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The protracted development of the
continent-ocean transition in Afar

lan D. Bastow'* and Derek Keir?*

Continental breakup and the transition to seafloor spreading
is characterized by extensional faulting, thinning of the litho-
sphere and, at magmatic margins, voluminous intrusive and
extrusive magmatism™. It is difficult to discriminate between
different mechanisms of extension and magmatism at ancient
continental margins because the continent-ocean transition
is buried beneath thick layers of volcanic and sedimentary
rocks>® and the tectonic activity that characterized breakup
has ceased. Instead, the timing of these mechanisms is inferred
from theoretical models or from the geological record pre-
served at the fully developed, ancient rifted margins*>7:¢, On-
going rifting in Ethiopia offers a unique opportunity to address
these problems because it exposes subaerially the transition
between continental rifting towards the south and seafloor
spreading further northward. Here we synthesize constraints
on the spatial and temporal evolution of magmatism and ex-
tension in Ethiopia. We show that although intrusion of magma
maintains crustal thickness during the early stages of the
continent-ocean transition, subsidence of the margin below sea
level, and eruption of voluminous basalt flows, is initiated by
late-stage thinning of the heavily intruded, weakened plate just
before the onset of seafloor spreading. We thus conclude that
faulting, stretching and magma intrusion are each important,
but at different times during breakup.

The development of ancient magmatic rifted margins is often
thought to be the result of an anomalously hot mantle, but the
timing and rate of plate stretching are also expected to effect
melt generation’. Ethiopia is an ideal study locale for continental
breakup because it exposes subaerially several stages of tectonically
active rift sector development from embryonic rifting in the south,
to incipient oceanic spreading in Afar’ (Fig. 1). Seismic wavespeeds
in the upper mantle beneath Ethiopia are among the slowest
worldwide, with P-waves ~6% slower than in normal mantle'.
This observation has led recent studies of mantle structure to
conclude that continental breakup is occurring above arguably
the hottest mantle on Earth!?. The ability to study the physical
state of the mantle in Ethiopia is a distinct advantage over studies
at ancient rifted margins, where the competing influences of
elevated temperatures, small-scale convection, and a fertile mantle
can be inferred only from the geological record. Furthermore, at
fully developed margins the timing of extension by either magma
intrusion or mechanical stretching, and the timing of eruption
of voluminous basaltic flows that hinder deep seismic imaging at
ancient magmatic margins (the so-called seaward dipping reflectors
(SDRs)) cannot be established unambiguously, and it is here that
we seek improvement.

Rifting of Arabia from Africa above the hot Ethiopian mantle
initiated on border faults of the Afar Depression ~29-26 Myr ago'!.
Extension shifted thereafter to narrower zones of small-offset faults,

fissural flows and subsurface dike intrusion that marked the locus of
strain until at least 7 Myr ago''. Numerous geological, geophysical
and geochemical studies have illuminated the distribution, style
and timing of extension and magmatism associated with rifting
in Ethiopia. However, here we synthesize along-strike variations
in rifting style since Pliocene times in the Afar Depression that
provide fundamental new constraints on the temporal evolution of
magmatism and extension, and their implications for the formation
of ancient magma-rich margins.

A striking observation in Fig. 2 is the lack of crustal thinning in
the rift between 9.5°~13° N (refs 12,13) compared with that pre-
dicted by traditional stretching models'* using crustal thinning as a
proxy for plate thinning. Plate reconstructions' predict B-factors
(the ratio between initial and final crustal thickness) of ~3, but
seismic data in southern Afar' indicate 8 ~ 1.7. Seismic experi-
ments, complemented by gravity analysis, illuminate high-velocity,
dense, igneous crustal intrusions beneath the rift in this region'>'®.
The present-day observations of dike injection during the ongoing
Dabbahu rifting episode show that principally magma intrusion,
rather than faulting and ductile stretching, is the cause of extension
in this section of the rift, and repeated dike intrusion episodes can
reproduce the rift morphology'’. In support of these geological
and geodetic constraints, studies of 40 years of global seismicity
records show that seismic moment release from earthquakes in
Afar contributes less than 50% of the total geodetic moment
predicted from plate separation rates'®. This has the implication that
aseismic extensional mechanisms such as dyke injection are now the
principal mechanism of strain between Africa and Arabia.

