N
N

N

HAL

open science

Transient deformation in the Asal-Ghoubbet Rift
(Djibouti) since the 1978 diking event: Is deformation
controlled by magma supply rates?

D. Smittarello, R. Grandin, J-B de Chabalier, C. Doubre, A. Deprez, F.
Masson, A. Socquet, I A Saad

» To cite this version:

D. Smittarello, R. Grandin, J-B de Chabalier, C. Doubre, A. Deprez, et al..
tion in the Asal-Ghoubbet Rift (Djibouti) since the 1978 diking event: Is deformation controlled by
magma supply rates?. Journal of Geophysical Research: Solid Earth, 2016, 121 (8), pp.6030-6052.

10.1002/2016JB013069 . insu-01470135

HAL Id: insu-01470135
https://insu.hal.science/insu-01470135
Submitted on 17 Feb 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Transient deforma-


https://insu.hal.science/insu-01470135
https://hal.archives-ouvertes.fr

QAGU

Journal of Geophysical Research: Solid Earth

RESEARCH ARTICLE

10.1002/2016JB013069

Key Points:

« Model of the November 1978 rifting
event and subsequent postdiking
deformation in the Asal Rift

« A central midsegment reservoir feeds
a bilateral dike intrusion in 1978

« Magma supply from the central
reservoir explains transient postdiking
deformation

Supporting Information:
« Supporting Information S1

Correspondence to:
D. Smittarello,
delphine.smittarello@ens.fr

Citation:

Smittarello, D., R. Grandin,

J.-B. De Chabalier, C. Doubre,

A. Deprez, F. Masson, A. Socquet, and
1. A. Saad (2016), Transient deformation
in the Asal-Ghoubbet Rift (Djibouti)
since the 1978 diking event:

Is deformation controlled by

magma supply rates?, J. Geophys.
Res. Solid Earth, 121, 6030-6052,
doi:10.1002/2016JB013069.

Received 8 APR 2016

Accepted 8 JUL 2016

Accepted article online 13 JUL 2016
Published online 1 AUG 2016

©2016. American Geophysical Union.
All Rights Reserved.

Transient deformation in the Asal-Ghoubbet Rift (Djibouti)
since the 1978 diking event: Is deformation controlled
by magma supply rates?

D. Smittarello’?, R. Grandin', J.-B. De Chabalier', C. Doubre3, A. Deprez*#, F. Masson?,
A. Socquet?, and . A. Saad®

Tinstitut de Physique du Globe de Paris, Sorbonne Paris Cité, Université Paris Diderot, UMR 7154 CNRS, Paris, France,
2Département de Géosciences, Ecole Normale Superieure, Paris, France, 3IPGS/EOST, Université de Strasbourg/CNRS,
Strasbourg, France, 4University Grenoble Alpes, CNRS, ISTerre, Grenoble, France, >Observatoire Géophysique d’Arta,
Centre d’Etude et de Recherche de Djibouti, Djibouti, Djibouti

Abstract The Asal-Ghoubbet Rift (AG Rift) in Djibouti lies in the subaerial continuation of the Aden
ridge system, thereby constituting a unique location to study rifting processes and mechanisms involved

in continental breakup and oceanic spreading. Continually upgraded and expanded geodetic technology
has been used to record the 1978 Asal rifting event and postdiking deformation. In light of recent results
obtained for the Manda Hararo-Dabbahu rifting event (2005-2010), we propose that the horizontal and
vertical geodetic data can be modeled with a double source, involving a dike-like inflation component
aligned along the rift axis and a spherical pressure source located at midsegment below the Fieale caldera.
By revisiting the codiking data, we propose that the reservoir below Fieale could have fed, at least partially,
the 1978 injection and the contemporaneous Ardoukoba eruption and potentially induced local subsidence
due to magma draining out of the central reservoir. As an alternative to previously proposed viscoelastic
relaxation models, we reinterpret postdiking observations using a purely elastic rheology. We determine
the relative contribution of a midsegment reservoir inflation and a dike-like opening component, together
with their respective time evolutions. Our results suggest that interactions between steadily accumulating
tectonic strain and temporal variations in melt supply to the shallow magma plumbing system below the
AG Rift may entirely explain the geodetic observations and that viscoelastic deformation processes played a
minor role in the 30 years following the 1978 rifting event.

1. Introduction

Extension at the boundary between tectonic plates involves magmatic and tectonic processes that lead from
continental breakup to oceanic spreading [Ebinger and Casey, 2001]. As breakup proceeds, spreading by
magma injection becomes predominant over brittle failure accommodated by tectonic faulting. Injection of
magma into dikes tends to localize in narrow, hot, and weak zones during rifting episodes, which are charac-
terized by an intense magmatic and seismic activity associated with significant (metric) surface displacements.
These episodes release stresses previously accumulated in the lithosphere during periods of quiescence that
can last several hundred to thousands of years [Bjérnsson, 1985] and the intrusions accommodate a large
percentage of plate opening [e.g., Einarsson, 1991].

Observations and data collected in eroded rift zones, passive volcanic margins, slow-spreading Mid-Oceanic
Ridges (Iceland, Mid-Atlantic Ridge) and incipient spreading centers (East Africa) all concur to suggest that
injections of magma into dikes initiate from a central and shallow (<6 km) magma reservoir at the mid-
dle of the rift segments and migrate laterally toward segment ends [Einarsson, 1991; Hayward and Ebinger,
1996; Ebinger and Casey, 2001; Keir et al., 2009; Speight et al., 1982; Callot et al., 2001; Doubre and Geoffroy,
2003]. The phenomenon of lateral magma injection is generally considered well explained within the frame-
work of hydraulic fracturing theory [Delaney et al., 1986; Rubin, 1992; Fialko and Rubin, 1998; Rivalta, 2010;
Grandin et al., 2012]. In contrast, processes governing the evolution of the source reservoir prior to and after
injections are poorly understood. It is believed that the periodicity and volume of injections are primarily
related to the mechanical resistance of the central reservoir combined with the state of pressure within the
reservoir [Buck et al., 2006]. As fault activity seems to be strongly modulated by intrusive activity [Medynski
etal., 2016], this central magma plumbing system exerts primary control on the organization of the rift zone.
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However, the detailed architecture of the magma plumbing system of rift zones at crustal or mantle levels
and its evolution over time remain a major unknown, even along slow-spreading segments, where seafloor
geophysical monitoring is difficult to maintain.

The surface deformation field over the years following a dike injection gives crucial clues on the nature of the
source reservoir. In addition to the 1978 Asal episode (Afar), most observations of codiking and postdiking
deformation originate from the Krafla (Iceland) and Manda Hararo (Afar) rifting episodes. These latter episodes
involved several, successive dike injections clustered in a period of approximately 10 years, with a total volume
of injected material of the order of 1 km3. Dikes were fed laterally along volcanic rift segments from a central
midsegment reservoir, with only a fraction of the magma being emitted at the surface. In both cases, an
enhanced spreading rate was observed across the rifts in the years following the last dike intrusion [Bjérnsson,
1985; Pagli et al., 2014]. Two distinct processes have been proposed to account for this observation: continued
dike inflation at depth [Hofton and Foulger, 1996; Grandin et al., 2010a] or viscous relaxation below a shallow
elastic upper crust [Foulger et al., 1992; Hofton and Foulger, 1996; Heki et al., 1993; Nooner et al., 2009; Hamling
et al., 2010]. In addition, several studies have provided evidences indicating the important role of a concur-
rent reinflation of the central magma reservoir in the months/years following the intrusions [Bjérnsson, 1985;
Heki et al., 1993; Grandin et al., 2010a; Hamling et al., 2014]. Dense observations in space and time are crucial
to draw a clear distinction between these different processes.

In this study, in light of the lessons learned from the Krafla and Manda Hararo rifting episodes, we revisit the
deformation data in the Asal-Ghoubbet (AG) Rift over the rifting cycle (codiking, postdiking, and interdiking
periods), since this rift experienced a single dike injection in 1978. For this purpose, we use more than
40 years of geodetic data, routinely collected since 1972. Codiking data have already been published whereas
the quasi-annual geodetic campaigns carried out between 1979 and 1990 have never been systematically
exploited.

Given the lack of a 3-D imaging of the whole AG Rift which would help to correctly select the rheological
parameters of the rift structure, we choose a simple linear elastic model to reveal the common temporal
evolution captured by the geodetic data set.

We first estimate an interdiking deformation model derived from recent GPS observations. This model is used
to cancel the steady state contribution due to plate spreading that affect the whole data set. After applying
this correction, we carry out a time series inversion of the postdiking data in order to constrain the evolution
of transient sources from the 1978 dike intrusion to the present.

