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Ground deformation near Gada ‘Ale Volcano, Afar, observed
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Abstract. Radar interferometric measurements of ground-
surface displacement using ERS data show a change in radar
range, corresponding to up to 12 cm of subsidence near Gada
'Ale volcano in northern Afar, Ethiopia, that occurred between
June 1993 and May 1996. This is the area of lowest topogra-
phy within the Danakil Depression (-126 m). Geodetic inverse
modeling and geological evidence suggest a volcanic origin of
the observed deformation; it was probably caused by a com-
bined process of magma withdrawal from a larger reservoir
and normal faulting. There is no evidence of subaerial erup-
tion. This is the only identifiable deformation event during
June 1993-October 1997 in the 80 km long Erta ‘Ale volcanic
range, indicating surprising inactivity elsewhere in the range.

Introduction

The Afar Triangle is the region where the Nubian, So-
malian, and Arabian plates meet above a mantle plume [White
et al., 1989]. The oceanic ridges in the Red Sea and Guif of
Aden do not connect directly but appear to have propagated
onshore into Afar. This is expressed in the north by the 80-90
km long, 30 km wide axial volcanic range of Erta ‘Ale and in
the southeast by the Asal Rift (Fig. 1) [Manighetti et al.,
1997]. Recent activity in this area include a dike intrusion
near the Asal rift [Tarantola et al., 1979], contemporary vol-
canism in the Manda Inakir and Manda Hararo rifts [Tappon-
nier et al., 1990], and strike-slip and normal faulting in the
overlap area between these two rift zones [Tapponnier et al.,
ibid., Sigmundsson, 1992].

The regional deformation of the Danakil Depression, a well
defined topographic basin within north Afar (Fig. 1), has been
modeled as a counter-clockwise rotation of the Danakil mi-
croplate with respect to the Nubian plate about an Euler pole
~250 km NNW of Erta ‘Ale [Chu and Gordon, 1998]. This
explains the southward increase in depression width and vol-
canism, the latter manifested in the basaltic shields of Alayta,
Afdera, Barawli, and Erta ‘Ale (Fig. 1). The lack of extrusive
volcanism further north suggests that crustal thinning has not
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yet reached a state that allows penetration of magma in this
deepest part of Danakil (-126 m) [Barberi and Varet, 1970].

The aim of this work is to identify (using InSAR) ground
deformation on the largest of the axial volcanic ranges in the
Danakil - the Erta ‘Ale range. We anticipated finding defor-
mation in the center of the range associated with the active
lava lake at Erta’Ale volcano [Oppenheimer and Francis,
1998]. Instead, we observed deformation at the northern tip of
the range, near Gada ‘Ale volcano (Fig. 2).

Observational Data

Few ERS SAR images of the Erta ‘Ale range have been
acquired. We formed an interferogram spanning 4.3 yr using
images acquired on 29 June 1993 and 9 Oct, 1997, a 1.4 yr
interferogram using images acquired on 3 May 1996 and 10
Oct. 1997, and a 1 day interferogram using the 1997 images.
The perpendicular baselines between image acquisitions were
205 m, 330 m, and 364 m, respectively. We used the 1.4 yr
interferogram for the removal of topography because the dif-
ferential interferogram obtained using the 1 day interferogram
had significant atmospheric disturbances probably introduced
by the common 9 October SAR image. In Afar atmospheric
water vapor heterogeneity results in local signal delays of
typically 1-2 phase cycles (2.8-5.6 cm range displacement).
This makes it impossible to see subtle sub-centimeter scale
deformation that has been detected under optimal atmospheric
conditions [Amelung et al., 1999]. For recent reviews of vol-
cano applications of InSAR see Massonnet and Feigl [1998],
Massonnet and Sigmundsson [2000), and Zebker et al. [2000].

