al.,
1994; Furman et al., 2006). Magmas erupted along the WFB exhibit
similar patterns defined broadly by positive Ba, Nb and Ta anomalies
rea (~8°40N; 38°55E) with surrounding scoria cones.

image of Fig.�4
image of Fig.�5
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and a Th–U trough (Figs. 3A,B), suggesting some similarities in their
magmatic sources. This pattern is particularly pronounced in the
Angelele, Fantale–Dofan, Kone–Bosetti, and Shalla segments. Magmas
erupted within the Gedemsa segment are similar to others along the
WFB, however the anomalies are more suppressed and bear some
resemblance to magmas erupted at Arba Minch. These patterns may
relate to mixing between silicic and basaltic magmas, consistent with
petrologic evidence of magma mixing at both locations (George and
Rogers, 1999; Peccerillo et al., 2003; Rooney, 2010).

3.4. Silti-Debre Zeyit Fault Zone

The Silti-Debre Zeyit Fault Zone (SDFZ) has always played a minor
role in discussions of rift volcanism in the MER, though it forms a
volumetrically significant region of Quaternary magmatism along the
western rift margin (WoldeGabriel et al., 1990; Rooney et al., 2005).
Abundant scoria cones and associated flows (373–732 km2 — range
dependant on definition of SDFZ) occur in linear chains along the SDFZ.
However unlike the WFB, the surface expression of faulting and
fracturing is not well-developed (Kurz et al., 2007). The SDFZ was
initially considered tobe~100 kmlongand2–5 kmwide (WoldeGabriel
et al., 1990), terminating to the north against an embayment of the rift
margin at 9°N (Fig. 4). However, the southern limit is complicated by
possible overlap between theWFB and SDFZ at 6.5–7°N (WoldeGabriel
et al., 1990; Rooney, 2010). In this overlap region, magmas have trace
element characteristics similar to those found further north along the
SDFZ but abundant surface faulting similar to the WFB is evident
(Rooney, 2010). We propose that within the central MER, Plio-
Quaternary volcanism occurring along the eastern rift margin be
attributed to the WFB while activity along the western rift margin be
recognized as the SDFZ. On this basis, the SDFZ becomes a significantly
longer feature extending from 6.5°N to 9°N.

3.5. Cindercones and maars along the SDFZ

An important distinction between the WFB and SDFZ is the
presence of abundant explosion craters in the Debre Zeyit and Butajira
and regions of the SDFZ, which are more limited along the WFB
(Fig. 2). At least 16 explosion craters (Fig. 5) have been identified in
Debre Zeyit and three in the Butajira portion of the SDFZ (Mohr 1961).
These craters have steep sides and flat bottoms, are frequently aligned
and exhibit diameters close to 1 km that sometimes intersect (Mohr,
1961). The craters were generated during the same phase of activity
that has produced cinder cones and flows in the region (Mohr, 1967a).
The alignment of the craters also coincides with the eruption of some
cinder cones (Figs. 4, 5). While some early discussion centred on a
possible meteorite impact (Sjogren, 1951), the origin of the Debre
Zeyit explosion craters is clearly volcanic and related to maar
formation (Mohr, 1967a; Gasparon et al., 1993). Early reconnaissance
work interpreted the presence of ‘solvsbergite’ blocks within themaar
ejecta as evidence for a carbonatitic magma source (Mohr, 1961;
1967a). While these blocks have not been examined with modern
techniques, magma from adjacent cinder cones shows no evidence for
carbonatitic metasomatism in its mantle source (Rooney et al., 2005).
Similar to the WFB, large silicic centres and complexes occur in the
Debre Zeyit region (Fig. 6) of the SDFZ (e.g. Ziqualla 1.3–0.9 Ma:
Fig. 6. Panoramic photograph of the Debre Zeyit portion of the SDFZ. The field of view is sho
Morton et al., 1979) that on occasionmay be heavily dissected by later
basaltic activity (e.g. Bede Gebebe: Gasparon et al., 1993).