In agreement with Cattin et al. [2005], we highlight the relevance of a persistent dike-like opening below the
rift inner floor, combined with inflation of a midsegment magma reservoir, to fully explain first-order features
of the data set. Furthermore, we explore the role of inflation of a midsegment magma reservoir below the cur-
rent caldera of the Fieale central volcano in explaining rapid postdiking deformation observed in the decade
following the 1978 dike intrusion. Finally, we reinterpret data covering the dike intrusion event of 1978 with
an elastic inverse model. We test whether the midsegment reservoir below Fieale could have fed, at least
partially, the 1978 dike injection and the contemporaneous Ardoukdba eruption, while inducing local subsi-
dence due to magma draining out of the reservoir.

2. General Background of the 1978 Asal-Ghoubbet Rifting Event

2.1. Geological Context

The Afar triple junction lies between the diverging Arabia, Nubia, and Somalia plates (Figure 1a). It forms a
large depression where extension and volcanism during the Quaternary are localized along rift segments con-
sidered as forming the inland continuation of the divergent plates boundaries, which however are not directly
connected. A series of north-south trending volcano-tectonic segments, including the Manda Hararo rift seg-
ment, form the southern continuation of the Red Sea spreading center. The Aden oceanic ridge propagates
westward through the Gulf of Tadjoura and inland into eastern Afar along the segments of Asal-Ghoubbet
and Manda Inakir (Figure 1).

The Asal-Ghoubbet (AG) Rift is a 30 km long segment lying between the Ghoubbet Pass and Lake Asal.
The central part of this segment is above water between the two basins of Lake Asal and Ghoubbet Bay.
Its 300-800 m deep rift valley is flanked by two conjugate sets of imbricated normal faults, with subverti-
cal scarps up to 150 m. The rift is narrower in its subaerial part (2-3 km) than toward its ends (8—-10 km),
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Figure 1. (a) Tectonic map of the Afar depression. Black segments indicate the location of the major rift segments active during the Holocene [from Manighetti
et al., 1998; Hayward and Ebinger, 1996]. EA: Erta Ale; MH-G: Manda Hararo-Goba'ad; MI: Manda Inakir; T: Tadjoura; TA: Tat’Ali. (b) Seismotectonic map of the 1978
rifting event in the Asal Rift. Seismicity of the first three months (circles) and focal mechanisms come from Lépine et al. [1980], major faults (grey lines) from
Manighetti et al. [1998] and 1978 activated faults (thin red lines) from Le Dain et al. [1980]. The dike segments modeled by Tarantola et al. [1980] to explain the
geodetic data are represented by the two thick red lines. Ardoukoba eruption site is indicated by the red star.

exhibiting the so-called hourglass morphology characteristic of the second-order segmentation of
slow-spreading oceanic ridges [de Vries and Merle, 1996]. The onset of the opening localization at the AG Rift
is dated to 1 Ma [Manighetti et al., 1998]. Recent tectonic-volcanic activity is focused at the rift axis, as attested
to by the distribution of fresh basaltic lava flows and the observation of deformed paleoshorelines from the
last lake highstand dating of 8-6 ka [Gasse and Fontes, 1989; Stein et al., 1991].

The current topography of the subaerial part of the AG Rift has been shown to result from a magmatic phase
that built the Fieale central volcano about 100 ka ago, followed by a tectonic phase, i.e., a magma-poor period,
during which active normal faults have dismantled the edifice [De Chabalier and Avouac, 1994; Manighettiet al.,
1998]. This central volcanic system seems to have persisted up to now below the current 1 km diameter caldera
located at the center of the segment on its subaerial part, as suggested by the concentrated geothermal
activity (fumaroles), the intermittent microseismic activity, the presence of a low seismic velocity anomaly
below 3.5 km depth, and the focusing of present-day fault creep activity above the inferred reservoir [Doubre
etal., 2007a, 2007b; Doubre and Peltzer, 2007].

2.2. The 1978 Event

In November 1978, a seismovolcanic event started in the AG rift, with the occurrence of an intense seismic
swarm with two moderate earthquakes of magnitude greater than 5 (maximum magnitude M, = 5.3) and a
1 week long basaltic fissural eruption that led to the extrusion of 10-20 x 10 m3 of lava and gave birth to
the Ardoukéba volcano (Figure 1b) [Allard and Tazieff, 1979]. Tectonic observations and remeasurements of
geodetic networks revealed 2 m of extension perpendicular to the rift axis, 70 cm of absolute subsidence of the
inner floor accommodated by normal faulting, and 20 cm of absolute uplift of the rift shoulders [Abdallah et al.,
1979; Ruegg et al., 1979]. According to an elastic model, these surface displacements have been explained by
the injection of two magma-filled dikes below the Ghoubbet Bay and below the subaerial part of the AG Rift,
over a length of ~25 km (Figure 1b, in red) [Tarantola et al., 1979, 1980]. Associated with this event, an intense
seismic activity of 5 days was recorded (6—10 November 1978) with the epicenters drawing a remarkable
N120°E trending alignment within the Ghoubbet Bay (Figure 1b) [Lépine et al., 1980], consistent with a dike
injection. After the event, the recorded seismicity continued for 2 months and primarily affected the area of the
Ghoubbet Pass and the transfer zone between the AG Rift and the Tadjoura submerged rift segment [Lépine
et al., 1980; Manighetti et al., 1998]. At shallow depth, rift extension is accommodated by normal faulting and
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Figure 2. Geodetic data acquired from 1973 to 2014 in the Asal-Ghoubbet Rift. (a) The histogram presents the number
of measurements per year as a function of time : number of Electronic Distance Measurements (EDM) for terrestrial
geodesy, number of benchmarks measured during GPS surveys and leveling campaigns. White stars locate the three
surveys (1973, 1978-1979, and 1984) where data are suitable for network adjustment. An example of survey (for 1984)
is represented for (b) the large aperture network (“Large”) and for (c) the intrarift network (“Small”).

opening fissures within the subaerial part of the rift and the Ghoubbet seafloor [Le Dain et al., 1980; Audin
etal., 2001], although the precise geometrical and kinematic relationship between the dike and faults/fissures
remains unclear [Rubin and Pollard, 1988].

2.3. Post-1978 Deformation

2.3.1. Observations

In order to follow the postrifting deformation, a dedicated “intrarift” geodetic network was established in
December 1979 (Figure 2c¢). A rapid extension, reaching a rate of 5-6 cm yr~' across the rift, was observed in
the first decade following the 1978 event [Ruegg and Kasser, 1987; Kasser et al., 1987] and then slowed down
to 1.5-2 cm yr~" around 1986 (Figure 3b).

Remeasurements of the leveling profile crossing the AG Rift in 1984 and 2000 showed the continuation of
a relative subsidence of the rift axis with respect to the rift shoulders accompagnied by localized faulting at
shallow depth. This local subsidence is superimposed onto a larger-scale uplift signal of the whole AG rift
segment (Figure 4). The seismic activity between 1979 and 1984 was characterized by moderate earthquakes
(M > 2.0), mainly concentrated below the subaerial part of the rift and located northeast of the rift axis [Doubre
etal., 2007b].

A slow down of the vertical deformation rate also occurred some time after 1984 (Figure 4), as the seismicity
mainly concentrated near the Fieale caldera.

Since the 1990s, Global Positioning System (GPS) and DORIS measurements [Souriau et al., 1991] have shown
that extension across the AG Rift has stabilized to 1.6 cm yr~' [Vigny et al., 2007]. This extension rate is close to
the far-field relative velocity of Arabia with respect to Somalia measured by large-scale geodesy [Jestin et al.,
1994; Vigny et al., 2006]. This rate is also consistent with the long-term opening velocity of the AG Rift [De
Chabalier and Avouac, 1994; Manighetti et al., 1998]. This suggests that the transient and rapid deformation
from the postdiking phase has lasted ~10 years. Today, despite small fluctuations of seismic activity [Doubre
et al., 2007a, 2007b] and minor transient slip events on fissures and faults observed by interferometric syn-
thetic aperture radar (INSAR) [Doubre and Peltzer, 20071, a steady state regime, hereafter called “the interdiking
phase,” appears to have been reached.
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Figure 3. (a) Location of selected benchmarks and baselines across the Asal-Ghoubbet (AG) Rift. The thick red lines
represent the dikes with their amount of opening modeled by Tarantola et al. [1980]. Red star locates Ardoukoba
volcano; yellow circle indicates Fieale caldera. (b) Temporal variation of the selected baselines across the AG Rift after
the November 1978 rifting event (same color as in Figure 3a). Continuous lines correspond to EDM measurements
whereas dashed lines represent baselines derived from GPS observations. From top to bottom, baselines crossing the rift
axis are plotted from NW (Lake Asal) to SE (Ghoubbet Bay), except for the last three baselines which are located on the
rift shoulders in the center of the segment.