Across the whole of the Erta ‘Ale range, we detected sig-
nificant ground deformation only at the northernmost part
between Gada ‘Ale volcano (+260 m) and Lake Karum (-126
m, Figs. 2, 3). About four fringes in the interferogram in a 4
km” area represent an increase in ground-to-radar distance of
up to 11 cm between the two image acquisitions. Ground de-
formation clearly extends under Lake Karum where meas-
urements are unavailable. The incidence angle of the radar is
23°. The fringes may be caused by 12 cm of local subsidence,
by 30 cm of horizontal E displacement, or by a combination
of both. The bare volcanic rocks maintain high coherence of
the radar signal. The continuity of the phase in the interfero-
gram indicates the lack of significant surface breaks. The
fringes are round, smooth and isolated, typical of elastic de-
formation. This, together with the lack of any comparable
phase signature in the entire 100 x 100 km? interferogram,
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Figure 3. June 1993 - Oct. 1997 interferogram for Gada ‘Ale
area. One cycle of phase corresponds to 2.8 cm change in
ground-to-radar distance. Surface projections of model A
(solid line) and model B (dashed line) are also shown.

Figure 1. Topography of Afar showing major tectonic fea- tain because it cannot be related to any recorded seismicity.

tures, earthquakes 1971-1998 (NEIC), active volcanoes, and
area covered by ERS SAR scene. Arrows indicate plate mo-
tion between Nubia and Somalia, Somalia and Arabia, Nubia
and Danakil, Danakil and Arabia, determined from Euler
poles and angular velocities by Chu and Gordon [1998].
Rifts (names simplified) redrawn from Tapponnier et al.

Only one moderate earthquake occurred in the Erta ‘Ale range
during 1971-99 (M4.9 in 1989 at 13°46'N, 40°36'E, Fig. 1),
suggesting that crustal extension in Danakil is largely aseis-
mic (the detection threshold of the NEIC catalogue is ~M4.5).
It is unlikely that a slow, continuous process occurred because
the 1.3 yr interferogram lacks a similar phase signature.

[1990]. Inset shows Space Shuttle photograph looking SE.

makes us confident that we are observing real deformation
and not atmospheric disturbance. However, because we lack a
second 1992/93 SAR image we cannot definitively exclude an
artifact using Massonnet and Feigl’s [1998] image-pair logic.
The precise timing of the observed deformation is uncer-
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Figure 4. A Measured range displacements (phase un-
wrapped). B Best-fitting dislocation (model A, Table 1, solid
line is surface projection). C Difference data minus model. D
Data and model range displacements along Profile AA’ to-
gether with topography and source. Profile through model

vertical displacement is similar to profile through model range
displacement.

Figure 2. Simplified geologic map of the northern Erta 'Ale
range after Barberi and Varet [1970]. Holocene volcanism
occurred on NNE fissures southeast of Gada 'Ale.



Figure 5. June 1993 — Oct 1997 interferogram for Erta ‘Ale
volcano. The north and central pits have active lava lakes.

Modeling the Data

We assume that the observed deformation was caused by a
uniform dislocation on a finite rectangular surface in an elas-
tic, Poisson medium, described by ten parameters (Okada,
1985): length, width, strike, and dip of the dislocation surface,
three parameters for the location, and the strike-slip, down-dip
and opening components of the dislocation vector. This model
includes shear faults (earthquakes) with the opening compo-
nent of the displacement vector zero, and dikes and sills with
the strike-slip and dip-slip components of the dislocation
vector zero.

The best-fitting model minimizes the root mean square of
differences (rms) between the data and model predictions.
The data consist of 619 range displacement measurements
obtained from the interferogram after unwrapping the phase
(measured modulo 27), and applying a median filter to 7 x 7
pixel areas of the interferogram (20,000 m?). Model range
displacements are obtained by projecting the surface-
displacement vector into the radar-look direction (0.42, -0.09,
0.90). To solve this non-linear optimization problem we first
use a Monte Carlo simulated annealing algorithm to locate the
area in model space containing the global minimum and then
a quasi-Newton method to exactly locate the minimum in this
area [Cervelli et al., 2000]. We assume uncorrelated data.