3.6. Geochemistry of SDFZ

The SDFZ is broadly divisible into three groups based upon
geographic distribution of Plio-Quaternary magmas: Debre Zeyit,
Butajira, and Diguna (Fig. 2). The overall trace element pattern in all
three regions of the SDFZ is similar and resembles the WFB with
prominent Ba, Nb and Ta peaks and a Th–U trough. At Diguna, a peak
in P coupled with a depletion in Zr–Hf has been interpreted as minor
apatite in the source of these magmas (Rooney, 2010). The same
patterns are also observed in some of the Debre Zeyit samples. While
the SDFZ and WFB lavas are likely derived from similar mantle
sources, the mantle beneath the SDFZ may have underwent minor
metasomatism of unknown origin (Rooney, 2010).

3.7. Arba Minch volcanics

Quaternary volcanism and faulting in the Arba Minch region of
southern Ethiopia (also known as the Bobem, Tosa Sucha or Nech Sar
Basalts: Levitte et al., 1974; Zanettin, 1978; George and Rogers, 1999;
Abebe et al., 2007; Rooney, 2010) broadly resembles activity in theWFB
and SDFZ. Flowswithin this smaller basaltic field (163 km2; Abebe et al.,
2007) frequently directly overlie the Pan-African basement (George and
Rogers, 1999) or theAmaro tuffs (Ebinger et al., 1993).Mt. Bobem,which
forms a barrier between Lake Abaya and Lake Chamo, is the most
significant volcanic edifice in the region, and has been faulted and
intruded similar to the silicic centres further north (Ebinger et al., 1993).
While initially associated with the WFB (Mohr, 1962), the Arba Minch
volcanics do not share the same geochemical characteristics as the SDFZ
andWFB to the north (Rooney, 2010) and therefore is treated separately
here (Fig. 3B). Ebinger et al., (1993) have suggested that the occurrence
of themost recent rift activity in a narrow 10 km zone on the rift floor in
the Arba Minch region reflects the basinward migration of strain during
the Quaternary.

The geochemical characteristics of the Arba Minch volcanics are
different to the WFB and SDFZ, exhibiting a much more significant
enrichment in the most incompatible trace elements (Fig. 3B). While
some assimilation and magma mixing has been invoked (George and
Rogers, 1999; Rooney, 2010), the unusually radiogenic Pb isotope
signature of the Arba Minch suite in comparison to the WFB (Fig. 7),
suggests differences in the mantle sources contributing to the Arba
Minch volcanics. The precise origin of this heterogeneity is the subject
of ongoing isotopic studies.

4. Relationship between extension and magmatism in the Main
Ethiopian Rift

4.1. Diking induced fracture

The observed association between magmatism (e.g. aligned scoria
cone fields) and extensional tectonic features (faulting/fracturing) in
the MER has recently been attributed to dike induced faulting in the
crust (e.g. Casey et al., 2006; Kurz et al., 2007; Rowland et al., 2007). In
one version of this model, magma ascent from the mantle into the
wn in Fig. 4. Note the two large silicic centres with abundant cinder cones in between.
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Fig. 7. Pb isotope plot of the WFB (Furman et al., 2006) and Arba Minch volcanics
(George and Rogers, 1999). Other regional data sets are shown for comparison: age-
corrected 30 Ma LT flood basalts (Kieffer et al., 2004) and the 30 Ma HT2 flood basalts
(Pik et al., 1999). Shown for reference is the Northern Hemisphere Reference Line
(NHRL: Hart, 1984), “C” mantle reservoir (Hanan and Graham, 1996), EM1 and EM2.
Note the Arba Minch samples extend to much higher values of 206Pb/204Pb in
comparison to the WFB.
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crust is focused to a magmatic plumbing system at the centre of the
magmatic segments. Such segment-centred magmatic systems feed
dikes emplaced laterally along the rift axis (Kurz et al., 2007).
Concentrated tensional stress near the leading edge of an intruding
dike induces surface fracturing/faulting (e.g. Rubin and Pollard, 1988;
Rubin, 1990). Faulting observed in the WFB may therefore propagate
upward frommid-upper crustal zones of intrusion (Casey et al., 2006).
The majority of seismic moment along the rift axis is released during
dike injection; thereby supporting a model of dike induced normal
faulting (Wright et al., 2006; Keir et al., 2009b). A shared conclusion of
these models is that magma intrusion now controls extension in the
MER, and that the MER is comparable to other more developed rifts
such as Iceland (e.g. Casey et al., 2006).

