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Abstract

Over the last three decades a host of information on rifting process relating to the geological and thermal structure, long-time
scale deformation (Quaternary and Holocene) and rifting cycle displacement across the Asal-Ghoubbet rift has been made
available. These data are interpreted with a two-dimensional thermo-mechanical model that incorporates rheological layering of the
lithosphere, dyke inflation and faulting. Active fault locations and geometry are mainly controlled by both thermal structure and
magma intrusion into the crust. The distributed slip throughout the inner rift is related to the closeness of magma chamber, leading
to additional stress into the upper thinned crust. Assuming a constant Arabia—Somalia motion of 11 mm/year, the variation of
subsidence rate between the last 100 and 9 ka is associated with a decrease of the average injection rate from 10 to 5 mm/year.
These values, about equal to the regional opening rate, suggest that both volcanism and tectonic play an equivalent role in the
rifting process. Our modelled sequence of events gives one possible explanation for both vertical and horizontal displacements
observed since the 1978 seismovolcanic crisis. Although part of the post-rifting deformation could be due to viscous relaxation, the
high opening rate in the first years after the event and the abrupt velocity change in 1984—1986 argue for a large dyke inflation of
12 cm/year ending in 1985. The asymmetric and constant pattern of the GPS velocity since 1991 suggests that present post-rifting
deformation is mainly controlled by fault creep and regional stretching. This study demonstrates the internal consistency of the data
set, highlights the role of magmatism in the mechanics of crustal stretching and reveals a complex post-rifting process including
magma injection, fault creep and regional stretching.
© 2005 Elsevier B.V. All rights reserved.
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subaerial section of the ridge propagating into Afar [1—
5]. This rift is often considered to be an analogue for a
young slow spreading ridge segment. It comprises a
narrow trough bounded by normal faults, volcanism
and intense micro-seismic activity [6,7]. The last event
is the 1978 seismovolcanic crisis. A seismic swarm
began in the rift on 6 November 1978 and lasted for 2
months [8]. The major earthquake (mb=5.3) occurred
near the rift axis on 7 November 1978 close to the
coast of the Ghoubbet Bay (Fig. 1). Five to seven
faults within the inner floor of the rift slipped 0.15 to
0.5 m over lengths of 4-12 km [8,9]. The earthquake
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was followed between 7 and 14 November by a
volcanic eruption that formed a new volcanic cone
named Ardukoba in the north-western part of the rift
(Fig. 1).

Over the last three decades a host of information on
lithospheric deformation in the Asal-Ghoubbet rift has
been made available pertaining both to the long term
displacement rate (i.e. Holocene and Quaternary) [10—
12] and the rifting cycle deformation [8,9,13-16].
These observations are comparable with the deforma-
tion following the spreading episode in the Krafla
system (north Iceland), which began in 1975 [17-24].

25 |05
o Fichle

1280

Cross-Section used
| = Major rift fault
v ® Leveling bench mark

Geodetic network
*  Geothermal wells
4 Lake Asal ighstand

230

1275

UTM Distance (km)

Fig. 1. High resolution Digital Elevation Model of the Asal-Ghoubbet rift showing the 1978 epicenter (white square), the Ardukoba lava, major rift
faults (green lines), geothermal wells (red stars) and lake Asal highstand (blue triangles). Red dashed lines show the active fault during the 1978
crisis. Pink circles indicate the levelling benchmarks reported by Ref. [14]. Yellow diamonds show the location of GPS network used in this study.

Black line indicates the cross section discussed here after.
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Horizontal geodetic measurements and levelling data
give very similar results, with the distinction that the
deformations cover an area broader at Iceland. The fault
geometry in the Asal-Ghoubbet rift is relatively well
known from seismic, geodetic and field observations
[15,25-27]. The thermal structure at shallow depth (<2
km) is also constrained from geothermal exploration
[28,29].

We show that these data can be reconciled on the
basis of a single thermo-mechanical model of both
long-term and rifting cycle processes. We focus on a
N 36° E section across the rift at the longitude of the
Fiacle volcano because most of the data pertain to this
particular section (Fig. 1). Special emphasis is given
either on the localization of long term deformation and
on post-rifting deformation since the 1978 crisis be-
cause both could be used to constrain thermal structure,
rheology and aseismic processes in the Asal-Ghoubbet
rift.

After presenting the observations and measurements,
we describe the calculated thermal structure and the
assumptions on which the numerical modelling ap-
proach is based. We compare the long-time scale obser-
vations (including faults location, Fiaele topography
and lake Asal highstand observations) with model-sim-
ulated stress field and surface displacement. We next
study the sensitivity of our post-rifting results to dyke
location, aseismic slip and time dependence of the dyke
opening rate. Finally we propose that transient defor-
mation since the 1978 crisis is controlled by various
processes including regional stretching, dyke inflation
and aseismic slip.

