Earth and Planetary Science Letters 476 (2017) 79-86

Contents lists available at ScienceDirect

EART
SPLANETARY
SCIERCE LETTERS

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Magmatic architecture within a rift segment: Articulate axial magma
storage at Erta Ale volcano, Ethiopia

@ CrossMark

Wenbin Xu®*, Eleonora Rivalta®, Xing Li*

a Department of Land Surveying and Geo-informatics, The Hong Kong Polytechnic University, Kowloon, Hong Kong, China
b GFZ German Research Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 21 April 2017

Received in revised form 29 July 2017
Accepted 30 July 2017

Available online xxxx

Editor: T.A. Mather

Understanding the magmatic systems beneath rift volcanoes provides insights into the deeper processes
associated with rift architecture and development. At the slow spreading Erta Ale segment (Afar,
Ethiopia) transition from continental rifting to seafloor spreading is ongoing on land. A lava lake has
been documented since the twentieth century at the summit of the Erta Ale volcano and acts as an
indicator of the pressure of its magma reservoir. However, the structure of the plumbing system of
the volcano feeding such persistent active lava lake and the mechanisms controlling the architecture
of magma storage remain unclear. Here, we combine high-resolution satellite optical imagery and radar
interferometry (InSAR) to infer the shape, location and orientation of the conduits feeding the 2017 Erta
Ale eruption. We show that the lava lake was rooted in a vertical dike-shaped reservoir that had been
inflating prior to the eruption. The magma was subsequently transferred into a shallower feeder dike.
InSAR ) We also find a shallow, horizontal magma lens elongated along axis inflating beneath the volcano during
magma plumbing system the later period of the eruption. Edifice stress modeling suggests the hydraulically connected system of
horizontal and vertical thin magmatic bodies able to open and close are arranged spatially according
to stresses induced by loading and unloading due to topographic changes. Our combined approach
may provide new constraints on the organization of magma plumbing systems beneath volcanoes in
continental and marine settings.
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1. Introduction side edge of a shallow reservoir at 1 km depth, shaped as an ax-

ial horizontal magma lens (Field et al., 2012; Pagli et al.,, 2012).

The Erta Ale volcanic segment in Afar, Ethiopia, is a ~120 km
long continuous range comprising several Quaternary shield com-
plexes cut by normal faults in the Danakil depression, part of the
Africa-Arabia extensional plate boundary. It represents the north-
ernmost segment in the Afar depression, which lies at the triple
junction between the southern Red Sea, the main Ethiopian rift
and the Gulf of Aden (Manighetti et al., 1998; Beyene and Abdel-
salam, 2005). It is a region where the transition from continental
rifting to seafloor spreading is ongoing on land (Bosworth et al.,
2005; Hayward and Ebinger, 1996), thus representing a key region
to investigate the early developmental stage of Mid Ocean Ridges.

One debated issue is how the magma plumbing system trans-
forms during the transition from continental to oceanic rifting.
Analysis of the pre- and co-eruptive crustal deformation associ-
ated with the 2008 fissure eruption at Alu-Dalafilla in the Erta Ale
Range revealed that the feeder dike propagated vertically from the
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This highlighted a similarity with magma storage geometry at fast-
spreading Mid-Ocean Ridges (MORs), where shallow axial magma
lenses are often imaged as seismic reflectors (e.g. Singh et al.,
2006). This association is puzzling since the Erta Ale Ridge is slow-
spreading at ~12 mmyr~'. At slow-spreading mid-ocean ridges in
contrast magma chambers are generally deeper and approximately
axisymmetric, and inject dikes laterally along the ridge axes (Singh
et al., 2006; Schlindwein and Schmid, 2016). Other Afar segments,
where axisymmetric melt accumulation zones at mid-crustal to
shallow depths have fed laterally propagating dikes, are geomet-
rically consistent with these models (Wright et al., 2006; Grandin
et al., 2010; Nobile et al., 2012; Hamiel and Baer, 2016). The Alu
Dalafilla example and earlier studies on the slow-spreading Reyk-
janes Ridge, where an axial magma lens was inferred at 2.5 km be-
neath the sea floor (Sinha et al., 1998; Navin et al., 1998), highlight
that spreading rate cannot be the only control on the morphology
of adolescent or mature spreading ridges.

