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Kinematics of the Asal Rift (Djibouti) Determined
from the Deformation of Fieale Volcano

Jean-Bernard De Chabalier* and Jean-Philippe Avouac

Because of its subaerial exposure the Asal rift ssgment provides an exceptional oppor-
tunity to quantify the deformation field of an active rift and assess the contribution of
tectonics and volcanism to rifting processes. The present topography of the Asal rift
results from the tectonic dismemberment during the last 100,000 years of a large central
volcanic edifice that formed astride the rift zone 300,000 to 100,000 years ago. Three-
dimensional deformation of this volcano has been quantified from the combined analysis
of the topography and geology. The analysis indicates that spreading at 17 to 29 milli-
meters per year in a N40° = 5°E direction accounts for most of the separation between
Arabia and Somalia. The small topographic subsidence relative to extension suggests that
tectonic thinning of the crust has been balanced by injection and underplating of mag-
matic material of near crustal density. The methodology developed in this study could also
be applied to quantify deformation in relatively inaccessible areas where the main avail-
able information is topography or bathymetry.

oceanic ridges, independently of fracture
zones or magnetic anomalies.

The Modern Asal Rift Zone

The Afar Depression at the triple junction
between Arabia, Somalia, and the rest of
Africa (Fig. 1), is characterized by active
continental stretching and volcanism (1).
Although the large-scale kinematics of this
triple junction is well constrained from
global plate tectonics (2-4), the detailed
deformation of the Afar Depression is still a
matter of debate (5, 6). In this paper we
focus on the Asal rift at the western end of
the Gulf of Aden rift (Fig. 1), which is
propagating westward at about 30 mm/year
into the Afar Depression (7). The Asal rift
has long been recognized as an emerged
analogue to slow spreading ridges (1) where
active tectonics and volcanism can be ob-
served directly (8). Because of the lack of
oceanic magnetic anomalies (7) and of
clearly defined transform faults (5), the
long-term direction and rate of spreading
across the rift have been poorly constrained.
We show that this information can be de-
termined from the combination of high-
resolution ~ topography (digital elevation
model, DEM) and geological and geochro-
nological data. We have reconstructed the
initial three-dimensional geometry of a ma-
jor volcanic edifice, the Fieale volcano, that
formed astride the rift and was deformed by
rifting over the last ~100,000 years. This
reconstruction moreover allows assessment
of the relative contribution of magmatism and
tectonics during rifting. This approach could
also be applied to high-resolution bathymetric
data to derive the direction of spreading along

The 15-km-long subaerial exposure of the
Asal rift connects Lake Asal with Ghoub-
bet Bay, which is the continuation of the
Gulf of Aden-Tadjoura ridge (Fig. 1). Only
minor erosion and deposition seems to have
occurred since the formation of the basaltic
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Fig. 1. (A) Map of Afar Triple Junction. The box shows location of (B). (B) Tectonic map of the
Asal-Ghoubbet region [from (5)]. The box shows location of Fig. 2.

16 SEPTEMBER 1994

rift floor; thus, the topography of the rift
provides a well-preserved record of tectonic
deformation (9, 10). Steep normal fault
scarps with throws of up to 150 m can be
easily distinguished on the DEM (Fig. 2).
They roughly parallel the trend of the rift
(mean fault strike is N127°E with a 20°
standard deviation) and are concentrated in
a narrow band about 10 km wide. Slopes
between fault scarps generally dip gently
away from the rift axis and are thought to
reflect the surface of tilted fault blocks (11).
Most of the faults are slightly curved toward
the rift axis, particularly those close to
Fieale crater (Fig. 2). In all, the axial valley
is narrower and shallower in the middle
than at the ends of the segment, a typical
hourglass shape, as has been observed along
oceanic ridges (12, 13).

The modern Asal rift formed after the
flooding of the Stratoid Series basalts on
the floor of the Afar Depression between 4
million and 1 million years ago (14). Three
subsequent basalt series characterize the rift
magmatism. The Initial Series basalts mark
the initiation of rifting in the Gulf of Tad-
joura (15, 16) and end with a hyaloclasite
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eruption episode at about 300,000 years ago
(300 ka) (Fig. 3) (17). The Central Series
consist of younger basalts of oceanic affinity
(18). They are spread over the inner floor
(Fig. 3) and are more than 300 m thick near
the rift axis (well A5, Fig. 3) (19). These
lavas were erupted from the Fieale volcano,
as indicated by the divergence of the flow
lines (Fig. 3). Most of the flow appears to
have been perpendicular to the present el-
evation contour lines (Fig. 2), indicating