This model of magma ascent and intrusion from a segment centre is
testable by utilizing the geochemical characteristics of magmas erupted
within a magmatic segment. Specifically, magmas that have not been
influenced by fractionation or assimilation should not differ in terms of
their geochemical characteristics. There are significant isotopic and
geochemical variations within individual magmatic segments of the
WFB and SDFZ that cannot be attributed to assimilation and fractional
crystallisation processes (Rooney et al., 2005; Furman et al., 2006;
Rooney et al., 2007; Rooney, 2010). At Kone, an unusual group of
magmas with major, trace element and isotopic heterogeneity have
been interpreted to be derived froma different (possibly deeper) source
to other magmas in the segment (Furman et al., 2006), complicating a
centralmagmaascenthypothesis. Apossiblemechanismbywhich these
geochemical heterogeneities could be accommodatedwithin amodel of
a segmented rift would be to interpret the heterogeneity in the
geochemical compositions ofmagmas in terms of temporal variations in
magmas ascending into the upper crust. With current data density it is
not possible to fully assess this model and future studies are required.

4.2. Fracture-induced normal faulting

An alternate group of geodynamic models have focused on
fissuring and fractures and suggested that dilatational fractures/
fissures that develop in the upper crust during extension propagate
downwards into the lithosphere (Acocella et al., 2003; Williams et al.,
2004). When the tensile limit of the lithosphere is reached (~750 m in
the MER) these fractures become normal faults (Acocella et al., 2003).
Fracture-induced normal faulting models do not require the presence
of magma or dike intrusion. Based upon this model, open structures
such as tail-cracks, releasing bends, extensional relay zones, and fault
intersections may simply act as conduits allowing magmas ascend to
the surface to form aligned chains of cinder cones (Chorowicz et al.,
1994; Korme et al., 1997; 2004). The location of monogenetic cinder
cones along linear features such as tail-cracks leads to the develop-
ment of elongated cones and breaching of the craters sympathetic to
the linear features beneath (Korme et al., 2004).

4.3. Magmatic fractionation systems — WFB

The geochemical characteristics of the MER magmas impose
important constraints in deducing the relationship between mechan-
ical extension and magmatism; however, these data have not been
incorporated into earlier geodynamic models. Numerous studies have
examined the geochemical characteristics of Quaternary magmatism
within the WFB, focusing on the issue of assimilation and fractional
crystallisation of the basalts and the magmagenesis of the silicic
products in the rift (Cole, 1969; Dickinson and Gibson, 1972; Weaver
et al., 1972; Brotzu et al., 1974; Gibson, 1975; Brotzu et al., 1981;
Gasparon et al., 1993; Webster et al., 1993; Boccaletti et al., 1995;
Boccaletti et al., 1999a; Trua et al., 1999; Peccerillo et al., 2003;
Peccerillo et al., 2007; Rampey et al., 2010; Ronga et al., 2010). A full
review is beyond the scope of this paper, though basalts erupted in the
WFB are among the least crustally contaminated in the region (e.g.
Furman et al., 2006; Rooney et al., 2007; Rooney, 2010). However, in
some locations the assimilation of existing magmatic cumulates does
produce distinctive compositions (e.g. Fantale: Rooney et al., 2007).
Excluding samples affected by these lithospheric processes, magmas
along the length of the WFB exhibit differences in major and trace
elements, and radiogenic isotopes that vary over the length scales of
adjacent scoria cones. Parental magma heterogeneity is particularly
evident in lavas erupted along the Bosetti–Kone segment (Figs. 2;3).
In this segment, a group of basalts exhibiting substantially elevated
normative nepheline also display enriched incompatible trace
elements and radiogenic Pb isotopes in comparison to other Kone–
Bosetti magmas (e.g. Furman et al., 2006). The wide range in Tb/Yb
values of basalts erupted throughout the Kone–Bosetti segment
(Fig. 9) also requires multiple parental magmas. These observations
have implications for the length scale of melt extraction and
magmatic plumbing system in the MER (see Section 5.4).