Another question to answer is whether elongated, axial magma
chambers may be common to the entire Erta Ale range, and what
controls such apparently anomalous geometry and shallow depth.
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Fig. 1. Location of the Erta Ale volcano. The coverage of the new lavas is shown in
red. The eruptive fissure in shown in yellow dashed line. The crater’s rim is marked
by ticked black lines. The contour has an interval of 100 m. Inset: Blue dots repre-
sent two decades of earthquakes from the National Earthquake Information Center
catalog. Yellow boxes outline ascending and descending orbit SAR frames. The red
rectangle outlines the study area. Green line marks the plate boundary in the re-
gion (Bird, 2003), purple arrows show GPS velocities with 95% confidence ellipses
in a Eurasia-fixed reference frame (ArRajehi et al., 2010). (For interpretation of the
colors in this figure, the reader is referred to the web version of this article.)

Pagli et al. (2012) proposed that the lack of hydrothermal circu-
lation or an excess heat advection in the Erta Ale Range may be
responsible for the observed inconsistency with models on mid-
oceanic reservoirs, which would predict a depth of ~4 km for the
Alu Dalafilla magma chamber.

The recent (January 2017) eruption at Erta Ale volcano offers an
opportunity to look into the plumbing system of one of the most
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active volcanoes within the Danakil depression (Fig. 1). Erta Ale
volcano has an open vent system with the existence of a persistent
active lava lake at its summit. The lava lake responds dynamically
to pressure change in the magma reservoir at depth (Patrick et
al,, 2015, 2016). Recent volcanic activity at Erta Ale includes an
overflow event of the lava lake in the southern pit crater, which
occurred in 2010 (Field et al., 2012), but no crustal deformation
studies were available that can unveil its shallow plumbing system.
Here, we use satellite optical imagery and interferometric synthetic
aperture radar (InSAR) data to unveil the course of the eruption.
We document how the lava flows progressed, investigate the pre-
and co-eruptive magma accumulation and transfer in the shallow
magma plumbing system of Erta Ale and discuss the findings in the
light of models of shape and depth of magma storage and its tec-
tonic and magmatic controls. We further model the orientation of
principal stresses to explore the influence of topographic changes
on the arrangement of shallow magmatic bodies.

2. Co-eruptive high-resolution satellite optical images

High-resolution optical images from multiple satellites with dif-
ferent spatial resolutions acquired before and during the 2017 Erta
Ale eruption provide detailed information about the volcanic activ-
ity and the evolution of new lava flows (Table S1). A pre-eruption
Landsat-8 image (15 m) acquired seven days prior to the first lava
lake overflowing (17 Jan. 2017) shows that a large area at the sum-
mit of the Erta Ale volcano was covered by old lavas (Fig. 2a). The
lava lake within the southern pit was clearly visible suggesting that
pressure was high in the magma chamber. No earthquakes were
detected teleseismically nor by the local array which can locate
My > 3 events (Atalay Ayele, personal communication). A Sentinel-
2 (S2) satellite image (20 m) acquired on 19 January captures
the first phase of the 2017 eruption (Fig. 2b). It shows that the
lava lake was overflowing and sending fresh lavas toward south
and southwest. The lava traveled about 1 km along the southwest
caldera rim from the lava lake and did not flow outside the caldera
(Fig. 2b). The estimated area of the newly deposited lava was about
0.34 km? between 10 and 19 January (see Fig. S1 for a summary
of the lava coverage vs. time).
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Fig. 2. A series of satellite optical imagery close-ups of the summit area of Erta Ale showing the 2017 eruption. (a) A pre-eruption image. (b) Lava overflowing from the
southern pit. (c-i) Eruption occurring within the southern crater with lava flow outside the rim from the eruptive fissure. Black ticked lines mark the crater’s rim. The image
in (a and d) is from Landsat-8 (bands 6, 4, 3 and 8), (c) EO-1 ALI (bands 9, 6, 5 and 1), and (b, e-i) Sentinel-2 (bands 12, 11, and 8A). Note the different scale in (h) and (i).
NC, northern caldera; SC, southern caldera; NP, northern pit; SP, southern pit; PP, pre-existing pathway.
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Fig. 3. Interferograms spanning one year prior to the 2017 Erta Ale eruption and the modeling result. From left to right: Observed (first column) data, (second column)
model predictions, (third column) residuals. The interferograms were unwrapped and then rewrapped with each fringe representing 3 cm displacement in line-of-sight (LOS)

direction. Black line marks the modeled inflation dike 0.

