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S U M M A R Y
The Main Ethiopian Rift (MER) in central Ethiopia extended in the rift-normal direction at
a mean rate of 4.0 ± 0.9 mm yr−1 (1σ ) during the period 1992–2003, nearly a factor of two
slower than the opening rate estimated from global plate motion inversions. Rift opening near
a geodetic array during this period was accommodated by a single dike injection event in
1993, spatially coincident with active magmatic segments, probably triggered by observed
seismicity. Following dike injection, the crust in the rift relaxed as a layered medium, with a
∼15-km-thick elastic lid over a viscous half space of 1018 Pa s. Diking, rather than normal
faulting on rift-bounding faults, appears to be the predominant mechanism of extension in the
MER, explaining the very low regional rates of moment release. The length scale and temporal
behaviour of surface displacements require viscoelastic rheology in the rift.
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I N T RO D U C T I O N

In this paper we interpret Global Positioning System (GPS) observa-

tions across the Main Ethiopian Rift (MER) between 1992 and 2003.

These improve the temporal and spatial resolution of estimates of rel-

ative displacement between Nubia and Somalia in central Ethiopia.

With improved resolution, we observe low mean rift opening rates,

secular deceleration in rift opening from 1993 to 2003 and strain

localization centred on a mid-rift magmatic segment rather than on

rift-bounding normal faults.

The East African Rift (EAR) forms one axis of extension from a

triple junction at the Afar depression; the other two arms are oceanic

ridges presently producing sea floor in the Gulf of Aden and the Red

Sea (Fig. 1). Miocene and Recent volcanism (Ebinger et al. 1993),

seismic moment release (Kebede & Kulhanek 1991) and anoma-

lously low S-wave velocities (Knox et al. 1999; Weeraratne et al.
2005), all indicate ongoing tectonic deformation in the Ethiopian

segment of the EAR.

Rift-bounding faults in the MER demonstrate activity from 11 Ma

(Woldegabriel et al. 1990; Wolfenden et al. 2004), with a change in

the maximum extension direction from 130◦E to 105◦E between 6.6

and 3 Ma (Wolfenden et al. 2004). Several studies (e.g. Ebinger &

Casey 2001; Kendall et al. 2005) indicate that Quaternary extension

in the rift is accommodated at least partially by volcanism in mid-rift

magmatic segments.

During the period 1963–2002, seismic moment of fewer than

3.69 × 1019 N m were released in the rift segment from the Kenyan

border to the Red Sea (Kebede & Kulhanek 1991; Foster & Jack-

son 1998; Engdahl et al. 1998; Harvard CMT). These events were

organized into two or three geographical clusters. The vast majority

occurred within the Afar depression and the southern Ethiopian Rift

(Fig. 1). Recorded seismic release near the geodetic array described

here (Fig. 1) is limited to a large event in 1906 (estimated at ∼M6.8),

a swarm of microseisms near Nazret in 1964, and an Mw = 5.3

event near Nazret in 1993 discussed in detail below (Fig. 2). Two

additional swarms with maximum local magnitude of 4 occurred

near Fantale and Dofen (Fig. 2) volcanoes in 1981 and 1989. A re-

gional array of seismometers deployed in the MER in 2002–2003

recorded 173 local events located within 1◦ of the geodetic array

(Keir et al. 2004, 2006), but the total moment released is only 3.03 ×
1014 N m, the equivalent of one Mw = 3.6 event. Hofstetter & Beyth

(2003) describe seismicity in this region as diffuse, with seismic effi-

ciency (the ratio between the observed seismic moment and geolog-

ically/geodetically predicted moment) of <50 per cent, indicative

of significant aseismic accommodation of tectonic strain.

Slip on faults appears to have slowed in favour of dike injec-

tion associated with magmatic segments in the past 1.8 Ma (Fig. 2)

(Ebinger & Casey 2001; Wolfenden et al. 2004; Keranen et al. 2004).

Acocella et al. (2003) document specific scaling relations for both

tensile cracks and normal faults in the axial region of the MER.