2.3.2. Previous Interpretations

No consensus has been found regarding the actual processes explaining the postdiking observations in the
AG Rift. Using the geodetic data from 1979 to 1984, Bekoa [1986] proposed that deformation was induced by
inflation of a magma chamber modeled as a horizontal cylindric pressure source lying at 4 km depth and par-
allel to the rift axis. Cattin et al. [2005] designed a two-dimensional thermomechanical model to determine
the dominant process governing postrifting deformation in the same period. They explained the enhanced
opening rate observed after the 1978 dike injection by a persistent dike opening rate of 12 cm yr~! ending
abruptly in 1985, dismissing viscous relaxation as a dominant process. They also argued that magma cham-
ber inflation played a minor role during the early postdiking period. Vigny et al. [2007] attempted to account
for the temporal evolution of baselines across the rift between 1979 and 1989 using a viscoelastic stress diffu-
sion model. They interpreted the temporal evolution of deformation as continuous in time, arguing that the
velocity change observed between 1980 and 2003 is progressive.

While the latter mechanism (viscoelastic relaxation) is in line with models previously proposed to account
for transient displacements observed in the years/decades following large tectonic earthquakes, the former
mechanisms (intrusion/inflation) put the emphasis on the role of magmatic processes.

The apparent inconsistencies among the above studies likely reflect the use of distinct parts of the data set:
either (1) a selected set of baselines was used, reducing the complexity of the information, or (2) displacement
vectors derived from an unstable network adjustment were used (see details in section S2 of the supporting
information), resulting in a problematic fit with the observations. Furthermore, modeling was carried out in
two dimensions, thereby discarding the role of rift-parallel displacements. Yet this component contains crucial
information on the shape and along-axis dimension of inferred sources of deformation. The only exception
is the work of Cattin et al. [2005], who tested a Mogi inflation model against observed displacement vec-
tors and leveling data. Unfortunately, their Mogi source was located in the vicinity of the Ardoukdba fissure
eruption, leading the authors to dismiss this scenario due to a poor fit with the observations. In the follow-
ing, we will show that moving the pressure source to the location of the Fieale central magma reservoir, as
suggested by the geophysical and field observations presented above, leads to improved agreement with
geodetic observations.
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Figure 4. Leveling data. (a) Map view of the leveling benchmarks represented by the circles colored as a function of
vertical displacements between 1979 and 1984. The purple-shaded area locates the inner floor, where subsidence
relative to the rift shoulders is controlled by faulting. Leveling measurements in this area are excluded from the
modeling. The green stars locate the microleveling areas of Fieale and Daloale, where vertical throws have been
measured over time and the red star Ardoukoba volcano. (b) Topographic cross section of the rift, along the A-A’ profile
indicated in Figure 4a by the black dotted line. (c) Vertical displacements over the 1973-1979 interval. (d) Vertical
displacements over the 1979-1984 interval with measurements (in light green) and corrected (in green). (e) Vertical
displacements over the 1984-2000 interval with measurements (in light blue) and corrected (in blue). See text and
supporting information for details.
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3. Data

Due to its morphology and location, the AG rift segment (Figure 1b) has been recognized since the 1960s as
a privileged target to study rifting processes and mechanisms involved in continental breakup and oceanic
spreading [Tazieff and Varet, 1972].

The Arta Geophysical Observatory was created in 1972 with the deployment of seismic stations throughout
the former Territoire francais des Afar et des Issas. The geodetic measurements carried out in the AG Rift have
followed the evolution of the technological developments, leading to great heterogeneity within this large
data set (Figure 2a) (e.g., see Dzurisin [2007], for a review of the successive geodetic techniques developed in
the second half of the 20th century). Appropriate processing and analysis strategies are therefore required to
thoroughly contend with the heterogeneity of the data set.

3.1. Precise Leveling Line

In the winter of 1972-1973 a precise leveling line was established along a 60 km long track crossing the
AG Rift, meandering from the shoulders to the inner floor of the rift (Figures 2b, 2¢, and 4a). The line was
resurveyed in March 1979, 1984, and 2000, allowing to derive vertical displacement in three time intervals
[IGNetal., 1973].

The 1978 dike intrusion is captured by the first interval (1973-1979), whereas the two subsequent intervals
span the postdiking phase (1979-1984 and 1984-2000). The 1972-1973 and 1978-1979 surveys were con-
ductedin double runs, whereas the 1984 and 2000 surveys were single runs, leading to larger errors [Ruegg and
Kasser, 1987; Ballu et al., 2003]. This likely explains the observed assymmetry of the leveling profiles in the two
postdiking intervals (Figure 4). This assymmetry is canceled empirically prior to modeling (see section S1in the
supporting information, for details on the correction). In the following, the corrected vertical displacements
will be considered in priority but the uncorrected vertical displacement profiles will be also presented for
comparison. The correction has little impact on the modeling results presented thereafter, as the large-scale
assymmetry cannot be reproduced by our symmetrical deformation models.

After the main event of 1978, two short leveling lines have been established in the Fieale caldera and in the
Daloale subrift (Figure 4, green stars) to survey creep on some active faults within the rift inner floor. Monthly
surveys provide evidence of the creeping of these two faults, at a rate of 5 to 10 mm yr~' decreasing over the
8years following the event [Kasser et al., 1987]. These data are not used in the modeling, but will be considered
in the discussion.

3.2. Geodetic Networks
3.2.1. Large Aperture Triangulation-Trilateration Network

During the winter of 1972-1973, geodesists from IGN (France) in collaboration with IPGP (France) established
a large triangulation network across the AG Rift and its shoulders (Figure 2b). The triangulation network is
composed of 22 points covering an area of 70 x 50 km?, yielding a mesh of 10-20 km. The initial survey
consisted of azimuth angle measurements with first-order triangulation precision, scaled by distance mea-
surements with AGA8 geodimeter on about one third of the observed sides. Horizontal coordinates with an
accuracy of ~2.5 cm have been obtained by classical trilateration-triangulation (i.e., least squares adjustment
of the observational errors). After the diking event of November 1978, this network was partially remea-
sured both in December 1978 and March 1979, using the newly developed laser instrument Rangemaster
Il and AGAS. Adjusted coordinates deduced from the 1973 and 1978-1979 surveys allow us, by subtrac-
tion, to derive vectors associated with the corifting period [Ruegg et al., 1979]. A complete remeasurement
of the network was carried out in 1984, and partially in 1983, 1987 and 1989 (Figure 2a). With the improve-
ment of the accuracy of Electromagnetic Distance Measurements (EDM), azimuth angle measurements have
been abandoned after 1973 which has led to some difficulties in the adjustment process (see details in

section S2).
3.2.2. Intrarift Trilateration Network

In order to follow in detail the postrifting deformation and resolve the contribution of the faults, fissures,
and active subregions of the rift, a smaller “intrarift” network was established in December 1979 (Figure 2c).
The network consists of ~20 benchmarks (mesh of 3-10 km) exclusively located on the subaerial part of the
AG Rift. Trilateration surveys were carried out almost annually with AGA14 and AGA600 geodimeters from
1979 to 1991 (Figure 2a). The most complete surveys (1979 and 1984) can be adjusted to settle coordinates
and derive vectors, whereas insufficient redundancy in other surveys makes network adjustment unstable.
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Figure 5. (a) Horizontal velocity field from GPS data in the 1999-2014 interval with inset enlarged for the Asal Ghoubet
area (white dotted line). Velocities are referenced with respect to Somalia plate [Déprez et al., 2013, 2015]. The black
dotted line locates the N45°E profile of the topographic cross section presented in the center. The same length scale for
opening vectors is used in the figure and in the inset. (b) Velocity vectors projected along the N45°E profile.

For this reason, only the 1979-1984/1985 postdiking horizontal displacement field has been published thus
far [Ruegg and Kasser, 19871. In contrast, because of the instability of the network adjustment, other annual
measurements have never been used to analyze in detail the space-time evolution of the deformation field
over the whole postdiking phase.