Recently, detailed analysis of basaltic volcanism along theWFB has
generated constraints on the depth of magma generation, the
structure of the magmatic plumbing system and the apparent
connection between magmatism and extension in the MER (Trua et
al., 1999; Furman et al., 2006; Rooney et al., 2007; Rooney, 2010).
Petrographic modeling, thermodynamic modeling and single clino-
pyroxene pressure estimates have shown that the WFB magmas
initially pond and fractionate at lower crustal levels but ascend and
predominantly fractionate in the upper crust (Trua et al., 1999;
Rooney et al., 2007; Rooney, 2010). There appears to be little if any
variation in these fractionation depths along the WFB within the
central MER. The predominantly shallow fractionation sequence
observed in the WFB is consistent with models of dike injection in
volcanic rift zones with a high magma supply rate (Behn et al., 2006).

4.4. Magmatic fractionation systems in the SDFZ

Though adjacent to the WFB, the magmatic plumbing system of
the SDFZ exhibits geochemical characteristics indicative of fraction-
ation at deeper levels within the crust. Major and trace element
variations of the SDFZ lavas are best interpreted by the increased
removal of clinopyroxene over plagioclase during fractionation at mid
to lower crustal levels (Rooney et al., 2007; Rooney, 2010). The
phenocryst assemblage of the SDFZ lavas includes abundant clinopy-
roxene, plagioclase, skeletal olivine and numerous gabbroic xenoliths
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Fig. 8. Previously published cartoon (Rooney et al., 2007) comparing the magmatic
plumbing system of the SDFZ and WFB.
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andmegacrysts (Rooney et al., 2005). Individual pressure estimates of
the clinopyroxene phenocrysts and xenocrysts suggest a complex
fractionation system that is spread widely throughout the mid-lower
crust (Rooney et al., 2005). Megacrysts frequently exhibit chemical
disequilibrium with the host magma composition and are interpreted
to have been derived from an earlier phase of magmatism that stalled
in the crust (Fig. 8). The origin of this earlier phase of magmatism
remains unclear and it may be connectedwithmagmatic underplating
resulting from Oligocene plume–lithosphere interaction (Rooney
et al., 2005), or magma accumulation at the base of the crust near
the rift border faults (Bonini et al., 2001). Magmas in the SDFZ have
re-used these earlier magmatic conduits and ripped themore-evolved
megacrysts and xenocrysts from these dike walls (Rooney et al.,
2005). The typically deeper fractionation sequence observed within
the SDFZ in comparison to the WFB is consistent with models of dike
injection in volcanic rift zones with a low magma supply rate (Behn
et al., 2006). This magma supply association is strengthened by the
greater degree of rift subsidence along the WFB; numerical models
have suggested that rift valleys subside more rapidly when dikes are
shallowly emplaced (Behn et al., 2006).

The geochemical characteristics of basalts erupted from scoria
cones along the SDFZ show that many share the same broad
geochemical features, however the range in major and trace element
compositions precludes derivation from the same parental magma
(Rooney et al., 2005). Importantly, trace element ratios insensitive to
gabbroic fractionation (e.g. Tb/Yb; Rooney 2010) exhibit regular
variation with latitude along the length of the SDFZ, and imply that
magmas sample the mantle beneath the SDFZ on length scales of
individual scoria cones, precluding the derivation of magmatism
along the SDFZ by magma ascent in a central conduit.