They observe that cracks are limited to lengths of <800 m and dila-

tions of 2–4 m, after which they become normal faults and continue

to grow. This fault morphology and surface dike geometry demon-

strate that the present dominant mode of deformation in the MER

is subsurface dike injection (Gloaguen et al. 2003; Wolfenden et al.
2005). Shear-wave polarization anisotropy within the MER gives

a fast direction orthogonal to the modern ESE extension direction

(Gashawbeza et al. 2004), interpreted by Kendall et al. (2005) as

being due to the orientation of many dikes along the rift axis, though

the greatest splitting is associated with the rift-bounding faults and

the rift shoulder changes in crustal thickness.

3-D tomography from a controlled-source seismic experiment in

2003 shows large en-echelon intrusions corresponding to magmatic

segments at depths of approximately 10 km (Keranen et al. 2004).
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Figure 1. Regional tectonic and topographic setting of the Ethiopian Rift. Focal mechanisms in black are from the Harvard CMT catalogue, in grey are from

Kebede & Kulhanek (1991), stippled are from Foster & Jackson (1998). The striped mechanism is the 1933 February 13 Mw = 5.3 event at its relocated

epicentre. Numbers are relocated event depths from Engdahl et al. (1998), where available. The solid line marks the position of the geodetic array, and the grey

square the location of Fig. 2.

The host material is interpreted as continental crust of lower seis-

mic velocity, probably Precambrian crust, overlain by pre-rift flood

basalts and subsequent extrusive igneous flows (Keranen et al. 2004;

Maguire et al. 2006). The lower crust contains only modest amounts

of intruded mafic material related to surface flood basalts and rift

Figure 2. GPS sites are marked with points and station names. Magmatic

segments (from Ebinger & Casey 2001) are stippled. The relocated epicentre

of the 1993 right lateral earthquake is marked with a black star. Fantale and

Dofen volcanoes are marked F and D, respectively. For discussion see text.

volcanism (Maguire et al. 2006) underlain by anomalously hot as-

thenosphere (Bastow et al. 2005). Crust heated by intrusions within

the rift is weak, as suggested by gravity admittance inversions giving

Te = 8 ± 2 km (Ebinger & Hayward 1996). Hypocenter distribu-

tion suggests seismogenic thickness in the central MER is less than

10–15 km (Fig. 1), but the number of events with high-quality depth

estimates (Engdahl et al. 1998) in the MER is small.

Estimates of relative velocity between Nubia and Somalia cor-

relate to the length scale over which displacement is integrated

(Fig. 3). Relative velocity calculated from far-field observations,

particularly global plate-motion inversions (Fernandes et al. 2004;

Sella et al. 2002) and magnetic anomalies on the Southwest In-

dian Ridge (Lemaux et al. 2002; Chu & Gordon 1999) yield MER

opening rates from 6 mm a−1 (Chu & Gordon 1999) to 7.3 mm

a−1 (Fernandes et al. 2004). The median opening rate from global

observations is 7 mm a−1. However, Calais et al. (2003) suggest

that Nubia–North America velocity has changed since 3 Ma, so that

velocities averaged over longer periods may differ from the modern

rate. Bonini et al. (1997) and Boccaletti et al. (1998, 1999) interpret

the geometry and chemistry of volcanic deposits in the rift floor as

further evidence for a change in the extension direction across the

MER around the Pliocene–Quaternary boundary.

In contrast, relative velocities or opening rates calculated with lo-

cal observations restricted to the length scale of the topographic rift

(∼80–100 km in central Ethiopia) are smaller, from 2 mm a−1 us-

ing the volume of extruded Pliocene–Recent lava (Wolfenden et al.
2004) to 4 mm yr−1 (Bilham et al. 1999) from GPS observations

between 1992 and 1997. The median opening rate of these local

observations is 2 mm a−1.
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Figure 3. Estimates of relative Nubia–Somalia velocity from published sources as labelled (Asfaw et al. 1992; Chu & Gordon 1999; Bilham et al. 1999;

Lemaux et al. 2002; Pan et al. 2002; Fernandes et al. 2004; Wolfenden et al. 2004). Light grey boxes are estimates from geology, and dark grey from seafloor

spreading, with labels corresponding to approximate timescale, which exceeds the span of the x-axis. Green boxes are estimates from global GPS solutions;

red are from campaign GPS, blue is the Nubia-fixed velocity estimated in this study. See text for discussion.