Fig. 2. High resolution
Digital Elevation Model of
the Asal rift. [Courtesy of
French Institut Géogra-
phique National] Uncer-
tainties on elevation are
about 1 to 2 m. Arrows
indicate basalt flows
[from (16)).
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that little tilting has occurred since the
basalt was deposited. This magmatic epi-
sode lasted from about 300 to 65 ka (17).
Whereas basaltic flows older than 150 ka
have apparently spread astride the rift zone,
flows younger than 87 ka abut fault scarps
and therefore tend to have concentrated
near the rift axis (Fig. 3) (20). Later, the
magmatic activity within the Asal rift re-
sumed significantly. Small volcanic edifices
aligned along an eruptive fissure in the
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inner floor fed a minor volcanic episode
(Axial Series, Fig. 3) that postdates early
Holocene lacustrine sediments (21). The
thickness of the Axial Series around Fieale
crater is ~20 m (well A5, Fig. 3). Overall,
therefore, the topography and the geology
of the rift zone is that of a major volcanic
edifice fed by the Fieale crater, which has
recorded tectonic deformation over the last
87,000 to 150,000 years.

Restoration of Vertical
Displacements

We determined vertical offsets on the faults
on a series of cross sections spaced every 15
m oriented perpendicular to the rift axis. To
take into account erosion at crest and dep-
osition at base of the scarps, the topography
was linearly extrapolated onto the fault
plane. For a nonvertical fault and a non-
horizontal topography the measured verti-
cal offset of the topographic surface differs

systematically from the vertical throw on
the fault by

dz = tanB/(tan® + tanf) (1)

where B is the regional slope and @ is the
fault dip. Field investigation (11, 19, 22), as
well as modeling of the ground deformation
associated with the 1978 seismovolcanic
event (10), have shown that the faults are
steep with dip angles in excess of 80° near
the surface, and because regional slopes do
not exceed 10°, calculated vertical throws
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Fig. 3. Geological map of the Asal rift [simplified from (76, 19)] superimposed
on shaded topography (DEM). Arrows indicate direction of basalt flows.

Circles are location of K-Ar dats in thousand years (77), sampled at the
surface (white) or into fault scarp outcrops (black).
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might be in error by 3% at most. Vertical
throws on the major faults are typically
~100 m, and the cumulative vertical throw
across the rift zone is ~700 m, correspond-
ing to about 350 m of subsidence at the rift
axis relative to the rift flanks, 5 km away
from rift axis.

We restored the topography across the
rift to a continuous surface by subtracting
the vertical offsets on the faults. This res-
toration was made along serial topographic
profiles with arbitrarily chosen azimuths,
that ran across the rift (Fig. 4). If the re-
stored topography is held fixed with respect
to the southwest rift shoulder, the restored
northeast shoulder appears vertically offset
down by an amount dh (Fig. 4). If instead
the northeast shoulder is fixed, the south-
west shoulder is lifted by dh. We chose a
reference frame in which dh is equally dis-
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Fig. 4. Vertical reconstruction of a profile across
the rift. Thick line is present topography. Dashed
line is restored profile for SW rift shoulder held
fixed, creating NE shoulder offset (dh). If instead
the NE shoulder is fixed (dotted line), the SW
shoulder is also offset by dh. Thin continuous line
is the mean between these two restored profiles,
distributing equally the offset in the SW and the NE
shoulder.
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Fig. 5. Resulting topography (A) after restoration of vertical throws on faults
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tributed to the southwest and northeast of
the rift (Fig. 4). We then searched different
profiles with azimuths between 15° and 50°
to find a model with as little deformation
(dh) as possible outside the rift zone. The
minimum standard deviation of dh (17 m)
occurred for N30°E profiles. This solution
indicates that the mean downthrow of the
southwest shoulder with respect to the
northeast shoulder (dh) is 30 m and suggests
that extension was slightly oblique.

Restoration of
Horizontal Displacements

A striking feature of the vertically restored
topography of the Fieale volcanic edifice is
the ellipticity of the elevation contour lines
(Fig. 5A). Undeformed volcanoes are com-
monly axisymmetric. Although a volcano
can be elongated if fed by several aligned
eruptive centers or fissures, the elongation
visible in Fig. 5A is probably of tectonic
origin because it is perpendicular to the
trend of the eruptive centers and fissures.
Thus, the departure from an assumed initial
axisymmetry of the Fieale volcano can be
used to determine the direction and amount
of extension across the Asal rift. Vertical
displacements due to normal faulting are
nearly linearly distributed across the rift
zone. We therefore assumed that the hori-
zontal deformation within the rift was ho-
mogeneous. We further assumed that the
volcano has suffered no elongation in the
direction of the mean fault strike (68, =
N127°E = 20°). If the direction of no elon-
gation (8,) is taken to be Ox (Fig. 6), the
horizontal displacement field, considering
no translational motion, is