4.5. Correlations between fractionation systems and surface expression
of faulting

The emplacement of basaltic dikes into the continental lithosphere
during the Pliocene–Quaternary had profound impact on the
morphology and topography of the rift. As extension became focused
within the WFB and to a lesser extent the SDFZ (Ebinger and Casey,
2001; Buck, 2006), normal faults such as the rift border faults became
suppressed (e.g. Parsons and Thompson, 1991). Faulting and
fracturing however were still apparent within the newly focused
zones of intrusion (e.g. Casey et al., 2006). The observations presented
above show a strong linkage between shallowmagmatic fractionation
conditions and the surface expression of faulting and fracturing. A
corollary is that even in regions where fractionation conditions are
deeper (e.g. SDFZ), linear magmatic chains are also observed.
Downward propagating fracture models (e.g. Acocella et al., 2003)
do not easily account for this observed correlation and typically
assume processes active within the SDFZ mirror the WFB. These
models have explained linear chains of scoria cones at the surface of
the SDFZ as the result of unseen extensional fractures (e.g. Korme
et al., 1997), without comment as to possible differences between the
SDFZ and WFB.

Recently, studies of dike emplacement in northern Afar have
observed the processes associated with lithospheric extension
through magmatic intrusion in a rifting environment (Keir et al.,
2009b). This model assumes parental magma batches rise at the
centre of spreading segments into the upper crust and then radiate
laterally outward, similar to processes active within a oceanic
spreading centre. Stresses at the dike margins fracture the litho-
sphere, which then propagate upwards to the rift floor. The observed
correlation of shallow fractionation conditions and intense surface
faulting supports a model whereby magmas are emplaced and
fractionate close to the surface and induce surface faulting (i.e.
WFB). In regions where faulting/fracturing is absent, magmas are
intruded and evolve at deeper crustal levels and therefore do not
induce surface fractures (i.e. SDFZ). Alternatively, the lower degree of
extension accommodated within the SDFZ may suppress fracture
development thereby reducing the number of conduits available to
channel magma to the surface.