Discrepancy between observations of surface-relative velocity

fields over different spatial scales is commonly used to constrain the

apparent rigidity of an elastic crustal layer, expressed as the dislo-

cation locking depth (e.g. Scholz 2002), with a positive correlation

between rigidity (or elastic thickness) and the length scale of sur-

face displacements (e.g. Burbank & Anderson 2001). Because the

locally measured surface strain within the rift in central Ethiopia

is less than the far-field estimated total strain budget, this reason-

ing suggests that the scale of strain accommodation in the African

crust is greater than the width of the structural rift and therefore

that the elastic rigidity of the crust is very large. Observations of

near-surface heat flow (Huttrer 2001), seismic velocity (Keranen

et al. 2004; Bastow et al. 2005), volcanism (Furman et al. 2006),

seismic anisotropy (Keir et al. 2005) and structure (Ebinger et al.
1993) all preclude such a stiff crust; we hypothesize that the long

length scale of the regional strain field is instead an artifact of the

weakness of the crust in the MER, and that geodetic observations of

regional surface displacements measure distributed deformation in

a continuous, viscous lower crust beneath the rift. Any instantaneous

elastic strain localization associated with seismicity and dike injec-

tion within the upper crust of the MER is rapidly dissipated in the

lower crust because the elastic part of the crust is too weak to store

large stresses for long times. Because the apertures of the geode-

tic and structural sections are comparable to the length scale over

which strain is distributed, local estimates of opening underestimate

the total relative motion between Nubia and Somalia.

In addition to distributing the surface displacement signal associ-

ated with rifting, viscoelastic crust should also undergo observable

temporal variations in opening rate as strain localization events such

as earthquakes or dike injections relax. Thatcher (1983) describes

two models with equivalent temporal strain rate declines near a fault:

thin lithosphere with stress relaxation accommodated by flow in the

asthenosphere, or thick lithosphere with post-seismic creep on the

deep portion of the fault plane. In either case, measurable decreases

in local strain rate follow elastic failure events, and complicate the

use of a strain budget in estimating recurrence intervals and long-

term mean relative velocities. In all cases, the difference between

‘weak’ and ‘strong’ cases is not the absolute rigidity of the elastic

layer, but whether failure occurs through the entire elastic layer or

only in some part of it.

G E O D E T I C O B S E RVAT I O N S

O F R I F T O P E N I N G

Laser ranging measurements accurate to 5 mm were first conducted

in the MER in 1969 (Mohr 1974). These continued until 1976 and

were ultimately combined with a subset of control points measured

in 1992, 1995, 1997 and 2003 by GPS geodesy. The 1969–1992

extension rate was reported as 2.9 ± 1.6 mm yr−1 (1σ ), although an

apparent contraction in a laser-ranging line caused by the spurious

motion of one control point led to an erroneous published cumulative

rate estimate of 1.1 ± 2.2 mm yr−1 (Asfaw et al. 1992). Subsequent

observations with GPS in 1995 and 1997 revealed a widening rate

of 3.1 ± 0.9 (ADD1 to SELA) and 3.9 ± 0.9 mm yr−1 (ADD1 to

BOLO) for the period 1992–1997 (Bilham et al. 1999). (See Fig. 2

for site locations.)

We measured a total of five surviving geodetic benchmarks span-

ning the central MER in 2003 January as part of the EAGLE project

(Ethiopia-Afar Geoscientific Lithospheric Experiment) (Maguire

et al. 2003). We combine these data with raw observations from

GPS campaigns in 1992, 1995 and 1997. Site ADD1 (see Fig. 2) at

the University of Addis Ababa Geophysical Observatory (UAAGO)

served as the local base station, and logged data for 24 hr per day at

30-s intervals for the duration of all four GPS campaigns. In 1997,

REDG also ran for the duration of the campaign, and ADD1 and

REDG ran continuously for 5 months from 1997.5 to 1998.0 in or-

der to measure regional tidal amplification (Bilham et al. 1999). All

other stations ran for a minimum of 3 days during 18-hr sessions,

logging data at 30-s intervals. REDG and BOLO are tied by simul-

taneous observations in 1997, and are treated as a single point called
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Table 1. Geodetic site positions and velocities during 1992–2003.