2. Data sets
2.1. Geometry

In the Ghoubbet Bay and in the Gulf of Tadjurah
the seismic activity recorded between 1974 and 1990
reaches 12 km depth [25]. Seismological experiments
conducted since 1985 give focal depths (8—-15 km) in
the Hanlé depression (~30 km south-west from the rift
axis) and show a shallow seismicity (<5 km) under the
Asal-Ghoubbet rift [25]. A recent seismic experiment
including eleven temporary seismometers deployed in
addition to the seven permanent stations in the rift
confirms a seismogenic crust about 3 km thick below
the Fieale volcano. It clearly reveals the asymmetry of
the seismic activity where most of the active faults are
located in the north-eastern margin of the rift [30].
This is consistent with tectonic and morphological
observations which show that the current extensive

tectonic activity is concentrated at the north of the
rift axis, and especially in the Disa le Mallo subrift
[8,27].

The existence of a shallow (2-5 km) magma reser-
voir with molten material close to the Ardukoba volca-
no, is suggested by seismic, magnetolleric and gravity
studies: In the central part of the inner floor, a large
amount of the micro-seismicity recorded since 1979 is
concentrated below the Fieale and disappears below a
depth between 3 and 5 km [25,30]. Seismic reflection
profiles show an anomalous low-velocity mantle under
the Asal-Ghoubbet rift [31]. Magnetotelluric data
reveals a shallow magma chamber (2—4 km) [32]. The
observed gravity increase between 1985 and 1999 is
compatible with a 600 m diameter sphere with a pos-
itive density contrast of 100 kg/m’ centered 4 km
beneath the surface [33].

The faults’ geometry at depth is still unconstrained,
particularly those that were inactive during the 1978
seismo-volcanic crisis. However, in the whole sub-ae-
rial rift the hypocentral distribution of micro-seismicity
clearly related to major faults shows that seismic slip
occurs above 6 km depth [30]. This argues for sub-
vertical fault planes rather than listric faults, in agree-
ment with the study of shear wave splitting [25]. For the
activated faults during the 1978 crisis the analysis of
co-rifting displacements gives a dip angle between 60°
and 80° to a depth of 3 km [15].

2.2. Geothermal field

Since 1970, geothermal exploration in the republic
of Djibouti has involved two wells drilled in the Hanl¢
depression (~30 km south-west from the rift axis) and
six other wells in the Asal-Ghoubbet rift [28,29] (Fig
1). These reach depths of 1500-2000 m (Fig. 2) and
constrain the temperature field of the shallow crust. In
the Hanlé plain temperature measurements give a max-
imum of 124 °C at 2020 m and a temperature gradient
between 1.8 and 2.4 °C/100 m. This low gradient
suggests that the crust far from the rift axis is thick
without any shallow thermal sources related to intru-
sions. The wells A1-A2—-A3-A6, close to the south-
western margin of the rift, all give a maximum tem-
perature of 274 °C at 1600 m and a high gradient
ranging from 14 to 20 °C/100 m. The thermal wells
A4 and AS are similar to a depth of 500 m. The
temperature of A5 between 500 and 1000 m depth is
reduced possibly due to water circulation between
Ghoubbet and Lake Asal as inferred from geochemis-
try [34] and self-potential and Telluric—Telluric pro-
specting [35].
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Fig. 2. Calculated (black line) and measured (circles) temperature in depth. The distance to rift axis increases from left (A5) to right (H1/H2). The
geothermal wells in the Asal-Ghoubbet rift are labelled with A. The wells H1 and H2 are located in the Hanle depression 35-40 km SW of the rift

axis.

2.3. Deformation across the rift

The deformation across the Asal-Ghoubbet rift was
estimated from various approaches that cover different
time spans including Quaternary deformation, Holo-
cene vertical motion, and rifting cycle displacement.

The major volcanic edifice of the rift is the Fieale
volcano, which has been active from about 300 to 100
ka ago. The Fieale’s topography has thus recorded
tectonic deformation during the last 100 ka [10]. The
spreading rate estimated from the restored topography
of the Fieale is 17-29 mm/year with a mean N 40° E
direction. The vertical offsets on the major faults give
1-3.5 mm/year of subsidence at Fieale crater relative to
the rift 2.5 km away of the rift axis (Fig. 3a). The
comparison between extension and subsidence across
the rift over that period requires that over 90% of
crustal thinning has been compensated by magmatism
in the form of dyke intrusion or underplating [10].

Well-preserved lake shorelines indicate a lake level
160 m above sea level during Holocene. Measurements
of the age [11] and elevation [12] of the Holocene
Highstand of the lake Asal yield a maximum subsi-
dence rate of about 8 mm/year of the rift axis relative to
rift shoulders over the last 9 ka (Fig. 3b). The difference
between this velocity and the vertical velocities esti-
mated from the deformation of the Fieale volcano
suggests that the long term deformation has not been
steady state. This is similar to that observed in the
Krafla volcanic system (north Iceland), where crustal
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Fig. 3. Calculated and measured long-term vertical velocity projected
along the studied profile. Measurements are given with respect to the
northernmost highest quality data. Dashed line and grey envelope
indicate the calculated velocity with and without injection of magma
material, respectively. (a) Vertical velocity estimated by restoring
initial topography of the Fieale ~100 ka [8] (circles). The increase
of vertical velocity due to additional material ranges from 9.5 to 10.4
mm/year. (b) Holocene velocity from lake Asal highstand observa-
tions including radiocarbon date [9] and height measurements [10].
Black and white circles gives the lowest and highest quality observa-
tions [9]. The increase of vertical velocity due to additional material is
estimated from 4.4 to 5.4 mm/year.
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spreading is episodic, with brief episodes of intense
activity, separated by long quiescent periods [19]. As-
suming a constant regional spreading rate, these
changes can be associated with variations in intrusion
rate of magma material. This will be discussed in
Section 4.