The second phase of eruption was observed in an Earth
Observing-1 (EO-1) image (10 m resolution) on 23 January (Fig. 2c).
At least three fissure eruption sites were clearly visible within the
southern caldera. A branch of lava flow was seen on the eastern
flank of the volcano reaching a distance of about 3 km from the
eruptive fissure. The lava lake of the south pit stopped overflow-
ing and the north pit seemed to have grown larger possibly due to
collapse of the pit wall. On 26 January, a Sentinel-2 image shows
that the volcanic activity mainly focused on two northern eruption
sites within the southern caldera and steam was seen from both
pits within the northern caldera (Fig. 2d). About 2.69 km? new
lavas were ejected from the fissures within the southern caldera
till 26 January 2017.

Between 26 January and 8 February 2017, the two lava lakes
within the northern caldera remained at a high level while lava
continuously flowed out from two eruption sites within the south-
ern caldera, adding 0.15 km? of new lava coverage (Fig. 2e). On 28
February 2017 the eruption condensed to one eruption site within
the southern caldera; the lava lake of the south pit remained high
(Fig. 2f). Additional lava flow was seen on the eastern flank of the
volcano enlarging the lava coverage to about 0.4 km?. The total
surface covered with lava was estimated to be about 3.58 km? by
28 February 2017. A second lava lake was clearly seen within the
southern caldera depositing additional 0.51 km? lava on the NE
flank as observed on 30 Mar 2017 (Fig. 2g). The thermal signal
gap between the lava lake and the active flow field suggest that
the lava flowed towards the front through a tube. The total surface
covered by new lava was estimated to be about 4.09 km?.

The volcanic activity within the southern caldera was very ac-
tive. The newly formed lava lake sent a large amount of lavas
toward its northeastern direction (Fig. 2h) covering an additional
area of about 3.9 km?. Further activity in June shows that the
lavas were mainly deposited within the southern caldera as well
as flowed over the caldera in southwesterly direction (Fig. 2i).

3. Data processing and deformation modeling

We generate pre-, co-, and post-eruptive interferograms from
the European Space Agency’s (ESA) Sentinel-1 images in both as-
cending and descending orbits (Table S2). The Sentinel-1 data
were acquired in the Terrain Observation by Progressive Scan

(TOPS) mode. Very accurate coregistration is needed to mitigate
azimuth phase ramps across TOPS interferograms (Xu et al., 2016).
We adapt a two-step coregistration approach implemented in the
GAMMA software to do the coregistration between the master and
slave images. We use the intensity cross-correlation method fol-
lowed by the spectral diversity method to ensure that the coregis-
tration accuracy reaches an accuracy of ~1/1000 pixel. After suc-
cessful coregistration, we follow the standard two-pass differential
InSAR method in the data processing. We use the 1 arc second
Shuttle Radar Topography Mission (SRTM) digital elevation model
(DEM) for topographic corrections (Farr et al., 2007). We apply
multilook operation of 10 x 2 pixels in range and azimuth direc-
tion and unwrap the filtered interferograms with a minimum cost
flow method (Chen and Zebker, 2001). The topography-dependent
atmospheric effects and remaining orbital errors seen on the inter-
ferograms are jointly estimated and removed (Xu et al., 2014).

To retrieve near field deformation, we calculate the range off-
sets using search patches of 100 x 20 pixels (Michel et al., 1999). To
maintain a similar pixel spacing with the InSAR measurement, the
range offsets are estimated for every 10 x 2 (range and azimuth,
respectively) pixels. The SRTM DEM is used to remove geometri-
cal offsets seen in the rugged terrain areas. Finally, a median filter
(8 x8) is used to further reduce the noises of the calculated offsets.