Site 1992 epochs 1995 1997 2003 Longitude Latitude ITRF00 E ITRF00 N Nubia-fixed E Nubia-fixed N

(mm yr−1) ± 1σ (mm yr−1) ± 1σ (mm yr−1) ± 1σ (mm yr−1) ± 1σ

ADD1 015–029, 303–314 356–359 184–271 006–021 38.766 9.035 24.98 ± 0.6 16.64 ± 0.6 0.79 ± 0.6 −0.19 ± 0.6

KOLO 309–312 356–359 187–194 38.584 9.081 23.41 ± 1.1 16.47 ± 0.9 −0.77 ± 1.1 −0.4 ± 0.9

BOKU 027–028 191–193 012–017 39.282 8.472 27.24 ± 0.8 16.63 ± 0.7 3.09 ± 0.8 −0.11 ± 0.7

BOLO 306–308 356–359 192–199 39.52 8.258 28.07 ± 0.7 15.67 ± 0.6 3.93 ± 0.7 −1.05 ± 0.6

REDG 196–271 013–017 39.531 8.266 Tied to BOLO Tied to BOLO

GODE 206–209 019–021 43.568 5.931 24.91 ± 1 12.52 ± 0.8 0.92 ± 1 −3.49 ± 0.8

BOLO for all of the velocity and baseline solutions. The data epochs

incorporated into the estimates of velocity presented here are given

in Table 1.

Raw data from all observed epochs were processed at the Uni-

versity of Montana, using GAMIT/GLOBK (King & Bock 2000;

Herring 2002). Velocity solutions in the ITRF00 reference frame

(Table 1, Fig. 4a) were calculated by including the IGS global net-

work in the calculation of regional site positions and velocities, and

minimizing the departure of IGS reference sites from their reported

positions and velocities in that reference frame. Only a relatively

small number of global reference sites were available for the entire

duration of this experiment starting in 1992. In addition, precise

orbits were available beginning only in the end of 1992. Errors in

position and velocity for the 1992 epochs are therefore significantly

greater than those for later epochs; data are weighted according to

uncertainty in the final velocity estimate. We also report velocities

in an Nubia-fixed frame (Table 1, Fig. 4b), created by minimizing

the velocities of campaign sites KOLO and ADD1 in addition to

IGS sites located on the Nubian plate, including MAS1, SUTH,

NKLG, ZAMB and YKRO. Of these sites, only the regional cam-

paign sites have frame-defining observations for the entire duration

Figure 4. (a) Velocities of GPS sites measured in this experiment in the ITRF2000 reference frame. Error ellipses are 2σ . (b) Velocities in a Nubia-fixed frame,

defined by minimizing the velocities of ADD1, KOLO and IGS sites on stable Nubia.

of the experiment. In this Nubia-fixed frame, the southeastern rift

shoulder (BOLO) moves at 4 ± 0.9 mm yr−1 (1σ ) at 105◦. This

velocity is consistent with the rifting direction from structural anal-

ysis (Wolfenden et al. 2005) and the rate from previous geodetic

observations (Bilham et al. 1999). Maximum strain is centred on

BOKU, a geodetic monument located in the center of the rift valley,

coincident with the closest active magmatic segment (Fig. 2). No

strain localization occurs at either the northwest or southeast rift

bounding faults. Gode (GOD1), near the Somali border, moves at

3.6 ± 1.3 mm yr−1 at 165◦ in the Nubia-fixed frame. The quality of

this geodetic monument is dubious, as it is located on a cement slab

on unconsolidated desert pavement.