In the Asal-Ghoubbet rift, the most recent crisis is
the 1978 seismic sequence followed by extrusion of
lava forming Ardukoba volcano, located in the rift axis
8 km northwest of the main shock (Fig. 1). This crisis
has been described in detail elsewhere [8,15]. Here, we
summarise the co-rifting and post-rifting geodetic mea-
surements (Fig. 3). A levelling line (see location Fig. 1)
surveyed in 1972 and 1979 shows about 0.7 m of inner
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subsidence and about 0.2 m of flank uplift [9,13] (Fig.
4a). Trilateration measurements in 1972/73 and in No-
vember 1978 show extension of ~1 m orientated per-
pendicular to the rift axis (Fig. 4b). The levelling line
resurveyed in 1984 and 2000 shows a large and wide
uplift (10—15 mm/year) within 10 km of the rift axis
(Fig. 4c and e) and a subsidence at the rift axis of 7-15
mm/year relative to the rift margin [14,16]. Fig. 4e
shows that these observations are in agreement with
vertical velocity estimated from GPS measurements
between 1991 and 2003 [16]. These observations are
also similar with the 1987—1992 uplift observed in the
Krafla system in Iceland due to the 1975 major rifting
episode [19-21]. The last levelling data, collected in
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Fig. 4. Geodetic data projected along the section shown in Fig. 1. Vertical and horizontal measurements are given with respect to the southernmost
and northernmost data, respectively. The error bars of GPS data show the formal 1-sigma uncertainty. The levelling uncertainty is the cumulative
error along the levelling line. (a) Vertical co-rifting displacement from levelling (b) Horizontal co-rifting displacement. (c) Vertical velocity from
levelling observations during the 1979—1984 interval. (d) White and black circles give horizontal velocity from trilateration observations between
1979 and 1984, and 1979 and 1985, respectively. (e) Vertical GPS velocity between 1991 and 2003 (grey squares) and levelling measurements from
1984 to 2000 (white circles). (f) Horizontal GPS velocity between 1991 and 2003. (g) Line length variation between 1980 and 2003 between

stations EP and DF.
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2000 show a trend over the entire profile, with a
difference at the end of the line of 7.5 cm [33]. All
the levelling lines was measured only in one way
(forward run) which does not allow to quantify the
instrumental drift. We do not know yet if the data are
affected by systematic errors or if this trend reflects a
large-scale uplift of the north-eastern part of the rift (see
discussion in Ref. [16]). In the following we assume
that this trend is real.

The geodetic network (Before 1991: Trilateration—
after 1991: GPS) was completed with additional points
and resurveyed entirely as in part at least every 2 years
between 1979 and 2003. Figs. 4d, f, g and 5 show a
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Fig. 5. Post-rifting horizontal velocity relative to Somalian plate: (a)
Trilateration measurements between 1979 and 1985 [14]. (b) GPS
data between 1991-2003 [16].

decrease of the opening rate of the rift from 65 to 17
mm/year [14,16], with a velocity change in 1984—1986.
Thus, the current opening rate is higher than the Ara-
bia—Somalia motion (~11 mm/year) [16]. This observa-
tion is similar to the GPS measurements in the Krafla
rift showing a spreading rate of 45 mm/year near the rift
versus 18 mm/year for the time-averaged spreading rate
in north Iceland [21]. As previously proposed [20],
these observations confirm that transient compressional
deformation may occur in active spreading zone. The
possible sources of these transient processes, such as
injection of magma material, viscoelastic relaxation or
aseismic slip, will be discussed in Section 5.

3. Modelling approach and assumptions
3.1. Modelling strategy

Our main goal is to quantify the relative role of each
post-rifting process including viscous relaxation, dyke
inflation and aseismic slip. In our approach these me-
chanical processes are performed using both the long
term deformation (100 ka) and the post-rifting displace-
ment as the initial condition. To enable interaction
among these processes and time scales, the following
modelling sequence is performed : (1) A spreading rate
of 11 mm/year is used as kinematic boundary condition
for all the runs. (2) A finite difference formulation is
used to model the thermal steady state in a moving
symmetric medium. This thermal state is then used as
the initial condition for all finite element calculations.
(3) To study the localization of the deformation due to
this thermal structure the long term (100 ka) deforma-
tion is calculated without fault. (4) Next, to obtain the
long term state of stress we model magmatic infilling
and we introduce the active major faults using a friction
coefficient low enough so as to let the faults slip freely.
(5) Using this pre-stress lithosphere, we impose the co-
rifting slip on the faults EF, CD, «, f and vy and
dilatation of the Asal dyke obtained from inversion of
geodetic data. (6) The post-rifting phase is next com-
puted by locking the faults and imposing dyke inflation.
(7) Finally, faults are selectively unlocked and allowed
to creep aseismically. Stages 6 and 7 are performed
disjointly with the state of stress obtained at stage 5
(including long term and co-rifting) as initial condition.