5. Lithospheric thinning as deduced from magmatism

5.1. Lithospheric thinning in the rift as a function of time

The initiation and evolution of extension in continental rifts is
recorded by thinning of the continental lithosphere (Ebinger and
Casey, 2001). During the early stages of rifting, extension by
lithospheric thinning of the ~100 km thick (Dugda et al., 2007)
African plate likely induced asthenospheric upwelling resulting in
thermal anomalies, and appreciable volumes of partial melt beneath
the rift. As the locus of strain shifted during the Quaternary, narrow
zones of magma intrusion developed in the significantly thinned rift
lithosphere. Asthenospheric upwelling would be expected to reduce
after initial plate stretching with a resulting reduction in the volumes
of melt produced in response to extension. In support of this
observation, SKS-splitting studies of seismic anisotropy show that
the zones of most concentrated partial melt occur in central Ethiopia
(e.g. Kendall et al., 2006; Bastow et al., 2010), coincident with the
region of most recent plate stretching. The MER around 9°N, 39°E is
also site of the largest vertical asthenospheric flow rate in Ethiopia
inferred by studies that predict global mantle flow (Forte et al., 2010).
Geophysical techniques provide an excellent method to examine
instantaneous variations of lithospheric thickness, however the
geochemical characteristics of rift basalts preserve a temporal record
of thinning. Basalts erupted in continental rifts are typically assumed
to be derived from melting zones located dominantly within the
asthenosphere. The depth extent of this melting column may vary,
however the top of the melting column is generally considered to be
the base of the rigid lithosphere (Wang et al., 2002; Ayalew and
Gibson, 2009; Rooney, 2010). Initially, melt is generated within the
garnet-lherzolite stability field but as the lithosphere is thinned
during extension, the melting column will become progressively
shallower and more melt will be generated within the spinel-
lherzolite field. An important geochemical consequence of this
transition is a decrease in the fractionation of the middle and heavy
rare earth elements (e.g. Tb/Yb) as garnet becomes less abundant in
the melt source. A detailed study of lithospheric thickness variations
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Fig. 9. Variation of Tb/Yb normalized to primitive mantle values (Sun andMcDonough, 1989) versus latitude. Only samples with greater than 6%MgO are plotted. There is no obvious
correlation between La/Sm (indicator of source enrichment) and Tb/Yb, indicating that the degree of source enrichment does not control the variation in Tb/Yb (Rooney 2010). The
division between spinel and garnet dominated melting is ~1.8 and is derived frommagma modeling in the Basin and Range province (Wang et al., 2002). A. Variation of (Tb/Yb)N in
the SDFZ and Arba Minch showing the following sample suites: Arba Minch (George and Rogers, 1999; Rooney, 2010), Diguna (Rooney, 2010), Butajira (Rooney et al., 2005; Rooney,
2010), Debre Zeyit (Rooney et al., 2005). Samples from the SDFZ broadly have elevated (Tb/Yb)N in comparison to the other sample suites, indicating more garnet in the melting
column of these samples. B. Variation of (Tb/Yb)N in the WFB showing the following sample suites: Shalla (Rooney, 2010), Gedemsa (Rooney, 2010), Kone–Bosetti (Furman et al.,
2006), Fantale–Dofan (Furman et al., 2006; Rooney et al., 2007), and Angelele (Furman et al., 2006). The curve shown is deepening and then shallowing of the melting column
northward as the WFB traverses the Boru-Toru Structural High (Bonini et al., 2005). C. Variation of (Tb/Yb)N in the Debre Zeyit region of the SDFZ. The melting column is inferred to
shallow northwards.
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in the MER is presented elsewhere (Rooney, 2010) but some key
points are presented here. In the Arba Minch region of the MER,
basalts erupted during the initiation of rifting (19–11 Ma: Zanettin,
1978; George et al., 1998; Ebinger et al., 2000) have trace element
characteristics that infer a deeper mantle source in comparison to
modern basalts erupted on the rift floor (Fig. 9). These results have
been interpreted as the thinning of the lithosphere during rift
evolution (Figs. 10;11), though the precise timing remains poorly
constrained due to the lack of basaltic magmatism in the region
between 11 Ma and the present day.
Fig. 10. Cartoon showing the shallowing of the melting column during progressive rift
evolution at Arba Minch (reprinted from Rooney 2010). The lower depth extent of the
melting column is derived broadly from Ayalew and Gibson (2009) who suggest
melting beneath the modern Main Ethiopian Rift is incipient from 130 to 100 km. The
depth range of the garnet to spinel transition (dots) is also derived from the study of
Ayalew and Gibson (2009). The geometry of the melting column is uncertain and is
illustrated here as a box simply to highlight the different depth extents of melting.
Inferred lithospheric thicknesses are derived from geophysical studies (Dugda et al.,
2005; Mackenzie et al., 2005; Tiberi et al., 2005).
5.2. Lithospheric thinning in the rift as a function of latitude