In addition to regional station positions and velocities, we cal-

culate a time-series of baseline length changes between two sites,

ADD1 and BOLO, spanning the structural MER. ADD1 is located

in Addis Ababa at the National Geophysical Observatory, on the

northwestern rift shoulder. BOLO is located in the village of Bolo

Mikael on the southeastern rift shoulder. Baseline length changes

are direct observations of 1-D rift opening in the direction of the

baseline (136◦), independent of any reference frame considerations

and of the GLOBK assumption of linear velocities. The mean linear
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rate of baseline extension from this series, 3.3 ± 0.4 mm yr−1, is

equivalent to the Nubia-fixed velocity of BOLO projected onto the

baseline, 3.5 ± 0.7 mm yr−1. However, we observe that a constant

linear velocity is a poor fit to the baseline length time-series. In the

following sections, we interpret the secular variations in baseline-

parallel velocity as the result of viscous relaxation of the rift follow-

ing a dike injection event. We make no attempt to model seasonal

variations in atmospheric conditions in either the velocity solutions

or in the baseline time-series.

1 9 9 3 S T R I K E - S L I P FAU LT I N G

I N N A Z R E T

One potential source of secular variations in the rate of rift open-

ing is a seismic event or series of seismic events near the geodetic

baseline. Small local events recorded by the EAGLE network during

2002–2003 (Keir et al. 2006) within 1◦ of either the ADD1-BOLO

or the ADD1-GODE baseline have a total moment of only 3.04 ×
1014 N m, equivalent to a single Mw 3.6 event. Moment release oc-

curs predominantly near the southeastern rift-bounding fault, with

a smaller cluster of events in the centre of the rift. The surface

displacement associated with these events is several orders of mag-

nitude smaller than that detectable by a geodetic array. We therefore

omit any consideration of microseismicity in the following model.

A Mw 5.3 strike-slip earthquake on 1993 February 13 is the sole

teleseismic event in the region of the geodetic experiment. This event

was relocated from the Harvard CMT epicentre by the UAAGO

to 8.331◦N, 39.308◦E, 15 km from the ADD1-BOLO baseline, by

combining five global catalogue observations of the main event with

the locations of three foreshocks, the main event and an aftershock

detected on three stations of the then active Ethiopian local network.

The UAAGO also compiled eight local damage reports (Fig. 5).

We generate a forward model of surface displacement from this

event using Coulomb 2.0 (Toda et al. 1998; King et al. 1994). We

select the right lateral nodal plane of the Harvard CMT focal mech-

anism based on the distribution of recorded foreshocks and after-

shocks in alignment with this plane (Fig. 5). Scaling of the failure

surface and total slip are estimated from the reported scalar moment

of 1.14 × 1017 N m, using empirical moment to length scaling re-

lations (Scholz 2002). We model slip of 30 cm over a fault area of

5 × 106 m2, with the region of slip extending toward the geode-

tic baseline from the UAAGO epicentre in order to maximize dis-

placement within the instrument array. The integrated dilatational

strain from this dislocation produces an increase in the length of the

ADD1-BOLO baseline of <0.1 mm, undetectable in geodetic ob-

servations. Surface displacements due to this event are highly non-

unique, because we have no geometric constraints on the rupture

plane other than the total moment and the absence of a surface

rupture.

Fig. 6(a) shows maps of Coulomb stress at 5-km depth for open-

ing of a vertical crack of strike 46◦ (normal to the geodetic baseline)

produced by the 1993 rupture. A white bar shows the location of

a continuously opening crack modelled by Bilham et al. (1999).

Fig. 6(b) maps the Coulomb stress at 5 km for dextral slip on the

1993 failure plane (focal mechanism) produced by the instantaneous

opening of a 1.5-m-wide dike at the location of a buried opening

crack postulated by Bilham et al. (1999). We prefer to model the

extensional event required by the geodetic observations as a sin-

gle dike intrusion rather than a continuously opening crack, as dis-

cussed in the following section. Because the regional stress field is

unconstrained in these models, the magnitude of Coulomb stresses

Figure 5. Observations of the 13 February 1993 Mw 5.3 strike-slip rupture.