3.2.3. GPS Surveys

The first GPS measurements in the AG Rift started in 1987. In the 1990s the poor accuracy only allowed for
the calculation of baseline variations and therefore only complement the terrestrial geodetic database mainly
for the large-scale network. From 1999, with the improvement of the positioning accuracy (increase of the
number of satellites, improvement of the orbits), repeated GPS surveys of both the large and small aper-
ture networks provide the first consistent velocity field within the AG Rift and surrounding areas (Figure 5)
[Vigny et al., 2007]. The whole network has been comprehensively measured in 2001, 2003, 2010, and 2014,
and partly in 2012. Some specific sites are annually measured together with the four to six continuous
GPS stations deployed within and around the rift since 2004, which largely improved the accuracy of the
velocity field.
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4. Modeling Strategy

4.1. Data Analysis

We first break down the entire research period (1973-2014) into three with time limits established from the
temporal evolution of the displacements measured across the rift (Figure 3), taking into account the temporal
sampling of the measurements (Figures 2a):

1. the codiking period, consisting of the difference between 1973 and 1978-1979 large aperture trilateration
network and leveling line data,

2. the postdiking period, integrating all the available baseline and leveling data from December 1978 to 2000
(throughout the text, the term “postdiking” refers to events or observations taking place after the 1978 dike
intrusion, with no assumption implied on the actual process at stake, whether magmatic, viscous or brittle
in nature), and

3. the interdiking period, using the velocity field determined from GPS measurements between 1999 and
2014. The inception time of the interdiking period is based on the observation that opening rates across
the AG Rift appear to have remained stable since 1999 (Figure 3).

Figure 3 presents the temporal evolution of selected baselines plotted from Lake Asal to Ghoubbet Bay from
1978 to 2014. The baselines crossing the center of the segment, i.e., next to Fieale, display significantly larger
postdiking extension (C-F to LS-BY, ~30 cm over 10 years), compared to the baselines crossing the Ghoubbet
Bay (I-M to Q-R, ~15 cm over 10 years). In contrast, maximum opening during the codiking period in 1978
occurred in the Ghoubbet Bay (baselines increase of 2 m) whereas the opening across the subaerial AG Rift
reached 0.6 m, as shown in Figure 3a [Ruegg et al., 1979]). Elastic modeling indicates that the latter mea-
surements are consistent with an opening twice as large in Ghoubbet (4 m of opening compared to 2 m
in the subaerial AG Rift [Tarantola et al., 1979]). Furthermore, the time evolution of the baseline lengths for
points located across the center of the segment displays an abrupt velocity decrease around 1986, from about
5cmyr~' to 1.5 cm yr~'. Spatially, this rate change is not observed for the baselines crossing the extremities
of the segment, i.e., in Lake Asal and in the Ghoubbet Pass areas, where the opening velocity for the whole
postdiking period remains close to the steady state interdiking rate throughout the whole postdiking period
(Figure 3a).

Vertical postrifting deformation reveals a large-scale uplift with a maximum of ~15 cm, centered at the rift axis,
for the periods 1978-1984 and 1984-2000 (Figure 4c). If one extrapolates a mean velocity for each period,
these observations suggest a decrease of the uplift rate with time, with a maximum uplift rate of 2.5 cm yr™!
and 1 cmyr~! for early and late postdiking periods, respectively. As shown by the short profiles parallel to rift
axis, the maximum of uplift is also symmetrical with respect to the topographic high within the rift inner floor,
centered at the Fieale caldera (Figure 4a).

To conclude, since the main locus of deformation during the coperiod and postperiod occurs in distinct loca-
tions, the observed postdiking deformation cannot be explained by a simple viscoelastic relaxation model
[e.g., Nooner et al., 2009].

Therefore, we propose to test whether most of the postdiking deformation is caused by magmatic processes
that take place at the center of the segment. To do so, we reinterpret the postdiking observations according
to this assumption, which will be further discussed in section 6.2.

4.2. Inversion Procedure

The strategy used in this work follows a succession of three steps (Figure 6). The deformation field measured
across the AG Rift after November 1978 is interpreted as a superposition of (1) a steady state deformation
field induced by stretching of the plate boundary over a broad scale and (2) a transient postdiking deforma-
tion signal that we seek to model. The velocity field estimated from GPS campaigns and permanent stations
from 1999 to 2014 is first used to derive an interdiking model that accounts for the steady state component
of deformation across the AG Rift (section 5.1). This model is then used to correct the horizontal (baselines)
and vertical (leveling) measurements acquired between 1978 and 2003. Next, to model the postdiking defor-
mation we proceed in three substeps (section 5.2). First, we identify the sources required to explain the data
(section 5.2.1) and examine a dike source and a pressure source. We use the 1978-1979 and 1984 data (which
correspond to the most complete baseline surveys) to apply an adapted methodology of network adjust-
ment and derive the displacement vectors. These vectors combined with leveling data are used to solve the
nonlinear problem of the sources geometry, in particular, their location. Second, we directly use the baseline
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Figure 6. Data sets and modeling strategy.

variations and leveling data acquired in 1978-1979, 1984, and 1989 to improve the geometry of the sources
(section 5.2.2). Third, after holding the geometry fixed, we use the complete data set (i.e., all baseline and lev-
eling measurements) to solve the linear problem of the temporal evolution of inflation rates between 1978
and 2003 (section 5.2.3). Finally, the same geometry, extrapolated in the Ghoubbet Bay, is used to carry outan
inversion of the 1973 and 1978-1979 data and to revisit the codiking event of November 1978 (section 5.3).

5. Models

5.1. Interdiking Period (1999-2014)

We determine the steady state component of deformation across AG Rift by using GPS measurements from
1999 to 2014 referenced to a fixed Somalia plate (Figure 5a). Those velocity vectors projected along azimuth
NO45°E (Figure 5b) show a large-scale opening between the southwest and the northeast of Djibouti, with
a strong velocity gradient across the ~12 km wide AG Rift from 0.0 cm yr~! on the southwestern margin to
1.6 cm yr~! on the northeastern margin (Figure 5a). This pattern is consistent with focusing of the far-field
Arabia/Somalia divergent motion within the active Quaternary AG Rift [Vigny et al., 2006].

To model deformation across the plate boundary at first order, we use a back slip approach, whereby the plate
boundary is locked from the surface to the locking depth and opens freely down to a great depth, assuming
an elastic rheology [Savage, 1983; Hofton and Foulger, 1996] (Figure 7). Prior to modeling, we first subtract
a rigid block motion of 1.6 cm yr~! with azimuth N045°E to cancel the large-scale divergence of Arabia and
Somalia. Depending on the strike of the dislocation, the strike-slip and closure rates are adjusted accordingly.
For clarity, and due to our focus on the deformation across the AG Rift, we do not include in our model the
complex structure of the tip of the Aden Ridge, and particularly the presence of numerous N150°E trending
faults accommodating the transfer of the extensional deformation between the AG Rift and the Tadjoura Rift
[Manighetti et al., 2001]. Therefore, east of the AG Rift, we draw the plate boundary by following the N0O60°E
trending alignment of the aftershocks of the 1978 sequence [Lépine et al., 1980] (Figure 1b). We note that
modeling is insensitive to the precise location of the boundary in the Ghoubbet Bay and at the vicinity of
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Figure 7. Steady state “interdiking” model of the divergence between Somalia and Arabia plates in the Tadjoura-Asal
region. The (c) resulting displacement field is modeled as a sum of (a) a rigid motion of 1.6 cm yr~! along the simplified
boundary and (b) a superficial “back slip” from 0 km to a locking depth of 4 km, determined with GPS velocity data (see
text)). (d) GPS Velocities (red circles) projected along a NO45°E profile (same as Figure 5b) after removing the rigid
motion model of 1.6 cm yr~! between Arabia and Somalia plates (Figure 7a). The “back slip” model (Figure 7b)
corresponding to the data is calculated at GPS sites (blue dots) and along the N045°E profile (blue line) across the Asal
rift (location on Figure 5a). (e) Observed horizontal velocities presented in Figure 7d versus predicted velocities from
model (Figure 7b). Unit slope is indicated by dotted line.

the Ghoubbet Pass, since the boundary is entirely located offshore. The actual location of the plate boundary
in the interior of the Afar depression is poorly constrained. For simplicity, west of the AG rift, the modeled
plate boundary follows the location of active Quaternary faults toward the northwest into the Makkarassou
shear zone (Figures 5 and 7a). Again, since our model focuses on the AG Rift, this choice has no impact on
the correction that will be applied to postdiking data. In the subaerial part of the AG Rift, the location of this
boundary corresponds to the maximum gradient of horizontal GPS velocities. We then invert for the bottom
depth of a vertical dislocation, accommodating convergence at a rate of 1.6 cm yr~! in the direction of relative
plate motion (Figures 7b and 7d). We find that a locking depth of 4 km explains more than 77% of the data
standard deviation, with a RMS below 0.2 cm yr~' (Figures 7d and 7e).

Finally, we use this model (Figure 7c) to remove the steady state component from our horizontal and vertical
data. The horizontal motion is corrected by subtracting a slow extension across the rift, with a magnitude
everywhere smaller than 1.6 cm yr~'. The strongest corrections concern mainly the benchmarks located far
from the rift axis. The vertical motion is corrected by canceling subsidence of the rift axis induced by stretching
of the upper crust. The magnitude of the vertical correction is smaller than 1.0 cm yr~' and concerns mainly
the benchmarks located at the rift axis.