Before performing the inversion, we subsample our data points
using the quadtree method (Jonsson et al., 2002) and weight the
data according to their variance. We then search for the source
parameters that minimize the weighted root-mean-square misfit
between the data and the model’s predictions. We estimate the
best fitting model parameters by using a Monte Carlo-type sim-
ulated annealing algorithm (Cervelli et al., 2001), followed by a
gradient-based method. We use rectangular dislocations (Okada,
1985) to model the data, assuming a homogeneous and isotropic
elastic half-space without considering the effect of topography. We
find that including the topography in the modeling (Williams and
Wadge, 2000) broadens the predicted deformation but the effects
are secondary. As suggested by the deformation pattern (see sec-
tion 4 below), we set the dislocations to be either vertical (here-
after referred to as “dikes”) or horizontal (hereafter referred to as
“sills”) and use the offset measurements to fix their location and
search for their optimal geometry and uniform opening. We apply
least squares inversion to determine the finite sill opening that fits
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Fig. 4. The early co-eruptive InSAR data (4 January 2017-4 February 2017) of the 2017 Erta Ale eruption and the modeling result. From left to right: Observed (first column)
data, (second column) model predictions, (third column) residuals. The interferograms (first two rows) were unwrapped and then rewrapped with each fringe representing
10 cm displacement in LOS direction. The SAR-image range offsets (last two rows) showing the LOS ground displacements. Note the different LOS directions for the (first and
third rows) ascending and (second and last rows) descending orbit data. Blue line marks the modeled deflation dike 0, and black line the inflation dike I. (For interpretation
of the references to color in this figure, the reader is referred to the web version of this article.)

best with the InSAR data set. The uncertainty of source parameters
is estimated using the so-called randomize-then-optimize method
(Bardsley et al.,, 2014; Xu et al.,, 2016). In this method, we perturb
the original data by adding random noise and generate multiple
data realizations (here 500 realizations). From each of these data
realizations, we estimate the source parameters; the distribution
of the estimated values reflects their uncertainty.

4. Observed deformation and modeling results

The three interferograms span different periods of the erup-
tive activity at Erta Ale volcano. The first Sentinel-1 interferogram
spans a one-year period of ground deformation prior to the erup-
tion; the second interferogram covers the main phase of the erup-
tion including the lava lake overflowing in the northern caldera
and the fissure eruption within the southern caldera; The third in-
terferogram covers the late stage of the eruption.

4.1. The pre-eruptive deformation: 17 January 2016-11 January 2017

Individual interferograms spanning one month-long time peri-
ods prior to the eruption show no appreciable ground deformation
except during the five days prior to the eruption (Fig. S2). The ac-
cumulative interferograms spanning approximately one year from
both ascending and descending orbits exhibit ~3 cm of line-of-
sight (LOS) deformation on each side of Erta Ale volcano. The elon-
gate, approximately antisymmetric deformation pattern in interfer-
ograms from both orbits suggests opening of a precursory vertical
dike (dike 0) (Fig. 3). Inversion results show that the dike-shaped
magma accumulation structure reached shallow depth beneath the
surface and had an average opening of ~13% , ¢cm and a volume

change of 1.8%] ,, x 10% m3.

4.2. The early co-eruptive deformation: 4 January 2017-4 February
2017

For the early co-eruptive phase, we consider interferograms
covering the time period of lava lake overflowing (northern
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Fig. 5. The late co-eruptive InSAR data (28 January 2017-5 March 2017) of the
2017 Erta Ale eruption and the modeling result. (a) Observed data. The red dashed
line mark the modeled dikes in Fig. 4. (b) Model prediction. The white rectangle
outlines the modeled sill. (c) Residual. The interferograms were unwrapped and
then rewrapped with each fringe representing 3 cm displacement in LOS direction.
(d) Plan view of the co-eruptive distributed sill inflation overlaid by topographic
contours (35 m interval) and lava flow (gray). (For interpretation of the colors in
this figure, the reader is referred to the web version of this article.)

caldera) and the fissure eruption (southern caldera) (Fig. 4). The
interferograms show that most deformation in the wider area
occurred during the time period of the fissure eruption in the
southern caldera, implying hydraulic linkage in the plumbing sys-
tem below the two calderas. InSAR coherence is low within the
southern caldera, mainly due to the large deformation gradients in
this area or lava coverage, which exceeds the resolvability of In-
SAR. However, range offsets show up to 50 cm LOS displacements
within the southern caldera.