The epicentral location from the UAAGO is a black circle with the Harvard

CMT solution shown. Foreshocks reported on a local network are grey; one

recorded aftershock is hatched. Epicentral locations from global networks are

black circles labelled with the network name. Triangles with adjacent Mer-

calli intensities locate villages with reported damage. The geodetic baseline

is a solid line. The grey box shows the location of Fig. 6.

produced by these events is not significant. However, the sign of the

stress changes allows us to conclude that the 1993 seismic event

could have triggered the intrusion of a dike beneath the geodetic

array, but the intrusion of a dike could not have triggered the 1993

strike-slip event. The dike is located entirely within a region of pos-

itive Coulomb stress produced by the 1993 event, suggesting that

cracks in that region were encouraged towards failure after the earth-

quake. The 1993 rupture is in a region of negative Coulomb stress

with respect to the dike, suggesting that dike intrusion would have

impeded the 1993 rupture.

We draw two conclusions from the elastic models: (1) slip in the

1993 seismic event is insufficient to produce the observed displace-

ment of geodetic markers, and (2) a dike injection event sufficient

to produce the observed displacement could have been triggered

by the 1993 event. In the following section, we model the surface

displacements associated with a diking event located beneath the

geodetic array, with temporal constraint imposed by the triggering

hypothesis, such that dike injection is assumed to occur soon after

1993 February 13.

V I S C O E L A S T I C M O D E L L I N G O F

S U R FA C E D I S P L A C E M E N T

We generate forward models of surface displacement along the

geodetic baseline and at individual monuments as a function of time
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Figure 6. (a) Coulomb stress on a vertical opening crack of strike N46◦E at

5-km depth produced by the 13 February 1993 strike-slip event. The location

of the crack identified by Bilham et al. (1999) is given by a white bar. (b)

Coulomb stress on a dextral fault of strike N89◦E at 5-km depth produced

by opening of a 1.5 m dike at the location reported in Bilham et al. (1999).

The UAAGO location of the 13 February 1993 earthquake is marked with

the CMT focal mechanism. Note that the magnitude of stress changes is not

significant, but that faulting promotes diking while diking inhibits faulting.

See text for discussion.

from a dike injection event immediately following the 1993 seismic

event using Visco1D (Pollitz 1992). These solutions are calculated

for a non-gravitating system of two layers: an elastic layer with mod-

uli consistent with basalt composition, and a viscous half-space. We

consider a range of viscosities in the half-space from 1.125 × 1018

Pa s to 1.125 × 1020 Pa s, corresponding to the range of viscosi-

ties for the asthenosphere estimated from postglacial rebound and

post-seismic relaxation (Turcotte & Schubert 1982). We estimate

solutions for models of end-member elastic thickness: 8 km from

gravity admittance (Ebinger & Hayward 1996) or 15 km from seis-

mogenic thickness (Maguire et al. 2006). We vary the geometry

and size of the dike injection event, from a minimum volume event

based on the widening estimate of Bilham et al. (1999) of 50 cm to

a maximum widening of 2 m, through the entire elastic thickness

of the model crust. A constraint of buried injection is imposed by

the lack of reported surface volcanism in the period and location

of interest. Bilham et al. (1999) require a depth of 3 km for their

opening dislocation. However, we believe that their assumption of

purely elastic deformation forces an unreasonable locking depth in

order to reproduce the width of the strain field. Viscous flow at depth

increases the wavelength of surface displacement allowing a shal-

lower dislocation locking depth (upper limit of dike intrusion), and

decreases the amplitude of the surface displacement, allowing more

opening (a wider dike), to match the observed increase in baseline

length.

End-member model results for baseline length over time are

shown in Fig. 7. Models with 8 km elastic lids do not reproduce

the duration of the opening observed on the geodetic array. Mod-

els with high viscosity (≥1020 Pa s) in the viscous layer do not

reproduce the amplitude of opening observed on the geodetic array

given a reasonable dike width. The best fit to the observed displace-

ment time-series is from injection of a 1.5 m dike at the position

determined by Bilham et al. (1999) into a 15-km-thick elastic lid

over a viscous layer of 1.125 × 1018 Pa s viscosity. Neither the

spatial nor the temporal resolution of the GPS observations is suffi-

cient to place constraints on the dike geometry, or resolve possible

trade-offs among dike width, depth and crustal rheology. Instead,

the modelling exercise described here is only intended to provide a

conceptual explanation for the temporal variation in baseline strain

rate we observe.