5.2. Postdiking Period (1978-1991)

5.2.1. Identification of Deformation Sources From Adjusted Vectors

In order to identify the sources involved in the postdiking deformation, we first attempt to retrieve the pattern
of horizontal displacement vectors across the rift.

We focus on the two campaigns (1979 and 1984) which include the greatest number of measurements
(Figure 2a) and are separated by a time span sufficient to encompass significant displacement. After network
adjustment, we correct for the steady state displacements previously estimated from interdiking GPS mea-
surements (section 5.1). However, the network adjustment process is difficult to carry out. Measurements from
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the “large-aperture” network are not redundant enough to allow for recovering valid displacement vectors
given the small magnitude of the signal (typically ~20 cm change for baseline lengths >10 km in length).
As a consequence, only the data from the “intrarift” network, which includes the largest deformation, can be
used for the network adjustment. Even so, measurements of the “intrarift” network were performed annually,
but partially, and imply that the adjustment is underconstrained. Therefore, assumptions have to be made in
order to stabilize the network adjustment process.

The first assumption is to consider that the vertical positions are held fixed, hence leading to a 2-D adjustment
only. This is reasonable given that most interstation vectors have small height to length ratios (typically 1:100).
Furthermore, we find heuristically that at least one point and one direction have to be held fixed to ensure
meaningful network adjustment results. To comply with this requirement, previous works have assumed that
two distant points located on the same side of the rift are held fixed (“two-fixed-points” method), implying
that the displacement field is cylindrical [Ruegg et al., 1984; Ruegg and Kasser, 1987]. We chose to abandon this
approach because the postdiking displacement field in both AG Rift and the recently activated Manda Hararo
Rift appears to be more complex around the main volcanic center than previously thought. Alternatively, we
develop a new strategy, whereby the network adjustment is performed using a single fixed point, while rigid
network rotation is a posteriori canceled by holding fixed the direction of relative motion between a pair
of well-chosen benchmarks. In contrast with the “two-fixed-points” method, this alternative “one-fixed-point
and a rotation” method makes it possible to retrieve the noncylindrical component of motion across the rift
(see details in section S2 of the supporting information).

Using the adjusted 1979-1984 horizontal vectors, together with vertical displacements from the 1979-1984
leveling surveys, we perform a nonlinear inversion of the geometry and the volume change of sources of
deformation [Tarantola and Valette, 1982]. As discussed by Tarantola et al. [1980] & Grandin et al. [2010b], shal-
low faulting likely induces a significant component of inelastic deformation that cannot be simply accounted
for. Therefore, we do not include faults in the model and we exclude the near-field data prior to any inver-
sion (Figure 4). As explained in section S3 of the supporting information, we test models including only a dike
source or a Mogi source (respectively, models “ap” and “ay,"). Although these two models explain various parts
of the observed displacement field, none of them can reproduce the whole data set. Alternatively, the two
types of sources (dike and Mogi) are mixed into a hybrid model (model “ap,\") (Figure 8c). The best model
includes a Mogi source, located at 5 km of depth below the Fieale caldera with an inflation of 19 x 106 m?
and a dike-like opening of 8 cm, equivalent to 6x 10° m3, between 1979 and 1984. The bottom depth of the
dike, which cannot be well constrained due to small aperture of the intrarift network, is held fixed to 4 km. It is
consistent with the locking depth deduced from interdiking inversion and corresponds to the brittle-ductile
transition determined from microseismic analysis and local tomography [Doubre et al., 2007a, 2007b]. This
hybrid source accounts for the predominantly rift-perpendicular orientation of displacement vectors, while
simultaneously reproducing the minor radial component visible in the subaerial part of the AG Rift including
the inner floor and both of its shoulders. The vertical displacements are also well explained, thereby sat-
isfying the observed horizontal to vertical ratio of surface displacements (Figure 8c). The poor fit of some
vectors, especially at the extremities of the network, can be attributed to network adjustment errors due to
the redundancy of only few data.

5.2.2. Geometry of the Deformation Sources From Baselines Variations

In section 5.2.1, we identified the two main sources of deformation acting during the postdiking interval
(a dike and a Mogi source). However, residual horizontal displacements indicate that the data vectors suffer
from a significant degree of incoherence as a result of instability of the network adjustment step. Therefore,
the “best” hybrid model, in particular, the precise location of the sources, is likely contaminated by these
uncontrolled errors.

In order to achieve a robust geometry of the sources, we directly use the variations of baselines from the
two networks over two periods 1979-1984 and 1984 -1989, after correcting for the steady state component
(section 5.1). Using the baseline variations rather than the vectors avoids the bias arising from an unstable
network adjustment procedure. However, it first requires a prior identification of the type and the approximate
location of the sources of deformation.

Together with baseline data, we include the leveling observations from the surveys of 1979, 1984, and 2000
in the inversion. No leveling survey was performed in 1989, which makes the baseline and leveling data sets
span different time intervals. However, since the overall rate of deformation decreased by a factor of 5 in
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Figure 8. Inversion of the 1979-1984 leveling data and displacement vectors derived from network adjustment based
on a combination of a dike and Mogi source (the results of the two inversions based solely on the dike and Mogi sources
are presented in Figure S3 in the supporting information). (a) Resulting horizontal (arrows) and vertical (colors)
displacement fields obtained from the modeling of a dike segment (grey line) and a Mogi source (grey star). Color-filled
circles correspond to observed vertical displacement from leveling data. (b) Horizontal displacements deduced from the
network adjustment of the baseline measurements (red arrows) compared to the model (blue arrows). (c) Comparison
between observed and modeled vertical displacements projected along N045°E profile. Red circles are the data
corrected forming a linear trend used for the inversion, and light pink circles are the original data presented for
comparison. The modeled vertical displacements are presented at leveling benchmarks (blue circles) and along the A-A’
profile (blue line). Residuals are plotted in green. Topography along the A-A’ profile is shown in grey.

1986 (Figures 3b and 4d), displacement in the 1986-2000 time interval should be approximately equal to
displacement in the 1984-1986 time interval. Therefore, we use the 1984-2000 leveling data difference to
approximate the vertical displacements for the 19841989 period, keeping in mind that by doing so the actual
displacements are potentially overestimated by a factor of 2.

We invert for the location and inflation of the Mogi source as well as location and opening of the dike using the
nonlinear algorithm of Tarantola and Valette [1982]. We test the influence of width, strike, length, and depth
of the dike and depth of the Mogi point source on the other parameters. We find that the location of the Mogi
point source and location, length, and strike of the dike are well constrained. The depth of the top of the dike,
although poorly constrained, must be close to the surface. Leveling observations at the rift axis could bring
constraints on this parameter, but they are unfortunately strongly affected by faulting processes. For simplic-
ity, we hold the depth of the top of the dike fixed to 0 km (at the surface), which, however, entails a trade-off
between this parameter and the amount of opening of the dike: as the top depth varies from 0 to 600 m,
opening increases from 8 to 25 cm. Therefore, holding the top depth fixed to 0 km means that the resulting
dike opening rates correspond to lower bounds. We also hold the bottom depth of the dike fixed to 4 km. As
a result of these uncertainties on the dike depths (top and bottom), the volume of the dike intrusion is poorly
constrained. Furthermore, we note that the volume change of the dike affects the determination of the vol-
ume change of the Mogi source, since the total volume of the two sources appears to remain nearly constant
for a broad range of parameters. Therefore, the volume of the Mogi inflation is also poorly constrained. The
depth of the Mogi source lies between 3 and 5 km, implying a volume uncertainty with a factor of 3. Based on
geophysical considerations mentioned above, we held the Mogi depth fixed to 5 km, i.e,, slightly below the
inferred locking depth.

Using the most complete campaigns, we invert the horizontal and vertical displacements for two periods of
5 years. The first period 1979-1984 (model “f,4_g," in Table 1 and Figure 9) is the same as previously studied
with vectors (section 5.2.1), and the results are similar. For the second period 1984-1989 (model “fg,_,4" in
Table 1 and Figure 10) the data set seems fully explained with only a Mogi source, whereas the dike-like open-
ing component becomes negligible. However, as explained above, since the vertical displacements of the
1984-1989 interval used as input of the inversion are likely overestimated, the results for this period should
be regarded with caution. Artificially decreasing the input vertical displacements leads to a reduction of the
Mogi component in favor of the dike component. This is explained by the fact that vertical displacements
mainly control the Mogi inflation whereas the horizontal extension influences both the dike-like opening and
the Mogi source. Overall, despite these trade-offs, we find that location and geometrical parameters of the
sources remain stable over the two time intervals.