This sequence of models has implicit directivity in
time that prevents interaction of the later step with the
earlier. However the variation of stress within the crust
due to rifting cycle is low enough (<20 MPa) in com-
parison with the long term deviatoric stress (60—150
MPa). Furthermore assuming velocity of magmatic
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infilling between 0 to 10 mm/year does not significantly
affect (<10%) the temperature field. In the following
we thus assume that both temperature field and pre-
stress lithosphere represents properly the mean behav-
iour of the lithosphere over the last 100 ka.

In the next paragraphs we describe in detail the
approach for both thermal structure and mechanical
modelling.

3.2. Thermal structure

In this paper we compute the thermal structure and
deformation field separately because we assume the
thermal structure to be in a steady state over 100 ka.
Our goal is not to study in detail the physical processes
leading to the thermal structure but rather to obtain a
temperature field in agreement with geothermal obser-
vations, which can be used as the initial condition in the
mechanical modelling.

We construct a numerical modelling along a 70 km
long N 36° E trending cross section perpendicular to
rift axis, from the Hanlé depression located 35 km SW
from the rift axis to the southern part of the Danakil
Horst near the coast of the Gulf of Tadjura (see Fig. 1
in Ref. [15]). We use a 2-D finite difference scheme of
heat conduction in a moving symmetric medium with a
grid size of 100 m. The assumed boundary conditions
are a constant surface temperature of 25 °C and a depth
dependent temperature at the rift axis. We have used a
thermal diffusivity of 0.5 mm?/s and a spreading rate
of 11 mm/year derived from recent geodetic data [16].
We have selected the set of parameters that best
explains the data of 8 thermal wells in Asal-Ghoubbet
rift (Al to A6) and Hanlé depression (H1 and H2)
[28,29]. We have in particular considered a 1.7 km
deep negative Gaussian distribution of heat production
to simulate the local decrease of temperature due to
fluid flow [34,35] near the rift axis. This simple com-
putation yields consistent temperature fields near the
Asal rift (AS5) as well as in the Hanlé basin (H1-H2)
(Fig. 2). The calculated thermal gradients for the Al,
A2, A3, A6 thermal wells are also in agreement with
measurements. The offset of 50 °C between measured
and calculated temperature is due to a high surface heat
flow which is not taken into account in our modelling.
Local thermal effects associated with water flow within
the shallow crust could explain the disagreement be-
tween the calculated and measured temperature in the
A4 thermal wells. Here we study the thermal structure
on a larger scale and the estimation of such shallow
local scale is beyond the scope of this paper. The
thermal wells give the temperature to a depth of 2

km. In Section 4 we will constrain the thermal structure
of the deeper part of the lithosphere by studying the
increase of the thickness of the seismogenic layer with
the distance to rift axis.

3.3. Rheology

For the thermo-mechanical approach we use a 2-D
finite element model, ADELI [36] that accounts for the
rifting cycle and the non-Newtonian behaviour of the
lithosphere and its dependency on temperature and
pressure. A depth-varying rheology has been incorpo-
rated with elasto-brittle deformation in the upper part of
the lithosphere and ductile deformation in the lower
part. The empirical rheological equations and laborato-
ry-derived basalt properties [37-39] are used under the
assumption that they can be extrapolated to geological
conditions.

Under low stresses and low temperature, rocks de-
form elastically. For isotropic materials the relationship
between each component of strain (g;;) and stress (o)
is written

1+v v
&j = %Uz’/ — g Ok (1)
where E and v are the Young’s modulus and the Pois-
son’s ratio, respectively.

Beyond the elastic domain, rocks deform brittley or
ductily. We use an elasto-plastic pressure dependent law
with the failure criterion of Drucker—Prager [37]. Fail-
ure occurs if

%(01 —03) = |c(cote) —&—%(01 + 03) [sing (2)
where c is the cohesion, ¢ is the internal friction angle.

Ductile flow in the lithosphere is empirically de-
scribed by a law which relates the critical principal
stress difference necessary to maintain a steady-state
strain-rate to a power of the strain-rate [37—39]. This
power-law creep is written

¢ = Ay(oy — a3)"exp( — E,/RT), (3)

where R is the universal gas constant, 7 is the temper-
ature, Ep is the activation energy, and 4p and n are
empirically determined material “constants”, assumed
not to vary with stress and ( P,7) conditions. The ductile
flow-law is thus strongly dependent on rock type and
temperature.

In this paper we use typical material properties for
an oceanic lithosphere [40]: £=90 GPa, v=0.25, c=10
MPa, ¢=30°, Ap=7.10""* Pa~" s~ ! n=3, Ep=510
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kJ mol~ " and a density p=2800 kg m~>. The calcu-
lated temperature field described in the previous section
is prescribed as an initial condition (see Section 3.1)
and does not evolve during the simulation.