320 380 440 -350 -305 -260 -215

according to vertical displacements model of (B). Direction of flows from Fig.
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x=x"+ s\y’ (2)
y =Ny’ (3)

where (x, y) refer to the present coordinates
of a point that had (x’, y') coordinates
before deformation; \ is the elongation, and
s is the fault parallel shear. The reference
frame might have rotated, but such a rota-
tion cannot be resolved from the deforma-
tion of the Fieale volcano. For this displace-
ment field, the total extension experienced
by a domain of final width W is

E=W(1 - 1/\) (4)
and the total lateral shear is
S=sW (5)

If W spans the whole rift zone, we get
the total extension and shear across the
Asal rift. If Ox did not rotate during defor-
mation, the azimuth of the direction of
spreading across the rift zone, 8 (Fig. 6) is

tan(@ — 6,) = E/S=(1 —N)/sn  (6)

We propose that s and A can be derived
from the second-order moments of the ver-
tically restored topography defined by

M, = ffyz(z — zo)dxdy (7)
M,, = foz(z — zo)dxdy (8)
M, = foy(z — zo)dxdy 9)

We consider domains of integration de-
fined by z > z, By varying z,, we can
restrict the computation to the summit of
the volcano or consider a zone spanning the

whole rift (z, > 300 m, Fig. 5A).
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3. Black arrows point to some dikes that show off in the topography.
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Fig. 6. Deformation field assuming no elongation
along Ox (with azimuth 8,) and no rotation of Ox. A
circular marker is deformed into an ellipse. 6 is the
direction of spreading. £ and S are respectively
the finite extension and lateral shear experienced
by a domain of width W.

The topography of the initial axisym-
metric volcano must satisfy

M, =M
M, =M, =0

(10)
(11)

According to the displacement field
(Egs. 2 and 3), we must also have
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during deformation with a width of ~4 km.
Given that the direction of no elongation
(6,) is not very well constrained, we made
computations for different values between
plausible extremes (N120°E and N135°E).
The total extension is not very sensitive to
this parameter (Fig. 8), and the cumulative
shear remains small in comparison to the
total extension and varies between 500 m
of right-lateral shear and 600 m of left-

= 3 !
Mo =AM, (12) lateral shear. The preferred value for 8,
M,, =AML, + N’sM, (13)  (N127°E) is near that corresponding to
_ — oI pure rifting (N128.5°E). The spreading
M,y =M, = sAM,, (14) direction is relatively well constrained be-
We then infer tween N35°E and N43°E (Fig. 8).
— M2 _ M2Z\TI2
A =[My/ (Meryy MXy)] (15) Implications
s =M, /M,, (16)

Values of the moments and A, E, s, S, and
0 are given in Table 1 for different values of z,
and for 8, = 127°. For this reference frame,
the three-dimensional reconstruction of the
Fieale volcano (Fig. 7) reveals that there has
been 2550 m of elongation and 109 m of right
lateral shear across the whole rift (Table 1).
The calculated elongation and the horizontal
shear tend to be greater for higher values of z,.
This trend would indicate that the deforma-
tion was slightly heterogeneous such that
stretching and shear were more intense close
to the rift axis. This result suggests that the
zone of active stretching has remained fixed

Table 1. Moments (M,

xx!

The 2.6 km of extension recorded by Fieale
volcano since about 150 to 87 ka yields a
spreading rate of 17 to 29 mm/year. This
rate and the spreading azimuth (N40 * 5°),
obtained assuming no rotation of the faults
during deformation, compare well with the
Arabia-Somalia plate kinematic vector (3,
4) computed at a point within the Asal rift
(Fig. 9). This comparison would suggest
that most of the present motion between
Arabia and Somalia is accommodated by
the Asal rift. We conclude that, at the
location of the Asal rift, the transition from
continental to oceanic rifting is probably
complete.

M,,. M,, = M,,) of the Fieale volcano topography after restoration of vertical

throws on faults. O, is parallel to mean faults strike (N127°E). First column lists base of truncated
topography (z,) delimiting a domain of width W used for computation of moments. Next columns list
elongation perpendicular to rift axis (\) and horizontal shear (s). Last columns list total extension E, total
shear S, and resulting azimuth of direction of spreading 6 across a domain of width W (Egs. 4 to 6).