5.2.3. Time-Based Inversion

In sections 5.2.1 and 5.2.2, we have constrained the geometry and location of the deformation sources
using only three campaigns among the data set spanning 10 years of postdiking deformation. However, the
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Table 1. Postdiking Model Parameters?

Data Set Vectors (1979-1984) Baselines Temporal (1979-2003)
Model ap ap apim P984 Psa89  Yindependent  YCombined
Central Easting (UTM, km) 228.6 228.6 228.4 228.6 228.7 228.7
Central Northing (UTM, km) 1282.5 1282.5 1281.2 12825 1282.6 1282.6
Zyop(km) 0 0 0 0 0 0
Dyke Width (km) 4 4 4 4 4 4
Strike (°) N127°E N127°E  N127°E N127°E N127°E N127°E
Length (km) 21.2 17.3 23.0 24.1 19.4 19.4
Opening (cm) 18.6 8.3 7.2 1.3 18.94 17.4b
Volume (10% m3) 15.8 5.7 6.6 1.2 14.7° 13.5P
Easting (UTM, km) 228.2 228.2 228.3 228.2 228.5 2285
Mogi Northing (UTM, km) 1281.5 1281.5 1281.5 1281.5 1281.5 1281.5
Depth (km) 5 5 5 5 5 5
Volume (10° m3) +30 +19 +22 +21 +57° +55P
Number of observations 110 110 110 222 152 1769 1769
Data RMS, vertical only (cm) 5.84 5.84 5.84 6.80 9.30 3.90 3.90
Residual RMS, vertical only (cm) 3.59 3.77 1.74 1.73 3.75 2.93 3.04
Data RMS, full data set (cm) 7.56 7.56 7.56 6.09 7.54 8.52 8.52
Residual RMS, full data set (cm) 3.95 3.9 2.51 2.32 3.02 3.41 3.48

aParameters in bold are determined by the inversion, other parameters are held fixed.
bCumulative 1979-2003.

complete data set encompasses a richer time series that covers the whole decade of the 1980s and provides
information on the temporal evolution of activity in the AG Rift over the whole postdiking period.

After holding fixed the geometry of the sources, we conduct a temporal inversion in order to find the evo-
lution of inflation in terms of opening and volume changes for the dike and the Mogi sources. By keeping a
fixed geometry, the problem becomes linear. We use directly the baseline variations for the whole time series
from the two networks over 1978-2003 periods (after 1990, the data originate from GPS measurements) and
leveling data from 1979-1984 to 2000 remeasurements. The assumption of negligible vertical displacements
in the 1989-2000 time interval is now eliminated. Prior to inversion, both baseline and leveling data are cor-
rected from the interdiking model in order to remove the steady state component (section 5.1). We describe
the inversion method in section S4 of the supporting information.

At this step, we attempted to account for uncertainties in baseline measurements in order to combine the
different campaigns and different types of instruments. The formal uncertainties on baseline measurements
typically increase with baseline length leading to a significant downweighting of long baselines (>15 km),
which are also fewer in number than the shorter baselines. Hence, the short baselines would dominate the
inversion results, thereby exaggerating the importance of shallow sources of deformation comparatively to
sources of deformation acting at greater depth. To avoid this bias, we chose uniform uncertainties of 2 cm for
all the baseline measurements.

Taking the geometry and locations of the dike and the Mogi sources determined in section 5.2.2, we invert
their opening rate independently, using data acquired for each interval of the measurements. A smoothing
factor is introduced to control temporal variations of activity.

The optimal model is chosen as a compromise between fit to the data and temporal roughness of the solution
using an L curve criterion (model “¥j,gependent” IN Table 1and Figure 11, open circles). The most striking feature
of this model is the similar evolution of the Mogi and dike-like sources, which both exhibit a sudden decrease
of the inflation rate in 1985-1986. For the early postdiking period, the rate is ~2 x 10° m3 yr~" for the dike-like
source and ~4.8 x 106 m3 yr~' for the Mogi source. For the second period (after 1986) the rate suddenly
decreased for the two sources to nearly zero for the dike and 1.8 x 10® m3 yr~! for the Mogi source.
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Figure 9. Inversion of the 1979-1984 baselines and leveling measurements. Variations of (a) observed, (b) modeled
baseline lengths, and (c) residuals between 1979 and 1984. The line and the star in grey mark the surface projection of
the dike segment and the Mogi source, respectively. (d) Resulting horizontal (arrows) and vertical (colors) displacement
fields obtained from the modeling of the dike and Mogi sources (in grey). Color-filled circles correspond to observed
vertical displacements measured at leveling benchmarks. () Comparison between observed and modeled vertical
displacements projected along the N0O45°E profile (A-A" in Figure 9d). Red circles are the data corrected forming a linear
trend used for the inversion, and light pink circles are the original data presented for comparison. The modeled vertical
displacements are presented at leveling benchmarks (blue circles) and along the A-A’ profile (blue line). Residuals are
plotted in green. Topography along the A-A’ profile is shown in grey.

The similar evolution of the two sources raises a question about the significance of the slight differences
between those observed in the second period (i.e., near complete cessation of the dike-like activity versus
strong deceleration of the Mogi activity). These minor differences could be attributed to the noise in the data
or a trade-off between the sources. To test this hypothesis we propose a simpler model, whereby the two
sources are forced to evolve according to the same temporal evolution. Doing so, the number of parameters
is reduced by a factor of 2. This is achieved by creating a fictitious source constructed by the superimposi-
tion of the Green’s functions associated with the two sources, setting the ratio of inflation rates of the two
sources to 4. This latter value is estimated by dividing the cumulative volume of the Mogi source by the cumu-
lative volume of the dike from the unconstrained model yj,gependent- We find that this simpler model (model
“Ycombined N Table 1 and black triangles in Figure 11) does not significantly alter the fit between data and
model, suggesting that a common evolution of the two sources cannot be excluded (see section S4). This
model also exhibits an evolution in two distinct periods with a major change in 1986 evidenced by the slope
break off reflecting a slow down of the inflation and opening of the sources, with dike opening proceeding at
1.7cmyr~' (1.3 x 10 m3 yr~') and inflation of pressure source at 5.5 x 106 m3 yr~" until 1986, then decreasing
t0 0.4 cmyr~' (0.3 x 10° m3 yr~') and 1.4 x 10° m3 yr~', respectively. In all cases, the Mogi source is the main
source of deformation after the 1978 dike injection.

5.3. Codiking Period (1973-1978)

In this section, we reinterpret the codiking displacements, taking into account the location and geometry of
the sources identified for the postdiking phase. We use data from 1973 and 1979 leveling surveys (vertical
displacements) and large-scale geodetic network data (horizontal displacements) from 1973 and 1978-1979.
The steady state model presented above is not accounted for in the codiking period, since the steady state
displacements between 1973 and 1978 are negligible (<10 cm) compared to the displacements produced by
the main 1978 event (> ~100 cm). Furthermore, the uncertainties on the adjusted codiking displacements
are larger than the potential correction.

We solve a classical triangulation-trilateration problem with data from the campaign measurements of 1973.
We adjust the network with distance measurements from the campaigns of November 1978 and March 1979
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Figure 10. Same as Figure 9 but for the 1984-1989 interval. Note that the 1984-2000 leveling data are used as a proxy
for the 1984-1989 vertical displacements (see section 5.2.2 for details).

[Ruegg et al., 1979] (see section S2). Subtraction of the two sets of adjusted benchmark coordinates allows us
to deduce the horizontal surface displacements in terms of vectors (Figure 12a, red vectors). The horizontal
displacement field displays a dominant N045°E extension pattern across the Ghoubbet Bay, with a maximum
amplitude recorded at point N. The very low displacements of points A, U, and V provide constraints on the
maximum length of the opening sources.

We compute the difference between the leveling surveys of 1972-1973 and 1978-1979. All the elevation
changes are used, except for data at the rift axis showing subsidence induced by faulting (Figure 12b). These
benchmarks are all located within the rift inner floor and their subsidence is mainly due to the slip on shallow
normal faults [Rubin and Pollard, 1988].