The relaxation time associated with the lowest vis-
cosity value (7~5.10'" Pa s) is ~2 months. For all
computation we chose a time step of ~1 month and
~5 h to model long-term and rifting cycle deformation,
respectively.

3.4. Geometry and boundary conditions

The main features of our model are presented in Fig.
6. The boundary conditions applied to the system are
constrained by geodynamics and GPS data [16]: on
both northern and southern vertical face we apply a
5.5 mm/year horizontal rate of extension and we leave
vertical velocities free. The model is loaded with grav-
itational body forces and the structure is supported by
hydrostatic pressure at its base to allow isostatic com-
pensation. Only minor erosion and deposition occur in
this arid area; thus we neglect surface processes in our
approach and the upper surface of the model is free of
stresses.

The faults’ geometry is constrained from [15,27].
A simple static friction law is assumed along the
faults

lor| — W on=0, (4)
where 1/ is the effective friction coefficient including

pore pressure and o7 and oy are the normal and the
shear stress on the fault, respectively. We use a dry

70 km

Coulomb—Navier criterion which underestimates the
“real” friction coefficient. Numerically, a fault is simu-
lated by contact between nodes on each side of the
discontinuity [41]. Elements are sized A/~650 m except
within the rift axis where a dense mesh is used over a
8 km band (A/~200 m). The main limitation of this
modelling is that we do not consider finite length of
faults or strike slip due to the two dimensional extent of
the study.

4. Long time scale deformation
4.1. Localization of the deformation

In the first stage of modelling, we assume that the
Asal-Ghoubbet rift is a homogeneous medium with
no active fault initially introduced. The long-term
deformation is calculated by stretching the lithosphere
for 100 ka with a rate of 11 mm/year and using the
calculated temperature field as the initial condition
plastic deformation appears after ~5 ka and a steady
state velocity field is reached after 10 ka. We consider
that numerical steady state is attained when the ve-
locity field does not evolve any more (6V/V<5%).
The location of the cross section study is given in
Fig. 1. Cumulative plastic strain first appears in the
rift axis at 4 km depth and reaches the surface with
two newly formed antithetic shear zones. This defor-
mation pattern appears to be mainly controlled by the
thermal structure. To test the temperature of the dee-
per part of the lithosphere we study both the seismo-
genic layer (Fig. 7a) and the locations of the active
faults (Fig. 7b).

Sw =
faults

12 km
JHEFCD afy & ¢

wy 02

- - qp00°C-- :I:>

hydrostatic pressure

Fig. 6. Geometry and boundary conditions of the model. The section is submitted to 11 mm/year horizontal spreading. The model is loaded with
gravitational body forces (g=9.81 m/s?). The hydrostatic foundation at the base of the model insures isostatic balance. The faults geometry is
constrained from Ref. [15,27]. A simple static friction law is assumed on the faults. The thermal structure constrained from geothermal
measurements and seismicity is initially imposed. A depth varying rheology (with strain rate and temperature) is assumed to account for elasto-
brittle and ductile deformation. The long term (~100 ka) deformation is first calculated with no faulting and then by letting the faults slip freely. We
impose the co-rifting slip on the faults EF, CD, «, 3 and vy and dilatation of the Asal dyke obtained from inversion of geodetic data [12,13,15]. The
post-rifting phase is next computed by locking the faults and imposing a dyke inflation.
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Fig. 7. Long-term (100 ka) state of stress (a) Deviatoric stress (shaded colour) and micro-seismicity since 1979 (white circles) along the cross
section [25,30]. Black dotted lines give the depth of the 730-830 °C isotherm associated with the thickness of the seismogenic layer. (b) Plastic
deformation (shaded colour) and faults’ geometry inferred from geological observations and co-rifting data (white lines). (c¢) Deviatoric strain rate

(shaded colour) showing a localized deformation area at depth.

Intense seismicity correlates with high second in-
variant of the deviatoric stress tensor,

1
Gd—\/3|:6%}’+2(62’x+6£}’):|’ (5)

where x and y are the horizontal and vertical compo-
nent, respectively. We use the deviatoric stress rather
than temperature field because the stress field depends
both on temperature and on strain rate (see Eq. (3)). The
increase of the seismogenic thickness with the distance
to rift axis until 12—13 km is mainly associated with the
depth of the 730-830 °C isotherm. This temperature is
consistent with the 700—-800 °C obtained from oceanic
intraplate seismicity and transform fault earthquakes in
the North Atlantic [42,43]. Fig. 7c shows the calculated
second invariant of deviatoric strain rate tensor

I
b = \/ 3 [si +5 (#2+ é’iyﬂ . (6)

The deep seismicity within 10 km of rift axis is
explained by the high strain rate due to the ductile
shear zone above the Asal-Ghoubbet rift.

The location and the dip angle of the inner rift fault
are in remarkably good agreement with the calculated
plastic strain ¢, (Fig. 7b). However this simple compu-
tation cannot explain the distribution of the slip rate
estimated from topographic data: the cumulative plastic
strain suggests that EF and vy are the most active faults
over the last 100 ka when observations give the highest
slip rate for the faults closest to the rift axis. This
disagreement could be due to oversimplification of
this approach. It is also possible that inflation of the
shallow magma reservoir under the rift axis causes a
local stress change, large enough to increase the slip of
faults o and A.