The observations from Ethiopia join a growing body of evidence
from theoretical and observational studies of rifts that show
magma intrusion plays a key role during breakup'®?’. They
are also consistent with seismic studies of buried magmatic
margins that image thick, high seismic velocity zones of crustal
intrusions®, but without a constraint for the timing of emplacement.
Accommodating extension by magma intrusion without marked
plate thinning has the implication that stretching factors during
the early stages of continent—ocean transition (COT) development
will be relatively low. This, in turn, dramatically affects the timing
and volumes of decompression melts generated by plate thinning
in the mantle in the later stages of breakup. Rapid stretching during
the final stages of the COT, at the expense of extension by magma
intrusion, would be expected to produce a pulse of decompression
melt in the asthenosphere that would not be predicted if thinning of
the plate was achieved gradually since the onset of breakup’. Note
the relative paucity of Quaternary—Recent volcanism in Ethiopia
south of 13° N where the crust is relatively thick: evidence for dike
intrusion is pervasive, but voluminous young basaltic flows are
absent?"** (Fig. 2). How then, and when, do the voluminous basalt
flows—the so-called SDRs—form above the COT?
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Figure 1| Topography and bathymetry in the Horn of Africa. Black lines
(X-X") are the locations of seismic wide-angle experiments used to
constrain crustal thicknesses shown in Fig. 3. The white triangles are
volcanoes. Areas shaded red are Quaternary-Recent basaltic volcanism.
The arrow shows the motion of the Arabian plate relative to Africa. Dashed
red lines are seafloor spreading centres in the Red Sea and Gulf of Aden.

Moving along-strike in the rift into northern Afar, Fig.2
shows an abrupt thinning of the crust to <15km, coincident
with subsidence of the land towards and below sea level, and a
marked pulse of Quaternary—Recent basaltic volcanism. Upper-
most mantle velocities of 7.4-7.5kms™! in this region are lower
than are typically found (>7.8 km s™!) beneath the Moho elsewhere
on Earth. Makris and Ginzburg'? cite this as evidence for elevated
temperatures beneath Afar, a conclusion corroborated by the
markedly slow mantle seismic velocities imaged by teleseismic
tomography’®. Studies of plate motions in Afar indicate that
Arabia has rifted away from Africa at present-day rates since
~13 Myr ago®, so the pulse of volcanism observed in Fig. 2 cannot
be explained easily by an increase in extension rate. As further
evidence arguing against an increased extension rate for the pulse
in volcanism, we note that extensional velocities derived from GPS
measurements do not vary substantially along the rift in this region
of Afar®, yet we see dramatic along-strike variations in the amount
of Quaternary—Recent volcanism.

Although we cannot preclude the possibility that the thinning
of the crust (and by inference the lithosphere) in northern
Afar occurred gradually since the onset of rifting, the previously
uncorrelated observations in Fig. 2 can be explained well by a phase
of recent decompression melting owing to rapid localized stretching
of the heavily intruded plate. In support of the recent stretching
hypothesis, constraints on the stratigraphy of the Danakil basin
indicate that it is filled by up to ~3km of Pliocene-Recent age
evaporates and basalt flows™, suggesting that rapid subsidence of
the region towards and below sea level is no older than ~5 Myr.
Constraining this phase of plate stretching to recent times has the
implication that larger volumes of melt can be produced than if
thinning had been achieved more gradually over the ~30 Myr since
breakup began: slow stretching allows cooling to the surface by
conduction without the production of appreciable melt volumes”.