To examine the relationship between rift development and
lithospheric thinning, we explore the variability in Tb/Yb along the
axis of the rift. In the MER, the Arba Minch area has some of the
shallowest inferred melting columns (and by extension the greatest
degree of lithospheric thinning). This region is at the eastern edge of a
broadly rifted zone in southernEthiopia that accommodated extension
from Oligocene–Recent times (e.g. Moore and Davidson, 1978;
Davidson and Rex, 1980; Woldegabriel and Aronson, 1987; Ebinger
et al., 2000). In the MER, the WFB south of 8°N exhibits geochemical
characteristics that suggest amelting column at depths similar to Arba
Minch, however the source heterogeneity inferred between the two
regions (Fig. 7) prevents a precise comparison. As the WFB impinges
on the Boru-Toru Structural high at ~8°N, the sudden increase in Tb/Yb
values are interpreted as an increase in the depth of the melting
column. The presence of this structural high, which has only recently
been breached by the WFB (Bonini et al., 2005; Rooney et al., 2007),
coincides with increased lithospheric thickness and a correspondingly
deeper melting column. Further north, magmas erupted in the
Fantale–Dofan and Angelele magmatic segments (away from the
Boru-Toru Structural High) have Tb/Yb values that show the melting
column depth becomes progressively shallower, consistent with a
longer history of African–Arabian extension.

Melting column depths within the SDFZ are inferred to have a more
significant contribution from within the garnet lherzolite field, and
extend to greater depths in comparison to theWFB (Fig. 9). A significant
departure occurs in the Debre Zeyit region of the SDFZ where Tb/Yb
values (and inferred lithospheric thickness) decrease rapidly northward
(Fig. 9). This result is unexpected, as it would imply that the thinnest
lithosphere occurs as the SDFZ terminates against the Boru-Toru
Structural High (Fig. 4). A possible explanation to this anomalous
behaviour may be the intersection of the Yerer-Tullu Wellel volcano-
tectonic lineament (YTVL: Abebe et al., 1998; Rooney et al., 2007) with
the rift margin at this latitude. The rift margin adjacent to the northern
termination of the SDFZ does not exhibit significant border faulting, and
instead hosts a chain of Pliocene cinder cones (Akaki Chain; Fig. 4).
Further study of thismargin is needed, however the existence of an older
phase of aligned scoria cones adjacent to thenorthern SDFZmay imply an
earlier phase of lithospheric thinning associated with the YTVL (e.g.
Keranen andKlemperer, 2008). An important implication of the observed
correlation betweenmelting columndepth in zones of focusedmagmatic
intrusion and lithospheric thickness, is that lithospheric structures
initially control the development of upper mantle melting zones. The
retention of heterogeneities related to depths of mantle melting during
the terminal stages of riftingmay impact the subsequent development of
oceanic spreading segments. While the extent to which pre-existing
lithospheric structures controls the subsequent development of segmen-
tation remains unclear, this model outlines a viable mechanism.

5.3. Lithospheric thinning as a function of position in the rift

Variation in the depth of the melting column of rift basalts is
evident across the rift between the SDFZ and WFB. Away from the
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Fig. 11. Cartoon model illustrating the lithospheric and asthenospheric structure of a magmatic rift during the late stages of breakup. Asthenospheric melts generated by lithospheric
thinning and decompression melting (stippled pattern) occur beneath the entire rift valley but progressively cool as extension migrates from broad lithospheric thinning to focused
extension viamagmatic intrusion. Zones of focused intrusion are formed asmelt is channeled along the steep lithosphere–asthenosphere boundary towards weak zones adjacent the
rift border faults forming linear magmatic chains.
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complicating influence of the Boru-Toru Structural High, magmas
erupted in the SDFZ exhibit trace element patterns that are consistent
with derivation from deeper sources when compared to the WFB
(Fig. 11). This heterogeneity has been interpreted as a greater degree
of lithospheric thinning accommodated by the WFB (Rooney, 2010),
in agreement with geodetic estimates that indicate the majority of
extension occurs within theWFB (80%: Bilham et al., 1999) bymagma
intrusion (Ebinger and Casey, 2001). Asymmetric extension in a rift is
not an unusual observation: previous studies have shown rift border
faulting may be dominant along one margin (Hayward and Ebinger,
1996). However, continued asymmetric extension during the transi-
tion to intrusion dominated strain may also have implications for the
subsequent development of proto-oceanic spreading centres.