4.2. Effect of magma injection

Next we introduced explicitly the active faults of the
Asal-Ghoubbet rift, using the same initial and bound-
ary conditions than in the previous modelling. The
faults EF, CD, a, p and vy are constrained from co-
rifting data [9,13,15], For the others active faults (J, H,
0 and ¢), inactive during the 1978 event, we use field
observations [27] to constrain the location of faults’
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upper edges and we assume a steep geometry at depth
(dip angle=70°). We set a friction coefficient allowing
free slip on faults.

The calculated profile of vertical velocities exhibits a
narrow zone of high subsidence rate (~12 mm/year)
within 2.5 km of the rift axis. This pattern is consistent
with the results of our previous modelling with plastic
shear zones replaced here by faults. However the cal-
culated subsidence rate is overestimated compared to
vertical velocity obtained from Fieale deformation and
Lake Asal highstand (Fig. 3). This suggests that over
the last 100 ka the crustal thinning due to tectonic
forces is partly balanced by magmatic injection [10].
In reality magmatism may feed a number of dykes or
sills. For the purpose of the modelling we consider a
single opening crack mimicking a single dyke. To
simulate the effect of lava infilling we apply under
the rift axis at a depth z;,5; a velocity with a fixed
vertical component Vi,s;. The value of z;,5; plays a
role in determining the width of the subsidence zone.
Assuming zj,py between 2 and 4 km depth, does not
significantly affect the velocity profile.

The increase of Vi,gy yields a profile of subsidence
that closely mimics the observation (Fig. 3). The sub-
sidence rate of Fieale deformation and Lake Asal high-
stand data are better explained with an injection rate of
10 and 5 mm/year, respectively. The difference between
the Quaternary and Holocene subsidence rate suggests
that rifting is not steady state [15], but rather affected by
high variation of magma injection. As previously pro-
posed [10], the high rate of injection over the last 100
ka could explain the high spreading rate (17-29 mm/
year) estimated from the restored topography of the
Fieale relative to the present day opening velocity of
11 mm/year between Arabia and Somalia.

The increase of Vi, also perturbs the simple fault
slip distribution described above. First the stress change
leads to an increase in the slip on faults close to the rift
axis. Second it extends the zone of high deformation,
which is accommodated by slip on faults farther from
the rift axis. This suggests that slip distribution is
controlled by both tectonic and magma injection, al-
though it is difficult to quantify the relative effect of
those two mechanisms from long term observations
only.

5. Rifting cycle deformation
5.1. From co-rifting to post-rifting

The co-rifting displacements have been previously
modelled using dyke inflation and fault slip embedded

in a linear elastic medium [9,13,15]. Using both the
temperature field and the state of stress obtained over
100 ka as initial condition, we impose a dyke opening
of 1.5 m and fault slip distribution inferred from these
previous studies (EF: 0.45 m; CD: 0.35 m; a: 0.45 m;
B: 0.1 m; y: 0.3 m). The calculated co-rifting displace-
ment is consistent with both trilateration and levelling
data projected along the study profile (Fig. 8). Never-
theless due to the two dimensional limitation of the
modelling the calculated displacement overestimates
both opening and subsidence close to the rift axis.
The co-rifting displacement induces localized stress
change in the inner rift to a depth of 7-8 km (Fig.
9a). This stress field is rapidly modified by viscoelastic
relaxation. After only 6 years co-rifting stress beneath
the dyke inflation zone is mainly relaxed, inducing a
stress increase in the elastic part of the lithosphere (Fig.
9b). This implies a widening of the deformation zone
during post-rifting period. Based on geodetic data
showing a post-rifting velocity change in 1984—1986
(Fig. 3), we now consider two stages of post-rifting
deformation: (1) from 1978 to 1984—-1986 and (2) from
1984-1986 to 2003.

5.2. Post-rifting deformation until 1984—1986

Following the approach developed for the post-rift-
ing episode in the Krafla system (north Iceland), we
0.8 sw 1 L L 1 | NE
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Fig. 8. Calculated (black line) and measured (circle) surface co-rifting
displacements projected along the section shown in Fig. 1. The co-
rifting faults model comes from [15] (a) Horizontal displacement. (b)
Vertical displacement.
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Fig. 9. Deviatoric stress change after the 1978 seismo-volcanic crisis. White lines indicate the location of both faults and dyke. (a) Co-rifting stress

change. (b) Stress change after 6 years (1985).

begin with the effect of pressure change in a magma
chamber on post-rifting deformation. We assume that
the magma chamber can be approximated as a spher-
ical chamber. Post-rifting horizontal velocities are
given with respect to the centre of the magma cham-
ber, close to the Ardukoba volcano (Fig. 10). We
invert jointly horizontal and vertical velocity using
the Mogi’s equations [44]. Based on magnetotelluric
study [32], we have fixed the radius of the magma
chamber to 1 km. The best-fitting model is obtained
for a depth of 6.2 km and a pressure change of 4.5
MPa (Fig. 10). The calculated velocities are incon-
sistent with the observations (RMS>5). This conclu-
sion can be drawn directly from the lack of radial
symmetric in the observed deformation. This suggests
that (1) the geometry of the magma chamber is more
complicated or (2) the post-rifting deformation is due
to other processes, such as viscous relaxation, dike
injection or fault creep. In the following we test the
second hypothesis.