D I S C U S S I O N

In summary, our study documents relative motion between Nubia

and Somalia, as well as the mechanism by which this relative mo-

tion is locally accommodated in the region of the geodetic array.

First, the total global extension between the stable Nubian and So-

mali plates is distributed over a horizontal length scale longer than

the 80–100 km width of the structural MER. In a perfectly elastic

system, a long length scale of deformation implies high rigidity, in

conflict with a wide range of independent observations of rheology

and thermal properties of the MER (e.g. Ebinger & Hayward 1996).

We therefore draw the obverse conclusion: the distribution of rel-

ative motion between Nubia and Somalia implies that the MER is

poorly described by elasticity. The high temperature and mechanical

stretching associated with active rifting must force deformation into

a viscous or viscoelastic regime, with a distributed continuous dis-

placement field separating Nubia and Somalia, rather than a narrow,

discrete, high-strain tectonic boundary. As with some other cases

of continental deformation (e.g. Wright et al. 2004; Zhang et al.
2004), a combination of high strain rates and low elastic rigidity,

causes the system to behave mechanically more like a continuous

fluid than like a rigid elastic body. This end-member approximation

of mechanical behaviour does not preclude episodic localized elas-

tic failure, as tectonic forcing applies stress to even a thin elastic lid

(Savage 1990).

Second, within the rift itself, extension is accommodated at least

partially by aseismic dike injection. Diking is currently active and

probably concentrated in the magmatic segments mapped by surface

geology (Ebinger & Casey 2001) and seismic tomography (Keranen

et al. 2004). Within the rift, a layer of apparent viscosity of 1.125 ×
1018 Pa s is overlain by ∼15 km of elastic material with the rheology

of cold basalt. This elastic thickness is greater than that estimated
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Figure 7. ADD1-BOLO baseline-length time-series and fits from viscoelastic models of surface deformation following hypothesized dike injection in 1993.

The red markers are direct calculations of baseline length from GAMIT/GLOBK solutions, with 1σ error bars. Solid gray lines show the range of baseline

behaviour for modelled viscoelastic crust. They are labeled with elastic thickness, viscosity of the viscous layer and dike width in that order. The dashed line is

the best mean linear opening rate, 3.3 ± 0.4 mm yr−1. The bold black line is the best viscoelastic model, showing injection of a 1.5-m wide dike into a 15-km

thick elastic lid over a lower crust with viscosity of 1.125 × 1018 Pa s. For discussion see text.

from gravity admittance, as we might expect, since the timescale

for flexure of the elastic crust under topographic loads is many

orders of magnitude greater than the timescale of dike injection and

subsequent crustal relaxation.

Dikes appear to intrude the elastic layer to very shallow depths

without extrusion, possibly because they are narrow (here, ∼1.5 m)

and therefore cool in tens of days. Diking processes also appear to

be very quiet seismically, although few local seismic instruments

were available at the hypothesized time of the event to record local

microseismicity. Other recent observations suggest abundant micro-

seismicity may occur during diking (Keir et al. 2004 ) thereby pro-

viding a target for future combined seismicity-geodesy campaigns.

Dike injection may be triggered by local seismic failure, in this case

the 1993 February 13, Mw = 5.3, earthquake. Opening of the MER

does not occur by slip on rift-bounding normal faults.

Our interpretation of rifting processes depends on several sig-

nificant assumptions that are exacerbated by the paucity of direct

observations. The conclusion that relative motion between Nubia

and Somalia is widely distributed is required by the results of many

experiments showing the difference between local and regional ex-

tension rates (Fig. 3), and therefore is likely to be robust. The inter-

pretation of secular rate changes in the rift itself is non-unique and

poorly constrained, but in agreement with a hypothesis of magma-

assisted rifting substantiated by considerations of seismic anisotropy

(Gashawbeza et al. 2004; Kendall et al. 2005), surface structure

(Ebinger & Casey 2001), upper mantle structure (Bastow et al. 2004,

2005), extrusion chemistry (Wolfenden et al. 2004; Furman et al.
2006) and fluid dynamics (Sleep 1997). The combined observations

of distributed surface strain and secular changes in strain rate em-

phasize that viscous processes play a significant role in rifting of the

African continent.
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