Several models have been tested to evaluate the sensitivity of the parameters to the data, introducing pro-
gressively more complexity. We first introduce only dike sources (Model A, Table S1). We invert for position,
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Figure 11. Time-based inversion results. (a, b) The evolution of the inflation rate and (c, d) cumulative volumes for the
dike (Figures 11a and 11c) and the Mogi source (Figures 11b and 11d). The white circles show results of the inversion
for the unconstrained inversion (i.e., independent sources) and the black triangles for the constrained inversion (i.e.,
combined evolution of the sources, see text for details).
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Figure 12. Final 1973-1978 “codiking” model obtained from the inversion of horizontal and vertical data (model D in
Table S1 and Table 2). (a) Map of the resulting horizontal (grey arrows) and vertical (with color scale) displacement fields
obtained from the modeling of the dike segments (grey lines) and Mogi source (grey star). Red arrows are the horizontal
displacements deduced from the network adjustment, blue arrows the model. Color-filled circles correspond to
observed vertical displacements from leveling data. The purple triangle represents the location of the Ardoukéba
eruption. Inset shows the distribution of opening along the dke segments. (b) Comparison between observed (red
circles) and modeled vertical displacements, represented at leveling benchmark (blue circles) and along the A-A’ NO45°E
profile (blue line). Benchmarks located in the inner floor (open red circles) are not used for the inversion. Residuals are
plotted in green. Topography along the A-A’ profile is shown in grey.

height, length, strike, and opening, setting the parameters step by step. The top and the depth of the disloca-
tion are held fixed to 0 km and 4 km, respectively. The general pattern of opening across therift is relatively well
reproduced by this simple model. However, the model lacks the necessary variability of opening along strike
to fit the amplitude and direction of measured displacements. Model B consists of two segments and achieves
a better performance in terms of RMS (Table S1). Increasing the number of segments further improves the
fit to the data. However, the resolution of the data imposes a limitation of the number of segments that can
reasonably be included in the model. We find that a model consisting of five dike segments is an effective
compromise between performance and simplicity. We note that the five segments correspond to the mesh of
the geodetic network, which is shaped in its central part by the five baselines carrying the largest part of the
codiking signal (from west to east: C-F, E-F, D-M, I-N, and Q-R, see Figures 3a and 12a). This means that our data
setis unable to resolve details of the dike opening at a scale smaller than 5 km. Therefore, using five segments,
we invert the opening, holding fixed the location and geometry of the three northwestern dike segments
(subaerial part of the rift) to be consistent with that obtained for the postdiking period, and adjusting the strike

Table 2. Codiking Model Parameters for Model D (Table S1 and Figure 12)2

Segment 1 2 3 4 5
Central Easting (UTM, km) 2415 2371 233.0 228.8 224.6
Central Northing (UTM, km) 1274.3 1276.9 1280.0 1283.1 1286.3
Ziop (km) 0 0 0 0 0
Dyke Width (km) 4 4 4 4 4
Strike (°) 53 53 53 53 53
Length (km) 52 52 5.2 5.2 52
Opening (cm) 315 383 218 174 0
Volume (10° m?) 65 80 22 36 0
Easting (UTM, km) 229.1
Mogi Northing (UTM, km) 1281.3
Depth (km) 5
Volume (10° m3) —-28

aParameters in bold are determined by the inversion, other parameters are held fixed.
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and position of the two southeastern segments (in the Ghoubbet Bay) by trial and error (Table S1, model C).
The width of the dike segments is still held fixed from 0 to 4 km depth. The strike of the two segments within
the Ghoubbet Bay is rotated in agreement with the slight change of strike of the plate boundary toward the
Ghoubbet Pass revealed by the alignment of the aftershocks of the 1978 sequence (Figure 1b). However, this
model consisting only in dike segments systematically generates unacceptable uplift and insufficient exten-
sion. Changing the geometrical parameters of the dike does not improve the discrepancy between observed
and modeled vertical/horizontal displacement ratio.

In agreement with our results from the postdiking phase (section 5.2), which require the presence of a crustal
midsegment magma chamber feeding the dike intrusion, we introduce a Mogi source in deflation in the codik-
ing model. The final model includes both a segmented dike and a pressure source (Table S1, model D). We hold
fixed the geometrical parameters (length, width, strike, and location) and invert for the opening of the dislo-
cations and the volume decrease within the Mogi source. Due to the sparseness of the data near the Fieale
caldera, location of the Mogi source cannot be resolved with accuracy. For consistency, we use the location
obtained from the postdiking modeling below the Fieale caldera (section 5.2.2).

Our final model (Figure 12) consists of a 21 km long and 4 km high dike that opens from 1.7 to 3.8 m without
a gap accounting for a total volume of 226 x 10°m3, and a 5 km deep reservoir below the Fieale caldera
with a deflation of 28 x 10°m3. Figure 12 shows the fit with the observations for both horizontal and vertical
displacements. The model satisfactorily explains the elastic rebound perpendicular to the rift axis as well as
the along-axis elevation changes sampled by the sinuous leveling line (Figure 12b, blue dots). The above
volume estimates should, however, be regarded with caution. Since the “codiking” period actually includes
a few months of postdiking activity, which is mainly characterized by a global inflation of the rift, the actual
deflation associated with the dike intrusion event may have been partly compensated by early postdiking
reinflation taking place before the first postdiking survey. Nevertheless, the observation that retrieved dike
opening becomes continuous along the rift when a deflating source is placed below the Fieale caldera (i.e., the
opening gap at midsegment vanishes) is interpreted as a sign of coherence of this hybrid model, as discussed
below.

6. Discussion

6.1. An Active Central Magma Reservoir Below the AG Rift

In this paper, we analyze and model all the geodetic data acquired during and after the 1978 rifting event
to identify the magma source involved in feeding the dike. We assume that, in the decades following the
1978 event, deformation has evolved in response to transient volume/pressure changes within the central
plumbing center, superimposed onto a large-scale steady state loading process of the plate boundary. By
substracting a steady state deformation field derived from the GPS velocities over the 1999-2014 period,
we isolate the transient component of postdiking deformation which is interpreted as reflecting the com-
bined action of (1) a conventional pressure source below the Fieale caldera, modeled as Mogi source, and (2)
a significant component of rift-perpendicular dilation, modeled as a dike segment.

The influence of pressure sources in postdiking contexts has already been underlined for other rifting events.
In the case of the 1974-1985 Krafla rifting episode (Iceland), short subsidence signals of Krafla central volcano
coeval with sudden dike intrusions, followed by periods of slow, continuous uplift [Bjérnsson, 1985; Arnaddttir
etal., 1998] were clear enough to evidence pressure changes within a magma chamber and point out its role
as a central source feeding most of the dike intrusions.

In the case of the Manda Hararo-Dabbahu episode, the signature of a midsegment magma reservoir in the
InSAR data covering the main September 2005 dike intrusion could not be identified unambiguously. Likely
due to the superimposition of shallow inflation of the dike and deep deflation of the magma source, a gap
in the along-axis opening distribution of the dike appeared in the middle of the segment [Wright et al., 2006;
Grandin et al., 2009]. Migration of seismicity during subsequent dike injections followed by short inflation
transients allowed for identifying the location of a central source feeding the rift with fresh magma [Keir et al.,
2009; Belachew et al., 2011; Hamling et al., 2009; Grandin et al., 2010b, 2011; Hamling et al., 2014]. An account of
the potential deflation of this inferred magma source in a codiking model of the main September 2005 dike
intrusion allows for the imaging of a continuous dike body below the rift segment, thereby reestablishing
hydraulic connectivity [Wright et al., 2006; Grandin et al., 2009].
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Our interpretation of deformation in the AG Rift follows a similar logic. The previously published codiking
model [Tarantola et al., 1979, 1980] consisted of two separate dike segments, with an estimated total vol-
ume of intruded material of 200 x 106 m3. Adding a deflation component solves the problem of continuity
of dike opening in our model. Furthermore, the Ardoukéba eruption corresponds to the intersection of the
dike with the rift surface and its location coincides with the dike termination, similar to three intrusions dur-
ing the Manda Hararo rifting episode (2005-2010) [Grandin et al., 2010b; Barnie et al., 2015] and during the
Bardarbunga intrusion in Iceland (2014) [Sigmundsson et al., 2014]. Eruptions fed by dikes emplaced laterally
also often correspond to the tip of the dike in conventional volcanic environments [Bonaccorso et al., 2002;
Peltier et al., 2005; Lundgren et al., 2013]. By analogy, the locations of the observed Ardoukéba eruption site
and its infered feeder dike therefore seem coherent.

A body of geophysical observations point to the existence of an active magma reservoir below the Fieale
caldera (section 2.1). Our results further suggest that the Fieale midsegment reservoir may have evolved to
become the main feeding source of the recent intrusive and effusive activity in AG Rift and, in particular, of
the dike injection in 1978.