The best-fitting dislocation has 4.9 km’® surface area, is
very shallow (0.2 — 1.2 km), strikes NNE, and dips shallowly
(36°) to the ESE (Fig. 4, Model A in Table 1). The compo-
nents of the dislocation vector are 4 cm of left-lateral strike-
slip, 18 cm of normal slip, and 9 cm of collapse. This model
explains most of the signal except in the area of maximum

‘Table 1. Modeling parameters

range displacement at 13°58.5°N, 40°28.3’E (Fig. 4C). The
fringes in this area are somewhat disturbed (Fig. 3), either be-
cause of ground cracking or because of a small-scale atmos-
pheric disturbance. A nearly identical solution is obtained ne-
glecting the data of this area.

The collapse component of the dislocation vector is im-
portant because it suggests a volcanic origin of the observed
deformation. Volume change may be caused by the migration
of magma. To test alternative models without volume change,
we recalculated the solution constraining the opening compo-
nent of the dislocation vector to be zero. The best fitting shear
fault is a predominantly normal fault (model B in Table 1),
extending less far under Lake Karum than model A (Fig. 3).
The rms is 7.87 mm versus 7.50 mm for model A. We also
examined constraints on the other components of the disloca-
tion vector (Table 1). For zero strike-slip component (model
C) the data fit almost equally well as model A, but not for
zero dip-slip component (model D), nor for zero dip-slip and
strike-slip components (pure collapse, model E). All best fit-
ting dislocations have similar orientation, indicating that this
is a robust feature of the inversions. We also tried to fit the
data using Mogi models (models F and G) but obtained a
worse fit than using dislocation models (Table 1).

Since phase-unwrapping errors and atmospheric distur-
bances result in correlated, non-gaussian errors we don’t have
an objective measure to test whether the difference of 0.37
mm in rms between models A and B is significant. We stay
with the subjective statement that model A "fits better" than
model B. In the next section we provide geological arguments
to support magmatic interaction implied by model A.

Discussion and Implications

The detection of ground deformation around Gada ‘Ale is
significant because it is located at the tip of the Erta ‘Ale
range. It may be associated with northward propagation of the
range. Three observations suggest that the event has been a
repeated phenomenon. First, the deformation closely follows
a local topographic low of ~20 m (Fig. 4D); second the subsi-
dence occurred at the lowest part of the Danakil Depression
on the margin of a normal-fault bounded lake; third, prelimi-
nary inspection of 4 m spatial resolution Corona satellite im-
agery suggests that lava flows have been tilted such that their
flow directions are now upslope. These observations indicate
that geothermal events are not the cause of the deformation.

Several reasons suggest a local, volcano-tectonic origin of
the observed deformation. First, a model invoking volume
change due to magma migration fits the data better than a
shear fault. Second, most tectonic structures in the Danakil
are oriented rift-parallel NNW [Barberi and Varet, 1970] but

Location' Dimension? Oricntation’ Dislocation vector®

East | North | Depth | Length | Width| Dip | Strike | Strike- |Dip-slip| Opening| AvV* |rms®
Model [km]| [km] | [km] | [km] | [km] | [] [°] |slipfem]| [cm] | [em] |[10°m?®] |[mm]
A unconstrained | 1.7 | 32 | 02 | 27 | 18 | 36 | 32 | 4 18 9 -043_[7.50
B shear fauit 157726 [ 04 | 1A 1327 a0 27 e T T wa | nha |787
C no strike-slip 15| 3.0 0.3 2.1 2.0 36 29 n/a 20 -8 -0.34 {7.52
D no dip-slip 20 | 32 0.2 23 1.0 41 56 24 n/a 221 -0.46 | 7.71
E openingonly | 1.6 | 3.0 | 05 | 19 | 1.1 | 22 | 49 wa wa 118 | .-0.38 1809
F one Mogi source | 1.6 | 2.3 [0 )220 I N R (R D A R 20.082 [9.69

two Mogi 26 | 08 -0.052
S0Urces 2.3 0.6 -0.040 8.07

n/a Parameter constrained zero in inversion.