Observations of reduced effective elastic plate thickness in
northernmost Afar to ~5 km compared with ~9 km farther south?,
along with the spatial coincidence of voluminous young volcanism
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Figure 2 | Rift structure and volcanism in Ethiopia. Variations in
Quaternary-Recent basaltic volcanism (see for example, refs 21,22 and

Fig. 1) exposed every 0.1° latitude along the profile (a), elevation (b) and
crustal thickness''3 (c¢), with latitude in Ethiopia along the profile X-X’
(Fig. 1). Velocities on (c) are in kms™". Note the abrupt thinning of the crust
in northern Afar (>13° N), which coincides with subsidence of the margin
below sea level and a marked pulse in Quaternary-Recent volcanism.

and thinned plate (Fig. 2), strongly indicate that plate weakening
by heating owing to protracted and localized magma intrusion has
reduced the tectonic force required for plate stretching. In this
scenario, increased decompression melting in the mantle, coinci-
dent with a reduction in melt volumes participating in extension,
means that larger melt volumes can extrude through the thinner
and weaker plate, as is observed in northern Afar (Figs 1 and 2).
The basaltic lava flows, erupting close to sea level before the onset of
seafloor spreading, are progressively concealing the heavily intruded
Afar crust®®. The surface morphology of northern Afar shows that
when erupted, these inviscid basalts typically flow up to several
tens of kilometres away from topographically prominent, heavily
fissured axial edifices such as Erta Ale and Alu-Dala Filla®® (Figs 1
and 2); they cover previous basaltic flows and sometimes drape
over sediments (predominantly evaporites) deposited adjacent to
shield volcanoes”. Once re-oriented by progressive loading of
basalt flows?®, high-density mafic intrusions'!, and by subsidence
of the young passive margin by progressive cooling of the plate and
underlying asthenosphere, the young basalt flows of northern Afar
will form SDRs that severely hamper high resolution imaging of the
COT structure at volcanic rifted margins elsewhere®¢. Although the
bulk of Afar’s basalt sequences are forming during the final stages
of breakup, the Miocene volcanism observed in Afar south of 13° N
will probably form the landward edge of the final SDR sequence®!!
once breakup is complete in Afar.

Our observations from Ethiopia strongly support the view that
variations in magmatism during breakup are controlled principally
by the varying strength (and by inference the thermal structure)
of the extending plate. Although the total volumes of magma
produced during COT development are probably governed strongly
by extension rate and mantle temperature!’, our insights from
Ethiopia show that temporal variations in strain partitioning
between stretching and magma intrusion over time, and their
consequences for plate rheology, are vital in understanding
construction of the COT. The style and timing of volcanism in
northern Afar is strikingly similar to that inferred, for example,
from recent seismic images of the ~60-Myr-old Atlantic margin,
where basaltic flows are also thought to have erupted close to sea
level, just before the onset of seafloor spreading, above a stretched
and heavily intruded COT in the presence of elevated mantle
temperatures®. Improved constraints on the evolving locus of strain
and plate strength during the development of the COT at such
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margins should thus help resolve the differences between competing
models>** for their formation.

Active processes above the hot Ethiopian mantle show that
faulting, stretching and magma intrusion are important at different
times during rifting. After a protracted period of extension
by magma intrusion without marked crustal thinning, plate
strength is reduced sufficiently for stretching and efficient adiabatic
decompression melting to recommence. The final stretching of
the heavily intruded plate results in decompression melting of
the asthenosphere and the eruption of voluminous basalt flows.
These flows, once bent downwards by progressive loading and
thermal subsidence, will form the SDRs at the newly formed
magmatic rifted margin as it continues to subside below sea level.
The challenge now is thus to understand better when and why
faulting, stretching and magma intrusion evolve as they do during
the protracted development of the COT. Combining, not isolating,
these mechanisms of strain in new rifting models and appreciating
how plate strength varies during rifting is essential in developing
a clearer understanding of the incomplete geological record that
documents continental breakup over time.
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