First, we favour viscoelastic behaviour for the lith-
osphere supported by the very high temperature gra-
dients and the volcanism. We use the long term
temperature field and the pre-stress due to both long-
term and co-rifting as the initial condition. The post-
rifting deformation is performed with a stretching rate
of 11 mm/year. In the first years following the 1978
event, viscous relaxation is mainly controlled by vis-
cosity of 0.5-1x10'"® Pa s near the rift axis. This
value is consistent with the estimated viscosity of
~10"® Pa s obtained from geodetic measurements in
the vicinity of the Krafla volcanic system in Iceland

[21]. Viscous relaxation causes a zone of both uplift
and opening within 6 km of rift axis (dotted line in
Fig. 11). This pattern is in disagreement with post-
rifting measurements. First the calculated opening rate
of ~15 mm/year is inconsistent with trilateration mea-
surements with at least a velocity stretching of 65 mm/
year. Second the modelled narrow uplift zone within
the inner rift cannot explain the measured large uplift
beyond the rift shoulders. Thus it appears that the
viscous relaxation is a minor part of the observed
post-rifting deformation.

This result suggests that dyke inflation persisted for
a few years after the crisis. To test this effect we use
the same initial and boundary conditions except we
apply a constant horizontal opening rate on both ver-
tical faces of the dyke ranging from 0 to 20 cm/year. A
dyke opening rate of 12 cm/year yields profile displa-
cements that closely mimic both trilateration measure-
ments and levelling data (Fig. 11). Due to infinite
length of the dyke, the subsidence rate of the inner
rift is overestimated by 10-15 mm/year, suggesting
that a three-dimensional approach would have given
a better fit.

The levelling data between 1979 and 1984-1985
gives asymmetric pattern of vertical velocity with a
subsidence of the north-eastern part of the profile
relative to the south-western one. As mentioned in
the “data sets” section, this may be due to instrumen-
tal drift. Here we assume that this trend is real.
Because the viscous relaxation of stress is mainly
controlled by the temperature field, we propose that
slightly offset of the dyke location with respect to the
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Fig. 10. Estimated pressure change in the magma chamber from Mogi’s equation [44]. (a,b) Observed horizontal and vertical velocity between
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high temperature gradient of the rift axis could be the
cause of this asymmetry. We move the dyke north-
ward to a distance Xgyie-axis between 0 and 100 m.
We use a dyke opening rate of 12 cm/year. Due to
the high lateral variation of temperature near the rift
axis, our tests give the unexpected result that the
horizontal velocities stay unchanged when the vertical
velocities highly depends on xgyke-axis- Fig. 12 shows
that the pattern of levelling line leads to an offset of
15 m.

5.3. Post-and inter-rifting deformation since
1984-1986

The geodetic data indicates an abrupt opening rate
decrease, from 65 to 17 mm/year, in the inner rift in
1984-1986 (Fig. 4g). This may reflect the end of the
viscous relaxation of the co-rifting stress after 6—
8 years. The non-linear rheology of the modelled
lithosphere leads to post-rifting strain rate that cannot
be simply matched from a simple exponential with a
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Fig. 11. Effect of dyke opening on post-rifting velocity. Dashed line,
black line and dotted line give the calculated velocity for a dyke
opening of 20, 12 and 0 cm/year, respectively. The dyke is located at
15 m south of the rift axis. (a) White and black circles give velocity
from trilateration observations between 1979-1984 and 19791985,
respectively [14]. Observed and calculated velocities are given with
respect to the northernmost observed velocity. (b) Circles give mea-
sured vertical velocity from levelling observations during the 1979-
1984 interval. Measured and calculated velocities are plotted with
respect to the southernmost levelling benchmark.

constant relaxation time. In our modelling the lowest
effective Maxwell viscosity of 0.5-1 x 10'® Pa s below
the rift axis gives a relaxation time of ~2—4 months.
This suggests that the co-rifting stress close to the rift
axis is fully relaxed after 6-8 years (see deviatoric
stress change after 6 years on Fig. 9). However the
decrease of viscous relaxation is a progressive process
that cannot account for the abrupt feature of the ve-
locity change. We therefore propose that the decrease
in the opening rate in 1984-1986 is primarily con-
trolled by the end of magma injection, at least in the
dyke activated in 1978. Thus, to simulate the second-
stage of post-rifting deformation, we use the same
boundary conditions except on both vertical faces of
the dyke, which are fixed 7 years after the seismo-
volcanic crisis. This kinematic boundary condition
generates at the upper and lower edge of the dyke an
overpressure of P~20 MPa. Close the rift axis, the
amplitude of average overpressure is comparable to
co-rifting stress change. This suggests that pressure
due to dyke inflation mainly controls the post-rifting
stress after 6-8 years when the co-rifting stress change
is fully relaxed.