Center of upper edge of dislocation relative to lower left corner of Fig. 3 at 13°57.25°N,40°27.5°W.

2 Along-strike length, down-dip width; strike measured clockwise from N, dip measured towards right from horizontal.
Dlsplacement of down-thrown block relative to up-thrown block. Negatlve opening represents collapse.

* Dislocation: product of fault length, width and opening; Mogi source: 3 @® AP/4 u, with a radius of sphere, AP pressure

change 4 shear modulus.

* rms=sqrt(Zir;’/N) with r; residuals between data and model prediction, N=619 number of data points.
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the observed deformation (and the best-fitting models) are
oriented nearly rift-perpendicular NNE. The third piece of
evidence comes from the stress regime. The least principal
compressive stress is likely rift-perpendicular ENE. Because
the tensile strength in rift zones is small (Haimson and Rum-
mel [1982] measured 1-6 MPa in Iceland), little traction
would be resolved in slip direction of the NNE oriented nor-
mal fault suggested by the modeling (model fault B, Table 1).
Fault movement could be activated only if the friction on the
fault is somehow reduced, for example by magmatic fluids.

Although our preferred model is a combination of normal
faulting and collapse on one dislocation surface a combination
of distinct sources may be more realistic but the small signal
does not warrant such complexity. For example, the with-
drawal of magma from a reservoir may have induced normal
faulting on a weak zone near the reservoir (leaky fault). The
magma reservoir may be located beneath the fault at depth
where liquid magma can be maintained without solidifying (~
2 km). Inspection of Corona images dating back to 1965 and
of the coherence map indicates no new lava flows in the area.
However, magma may have erupted under Lake Karum. It is
unlikely that the observed deformation is related to salt tec-
tonics because we see subsidence and not uplift.

Erta ‘Ale. Erta ‘Ale volcano reaches 600 m altitude in the
center of the eponymous range and has a 1.5 km long summit
caldera. The 1993-1997 interferogram lacks any phase signa-
ture to indicate shallow magma migration (Fig. 5). The
fringes near the caldera are probably atmospheric artifacts be-
cause similar phase signatures are found throughout the inter-
ferogram. The lack of deformation is surprising because other
active basaltic shield volcanoes (e.g., Galapagos and Hawaii)
have experienced rapid surface deformation in response to
magma migration [Owen et al., 2000; Jonsson et al., 1999]. It
suggests that magma accumulation at Erta ‘Ale occurs at
slower rates and/or greater depth. The lack of deformation is
also surprising because Erta ‘Ale had an active lava lake dur-
ing the interferogram period [Oppenheimer and Francis,
1998]. It last overspilled in 1972-1974. The continuous supply
of fresh, hot magma from a deeper reservoir and the removal
of the cooled, degassed magma can maintain the mass and
thermal balances of active lava lakes for decades [Francis and
Oppenheimer, 1993, Harris et al., 1999]. The lack of surface
deformation suggests that the cooled lava does not intrude
into the countryrock or into the rift zone [suggested by Harris
et al., ibid.] but that it descends to a deeper reservoir where it
is reheated or emplaced as cumulates.

Conclusions

We have reported an aseismic crustal deformation event
near Gada ‘Ale volcano in the lowest part of the Danakil De-
pression. Elastic dislocation modeling indicates a combination
of dip-slip and collapse on a shallow source. The volume
change together with the rift-perpendicular orientation of the
source suggests a local, volcano-tectonic origin of the ob-
served deformation. The event has repeated over geologic
time and may be related to the northward propagation of the
Erta ‘Ale range.

Although the available data do not allow conclusive con-
straints on the nature of the observed deformation, this study
is a further example of how spaceborne radar interferometry
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can detect volcanic deformation in remote, unpopulated areas
where no deformation has previously been observed.
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