5.4. Comparison of the MER with oceanic spreading segments

Geochemical segmentation of oceanic spreading centres is a well-
established observation which shows that lithospheric discontinuities
between adjacent ridge segments correlate with geochemical hetero-
geneities in the basalts erupted within the segments (e.g. Langmuir
et al., 1986; Macdonald et al., 1988; 1991; Sinton et al., 1991; White
et al., 2001; Sinton et al., 2003; Standish et al., 2008). Heterogeneities in
the mantle source of oceanic ridge basalts correlate with first-order
segmentation — i.e. a physical off-sets of the ridge axis (e.g. Langmuir
et al., 1986; Sinton et al., 1991; Standish et al., 2008). Lower order
discontinuities typically reflect differences in the degree of melting or
liquid line of descent (e.g. Macdonald et al., 1991; Sinton et al., 1991).
Even at ultra-slow spreading centres, ridge segmentation defines the
majority of geochemical variability in MORB (White et al., 2001;
Standish et al., 2008). The geochemical characteristics of basalts erupted
within the WFB and SDFZ exhibit substantial within-segment hetero-
geneity. Much of this variation relates to fractionation and assimilation
within the continental crust, however differences in themelting column
depth between adjacent cinder cones (Fig 9), andwithin-segment trace
element and isotopic heterogeneity (Furman et al., 2006) implies melt
extraction and eruption on much smaller length scales than that
observed in oceanic spreading segments. The preservation of small-
scale source provinciality along theWFBand SDFZ and thewide range of
compositions erupted within individual segments are both inconsistent
with observations at very-slow spreading ridges where melt is well-
mixed on a segment scale (White et al., 2001).
Our geochemical observations are consistent with geophysical
studies that have shown the velocity structure of the uppermost
mantle beneath the MER shows no correlation with crustal magmatic
segmentation (Bastow et al., 2005; Bastow et al., 2008). Thus, while
the crustal structure of theMER is segmented and currently resembles
an oceanic spreading centre (e.g. Ebinger and Casey, 2001; Keranen
et al., 2004; Casey et al., 2006), the upper mantle and magmatic
processes active in ocean basins are not yet operating beneath the
MER.

6. Summary

Within the MER, extension is dominantly accommodated by
intrusion in theWFB and to a lesser extent the SDFZ. Magmas erupted
in these seismically and volcanically active zones of extension
therefore record rifting processes since the onset of intrusion-
accommodated extension. Existing studies have shown that the
asymmetry in extension between the dominant WFB and subordinate
SDFZ also correlates with geochemical evidence of across-rift
shallowing of the melting column related to the preferential thinning
of the lithosphere under the WFB. Enhanced extension within the
WFB has also resulted in a more developed magmatic plumbing
system compared to the SDFZ (Fig. 11). We have shown that the
mantle melting columns from which MER basalts are extracted are
also fundamentally influenced by lithospheric structures formed
during earlier syn-rift stretching. These results highlight the central
role of the rift's mechanical structure in controlling the development
of mantle melting during this phase of rift evolution.

Studies of crustal structure in the MER have shown compelling
similarities between the segmentation observed in the MER and
oceanic ridges (Hayward and Ebinger 1996; Keranen et al., 2004;
Casey et al., 2006). However, mantle structure has yet to organise into
the punctuated upwellings expected at a fully formed oceanic ridge
(Bastow et al., 2008). Magmas erupted in the WFB and SDFZ exhibit
significant trace element and isotopic heterogeneity that has been
interpreted in terms of variations in the inferred melting column
depth (Rooney 2010; this study) and also mantle source regions (e.g.
Furman et al., 2006). These variations may be observed within an
individual segment, requiring melt extraction and eruption at much
smaller length scales than is typical for slow-spreading oceanic ridges
(e.g. White et al., 2001). When combined with seismic images of
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upper mantle structure, our results support an interpretation that the
mantle structure and lithospheric magmatic plumbing system of the
MER has not yet evolved to that observed in oceanic spreading ridges.
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