The velocity obtained from this approach mimics
qualitatively well the mean features of the observed
profiles (Fig. 13) showing a higher opening rate in
the inner rift relative to Arabia—Somalia motion and a
wide uplift within 10 km of the rift axis. However the
quantitative comparison between measured and calcu-
lated velocity reveals two major disagreements: first an
asymmetric pattern of the observed horizontal velocity
between the southern and northern flank of the rift and
second a zone of subsidence of the inner rift. We
interpret these disagreements as the effect of aseismic
creep along the fault y. We invert the velocity residual
(observed-calculated) using the classical formulations
for slip on a fault segment in a homogeneous elastic
half space [45]. Fig. 13 shows that 13 mm/year of
normal slip along the fault vy is required to fit both
GPS between 1991 and 2003 and levelling data be-
tween 1984 and 2000. The depth of the lower and the
upper edge of the creeping fault is 4 and 0.3 km,
respectively. This is consistent with creep movement
across the margin fault of the inner rift inferred from
repeated levelling [14] and with recent seismological
experiment showing clearly a zone of intense micro-
seismic activity below the north-eastern shoulder of the
rift.

In the foregoing we have assumed that the dyke
inflation ends in 1985. We have tested the effect of
this time 7.,q4 on the temporal variations in the opening
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velocity. Dashed line, black line and dotted line give the calculated
velocity for a dyke position of 0, — 15 and — 100 m, respectively. The
imposed dyke opening is 12 cm/year. Symbols are the same as Fig. 9.
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for the lines C-F, FG-CF and EP-DF (see points
location on Fig. 1). Fig. 14 shows that the cumulative
horizontal displacement is very sensitive to this param-
eter for f.,q between 1984 and 1986. This clearly
reveals that a constant and large dyke inflation of 12
cm/year until 1985 can explain the post-rifting data,
although it is difficult to infer a unique temporal evo-
lution of this rate from these observations. This requires
a systematic study of the temporal evolution of the dyke
opening, which is beyond the scope of this paper. The
comparison between the geodetic data and our calcula-
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Fig. 13. Post- and inter-rifting displacement since 1985. Gray and
dashed line indicate the calculated velocity with and without addi-
tional aseismic slip, respectively. This aseismic normal slip of 13 mm/
year is imposed on the <y fault from 4 to 0.3 km depth. No dyke
opening is imposed since 1985. (a) Horizontal GPS velocity from
1991 to 2003 [16] (circles). Error bars show the formal 1-sigma
uncertainty of each measurement. (b) Vertical GPS velocity from
1991 to 2003 with respect to Somalian plate [16] (gray square). (c)
Levelling measurements during the 1984-2000 interval with respect
to the southernmost GPS data of the Fig. 11b (circles). Velocities
uncertainties increase northward due the levelling line measurement
only in one way (forward run).
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tion suggests also that the deformation rate is constant
since ~1990 and mainly controlled by tectonic forces
including active fault creep and regional stretching.

6. Conclusions

A two-dimensional model of deformation in the
Asal-Ghoubbet rift has been derived from the analysis
of geological observations, geophysical data and geo-
detic measurements. Our modelling is clearly limited by
the two-dimensional approach. However it provides a
way to study the relationship between data of deforma-
tion and structure over different time-scales. Our mod-
elling demonstrates the internal consistency of the data
sets and its compatibility with current understanding of
the mechanics of crustal stretching. The results show
the relative effect of regional stretching, viscous relax-
ation, magma intrusion and fault creep in the rifting
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process in Asal, although all these mechanisms are
clearly related to each other [46]: regional stretching
inducing high temperatures, which favours both magma
intrusion and fault creep.

According to our modelling, the active fault location
and geometry is mainly controlled by thermal structure
and magma intrusion within the crust. The thermal
structure constrained from thermal wells and micro-
seismicity explains most of the localization of the de-
formation in the inner rift. Magma injection is also
required to explain the high slip rate on the faults
close to the rift axis.

The comparison between calculated velocity and
subsidence rate estimated from Fieale topography and
Lake Asal Highstand suggests that rifting is not steady
state, but rather controlled by high variation of magma
injection. We find that over the last 9 ka the average
injection rate is twice as slow as during the last 100 ka.
The value of injection rate (5-10 mm/year) is about
equal to the regional opening rate (11 mm/year) sug-
gesting that volcanic processes play a major role in the
long-term deformation in the Asal-Ghoubbet rift.

As previously suspected [47], our modelling of post-
rifting deformation shown by trilateration measure-
ments, levelling line and GPS data reveals a complex
post-rifting mechanism. The very high temperature gra-
dients, the distribution of micro-seismicity and volca-
nism may favor viscous relaxation for post-rifting
deformation. However it appears that viscous relaxation
is a minor part of the observed post-rifting deformation
when compared to inferred post-rifting dyke opening.
Our modelling suggests that a constant and large dyke
inflation of 12 cm/year ending in 1985 is required to
explain both the abrupt velocity change in 1984-1986
and the high opening rate within 10 km of rift axis as
shown by trilateration data. Finally our modelling sug-
gests that the asymmetric pattern of horizontal velocity
since 1985 can be explained by creep on the v fault.
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