2 w - M E s 9
m  m  (osms)  (10:me) (10 me) M s m  m B
300 5587 130.6 38.3 2.56 1.85 0.02 2550 109 39.5
320 5200 79.1 20.7 214 1.96 0.03 2542 141 40.2
340 4649 451 10.6 1.85 2.07 0.04 2398 190 41.5
360 4214 23.3 4.79 0.83 2.21 0.04 2261 146 40.5
380 3795 9.34 1.83 0.08 2.26 0.09 2114 32 37.9
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Fig. 7. Topography of
the Fieale volcano after
restoration of distributed
extension (2550 m) per-
pendicular to mean
faults strike and distrib-
uted shear (109 m) par-
allel to rift axis.

320 380 440

Although the present topography of the
rift is generally interpreted to reflect normal
fault blocks tilted away from the rift axis, our
modeling shows, in agreement with paleo-
magnetic evidence (23) and basalt flow vec-
tors (16), that such tilts are not required; the
slopes have most probably been inherited
from the initial shape of the volcano.

The deformation model of Fig. 5B indi-
cates that the subsidence of the inner floor of
the Asal rift has not been uniform. Vertical
displacements are much larger near the crater
of the Fieale volcano where the axial valley is
narrower. Such a pattern could reflect col-
lapse of a magmatic chamber. However, the
fault pattern at the surface does not resemble
that usually associated with calderas (24).
Near the Fieale the normal faults are
curved toward the crater where they tend
to concentrate. This hourglass geometry
might reflect the effect on the extension-
al regional stress field of topographic
loading by the central volcanic edifice.

The three-dimensional model of defor-
mation of the Fieale volcano moreover al-
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Fig. 8. Sensitivity of determination of azimuth of
direction of spreading 6 (A) and finite extension E
and lateral shear S (B) on direction of no elonga-
tion 6,
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Fig. 9. Spreading vector across the Asal rift. The
confidence ellipse was obtained assuming that to-
pography began to record deformation since some-
time between 87 and 150 ka and that the azimuth of
direction of no elongation lies in the 120 to 135°E
range. Arabia-Somalia vectors computed at a point
in the Asal rift (11.6°N, 42.5°E) from plate kinematics
models (3, 4) are shown for comparison.

lows an assessment of the ratio between
subsidence and extension over geological
time. If we consider dip angles between 60°
and 80°, the 700 m of cumulative vertical
displacement on the faults accounts for only
5 to 15% of the 2550 m of extension.
Injection of dikes and opening of fissures
near the surface must have accommodated
about 90% of the extension, an amount
comparable to that estimated in Iceland
(25) or along the Mid-Atlantic ridge (26).
Many such open fissures and dikes have
been actually observed in the field (11) and
show up in the restored topography (Figs.
5A and 7).

Taking the vertical deformation shown
in Fig. 5B and the extension by a factor of
1.85 across the rift, we find that the for-
mation of the modern rift has resulted in
the subsidence of a volume of V, = 4.3 X
10° m?® of crust. From seismic refraction
profiles in Afar and near Asal (27), it
appears that the modern Asal rift has
formed in crust that is 5 to 10 km thick.
The volume released by 2.6 km of exten-
sion along a 10-km-long rift in crust 5 to
10 km thick gives a volume of V, = 125
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to 250 X 10° m>. Subsidence of the to-
pography therefore accounts for only 1.7
to 3.4% of this volume. The remaining
volume must have been filled by magmas
from the upper mantle and probably as a
result of decompression melting induced
by tectonic thinning of the crust. This
magma either fed dikes or accumulated at
the base of the crust. The lack of a large
Bouguer gravity anomaly and the low sub-
sidence at the surface compared to the
volume of magmatism suggests that this
material has a near crustal density. The
recent evolution of the Asal rift has thus
been nearly at a steady state, with mag-
matism compensating for nearly all of the
crustal stretching. The subsidence of the
topography over the last ~100,000 years
and the creation of the Fieale volcano
300 to 100 ka suggests that there have
been successive volcanic and tectonic ep-
isodes, as has been inferred elsewhere
along slow spreading ridges (13). Howev-
er, these episodes reflect only small oscil-
latory departures of a few percent from
the steady state.

A three-dimensional model of deforma-
tion across the Asal rift has been derived
from the combined analysis of the rift to-
pography and geology. More generally, this
approach could allow quantification of de-
formation and kinematics in areas inacces-
sible to most direct geophysical and geolog-
ical investigations, where the main avail-
able information is topography or bathym-
etry. One can conceive of applying this
method on mid-oceanic ridges, or possibly
to study tectonics and magmatism on other
planets.
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