An open question remains regarding the origin of the fast opening component observed during the postdik-
ing period in the AG Rift. A similar component of dilation was clearly observed by InSAR following the 2005
Manda Hararo megadike intrusion [Grandin et al., 2010a; Hamling et al., 2014; Pagli et al., 2014], where the
aseismic and fast-slipping faults during the few months following the main dike intrusion have been inter-
preted as the result of a migration of magma to shallower depths [Dumont et al., 2016]. Even if the data set
in the AG Rift is not rich enough to postulate with no ambiguity for a similar process, we consider that the
observed nonradial component of deformation centered along the rift axis is related to the slow inflation of
pervasive rift-parallel cracks connected to the replenishing central magma reservoir rather than to a series
of planar intrusions into the inner floor. Indeed, the temporal evolution of the seismicity during the post-
diking period does not show any strong burst or epicenter alignment for the 1979-1986 period that would
be characteristic of dike intrusion [e.g., Rubin and Gillard, 1998]. Moreover, during this time span, the lack of
abrupt changes in the geodetic time series seems to confirm a continuous deformation following the 1978
dike, which is smaller than the first intrusions of the rifting episodes in the Manda Hararo and Krafla segments.
Although the space coverage of the tomographic image obtained for the subaerial part of the rift is limited, a
fully molten medium, or a massive intrusion can be excluded [Doubre et al., 2007a]. Alternatively, the medium
may consist of a crystal-melt-gas mush behaving plastically at a time scale of months to years. An aqueous
component, such as a hydrothermal brine, may also play a role at shallow depth [Doubre et al., 2007al.

6.2. Relevance of Viscoelastic Relaxation Processes

Our model is based on the interpretation that postdiking deformation results from active magmatic phenom-
ena possibly related to a component of hydrothermal activity. Alternative processes of deformation could
be invoked to explain the observations, such as viscoelastic relaxation in the lower crust or upper mantle.
This latter process has been previously proposed to explain postdiking deformation [Vigny et al., 2007; Hofton
and Foulger, 1996; Nooner et al., 2009], especially when the deformation follows a smooth evolution. Here the
opposite approach was adopted. We used an elastic rheology to determine the time evolution of the defor-
mation source. This choice was mainly based on the fact that in the Ghoubbet Bay, the area affected by the
largest codiking opening, little or no postdiking extension occurs. In contrast, intense deformation is detected
in the subaerial part of the AG Rift, especially near the Fieale caldera.

This observation is at odds with a viscoelastic interpretation of postdiking deformation. Indeed, assuming a
simple 1-D viscoelastic structure, relaxation models systematically predict that the response to a stress per-
turbation should roughly take place at the location of the maximum initial stress perturbation. In the case of
postdiking relaxation models, maximum codiking opening and maximum postdiking response should coin-
cide spatially [e.g., Foulger et al., 1992; Hofton and Foulger, 1996; Nooner et al., 2009], which is inconsistent
with our observations. If viscoelastic relaxation were a dominant process during the postdiking period, one
would expect maximum postdiking deformation to take place in the Ghoubbet area, where the maximum
codiking deformation was observed. Therefore, this suggests that viscoelastic deformation likely plays a minor
role during the postdiking period, thereby favoring magmatic processes as the primary cause of observed
deformation. Nevertheless, viscoelastic relaxation cannot be totally discounted, in particular, as the poten-
tially complex 3-D shape of the brittle-elastic interface [e.g., Pedersen et al., 2009; Grandin et al., 2012] may be
expected to induce a focusing of postdiking deformation toward the segment center.

SMITTARELLO ET AL.

TRANSIENT DEFORMATION IN ASAL RIFT 6048



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2016JB013069

Cumulative vertical throw (cm)
(microleveling)

Daloale

- 50

- 40 .
Cumulative volume

L 30 (x10°m3)

L 20 Dike e -0
Mogi eo—e oo

- 10 Independent Combined

sources  sources
L O

1980 1984 1988 1992 1996 2000 2004

Figure 13. Results of the time-based inversion (Figure 11) compared to vertical throw across fault “D” in the Fieale area

(purple) and fault “y” in the Daloale area (green) [Ruegg et al., 1984; Stein et al., 1991], with location of the two

microleveling sites plotted with the same colors in the inset.

A second argument against the prevalence of viscoelastic relaxation processes comes from the temporal evo-
lution of the deformation reconstructed from the full inversion of the whole data set. As already noted by
Cattin et al. [2005], a sharp change in the observed velocities is inferred around 1986, with a sixfold decrease
of deformation rate taking place in less than 1 year. Our exhaustive analysis of the baselines and leveling data
confirms that this change represents a global feature of the data set and is unlikely to be an artifact result-
ing from noise in an individual time series of measurements. Such a spectacular change in velocity would
be consistent with an active process and suggests that the magmatic activity is the source of deformation.
Indeed, similarly sudden changes of strain rates taking place over the course of a few months are detected
by geodetic observations in numerous conventional volcanic environments (i.e., not associated with a plate
boundary) such as Kilauea volcano [e.g., Dvorak and Dzurisin, 1993; Baker and Amelung, 2012], Yellowstone
[e.g., Chang et al., 20101, Campi Flegrei [e.g., Del Gaudio et al., 2010], or Long Valley caldera [e.g., Tizzani et al.,
2009]. These changes are commonly interpreted as reflecting a modification in the supply rate to the shallow
part of the plumbing system, potentially influenced by closure or opening of magma pathways. On the other
hand, viscoelastic relaxation processes typically exhibit a smooth temporal evolution, generally modeled by
simple exponential or logarithmic functions. If nonlinear viscoelasticity is invoked to reproduce the abrupt
slow down in 1985, an extremely high nonlinearity would certainly be required. This would become a very
complex scenario, best to be avoided. The change of surface velocities in 1986 in the AG Rift therefore argues
in favor of the magmatic origin of postdiking deformation.

Microleveling on some of the most active faults in the AG Rift has been carried out with monthly measure-
ments after the 1978 dike intrusion, revealing significant creep at the surface. One survey was performed near
Fieale, right above the inferred source of midsegment inflation [Ruegg et al., 1984] (Figure 13). A similar drop in
the creep rate can be inferred around 1986, although the variation seems to be somehow smoother. We note
that creep data was not used in our analysis. Nevertheless, the striking resemblance between the evolution
of activity of the main source of large-scale deformation, on one hand, and temporal variations of local creep
rate at Fieale caldera, on the other, strongly suggest a common causal relationship. Shallow creep at the sur-
face seems to mimic deep sources of deformation. This similar evolution likely reflects the passive response
of faults to the forcing exerted by magmatic sources below the Fieale caldera, as proposed by Doubre and
Peltzer [2007]. The same conclusions were drawn from an InSAR study of postdiking deformation in the Manda
Hararo Rift [Dumont et al., 2016]. The common evolution of creep and inferred inflation of the Fieale magma
reservoir further reinforce the primarily magmatic origin of postdiking deformation in the AG Rift.
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7. Conclusion

In this paper, we analyzed 40 years of geodetic data acquired in the Asal-Ghoubbet (AG) Rift. These observa-
tions have recorded the deformation produced by the rifting event of November 1978 and extend throughout
the subsequent postrifting period. This data set has never been exploited comprehensively. We propose a
coherent scenario in terms of geometry and temporal evolution of the deformation sources for the whole
1978-2014 period.

The 1978 event is modeled as a 226 x 10¢ m3 dike intrusion emplaced along the subaerial part of the AG
Rift and below the Ghoubbet Bay. Unlike previous models [Tarantola et al., 1979, 1980], we also include a
deflating pressure source to the codiking model, accounting for a deflation of at least —28 x 10° m3. This
pressure source is located below the Fieale caldera, a volcanic edifice dismantled by tectonic activity since
~100 ka. Including this deflating component allows for connecting the whole dike body, which would other-
wise be segmented in two hydraulically disconnected parts. We propose that this pressure source represents
the central midsegment magma reservoir that fed the 1978 dike and associated eruption of Ardoukéba.

Furthermore, we explain postdiking deformation with a two-component source. The predominantly radial
displacement pattern is modeled by the inflation of the pressure source below the Fieale caldera involved
during the diking event, with a cumulative inflation of +55 x 10® m3. In addition, an extensional dike-like
source is included to account for residual rift-perpendicular dilation taking place mainly at the vicinity of the
central magma reservoir below the subaerial part of the rift.

By using the complete data set covering the 25 year period of postdiking, with particular focus on relative
distance measurements carried out on a yearly basis across and along the AG Rift, we invert for the temporal
evolution of the activity of these two sources. The rapid change in deformation rates observed around 1986
is associated with a substantial slow down of the inflation rate of both sources. As the two sources follow
similar time behavior, a conjoint evolution of the two sources cannot be excluded. This may suggest that
isotropic inflation and dike-like dilation respond to a single underlying process. Temporal variation in the
magma supply rate to the shallow part of the AG Rift plumbing system is likely to explain the spectacular
change of deformation rates observed in 1986.

Finally, we highlight the prevalence of magmatic activity in the 10 years following the 1978 dike intrusion,
rather than viscoelastic relaxation. These results indicate that both the mode and the rate of deformation in
the AG Rift are controlled by the availability of magma at shallow depth over a broad range of time scales
(1-10° years).
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