The deformation pattern to the south suggests again a dike in-
trusion, while in the north the opposite fringe pattern is suggestive
of a closing of part of Dike 0. For the modeling, we adopt the loca-
tion, depth, strike and dip of the pre-eruptive Dike 0 and use infor-
mation from the satellite optical imagery (Fig. 2) and range offsets
(Fig. 4) to constrain the location, geometry and strike of the open-
ing and closing dislocations and estimate their parameters. We find
that the Dike O has an average closure of ~4O%(55 cm and a volume

decrease of ~1.8%!o x 106 m>. The estimated average opening

and volume of Dike I is ~ 120’8, cm and 1.9%}3, x 10% m?, re-
spectively. Thus, in spite of the large difference in average opening
of the dike sources, the volume increase in Dike O during the pre-
eruptive period matches within errors both the volume decrease
of Dike 0 and the volume increase of Dike I during the early co-
eruptive phase. However, we were not able to comment on the
lava lake levels change during the different phases. The unmolded
residuals are likely due to the model simplifications and atmo-
spheric artifacts.

4.3. The late co-eruptive deformation (phase II): 28 January 2017-5
March 2017

During this time period, the eruptive activity has significantly
decreased. The activity condensed to a cone where lava contin-
uously flows out to north-northeast direction causing loss of in-
terferometric coherence. One descending interferogram shows a
broad, volcano-wide uplifting zone beneath both calderas (Fig. 5).
A concentrated fringe pattern is limited to the southern caldera’s

floor showing strong uplifting signal of about 4 cm in LOS, while
a lower deformation signal of about 2 cm in LOS exists southeast
of the northern caldera. The best-fitting model for the largely sym-
metric deformation pattern highlighted by the interferogram sug-

gests a sill-shaped source located at ~1.3%7%, km that inflates by

up to 107 5 cm and exhibits a volume increase of 4.8%2% x 10% m?.
This depth value likely indicates the depth of the top of the sill,
as crustal deformation is only sensitive to the top of pressurized
magma chambers and is insensitive to the sides and bottom of the
chamber (Yun et al.,, 2006). No obvious volcano-wide ground de-
formation is seen from InSAR data between 5 March and 9 June
2017 (Fig. S3).

5. Numerical stress model

Magma-filled cracks tend to align with o7 and o3, the most
compressive and intermediate stress axes, respectively (Anderson,
1951); thus, modeling the stress state of a volcano may help
understanding the observed spatial configuration of the volcano
plumbing system and vice versa. Previous studies have highlighted
that surface loading stresses such as those due to the presence of
a volcanic edifice may dominate the local stress field (e.g. Pinel
and Jaupart, 2003, 2004, Karlstrom et al., 2009), induce a rotation
of the principal stress axes and bend the pathways of propagating
dikes (e.g. Watanabe et al., 2002). Corbi et al. (2015, 2016) mod-
eled numerically and experimentally the decompression generated
by the presence of a caldera and found that a sill is expected be-
low the caldera floor and vertical dikes laterally to it, below the
rim.

We follow this line of research and construct a model of the
stress state of Erta Ale, determined by edifice loading and the pres-
ence of a caldera. Although deeper density contrasts may exist that
may influence the crustal state of stress, the short-wavelength sig-
nals we detect are caused by shallow sources, the focus of our
study. We first calculate the surface loading due to the develop-
ment of the Erta Ale Range topography as observed today. We use
analytical 2D (plane-strain) expressions for a distribution of forces
on the surface (e,g, Jaeger, 1969), that we constrain by taking a
~300 km long topographic profile perpendicular to the axis of the
Erta Ale Range through the northern caldera (a portion of which is
visible in Fig. 6a, data are from GeoMapApp). We assume that the
original height of the Earth’s surface was at 250 m (this parameter
does not have a large influence because it impacts mostly the trace
of the stress tensor and not the deviatoric stresses), so that all lo-
cations on the profile higher and lower than 250 m are treated
as causing loading and unloading, respectively. Next we include
the contribution exerted by caldera formation, following Corbi et
al. (2015). We reconstruct the summit of Erta Ale prior to the
collapse (Fig. 6b) and superpose loading forces equal to —pgAh,
where p is host rock edifice density (we use 2700 kgm~3) and
Ah is the height difference between the reconstructed and the ob-
served volcano profile. We increase Ah by 10% to account for a
locally smaller density just below the caldera floor. We neglect tec-
tonic extensional stresses due to the high rate of intrusions at Erta
Ale that relieve tectonic stress (Oppenheimer and Francis, 1998;
Barnie et al., 2016) and the shallow depths considered here. Finally,
we consider that background edifice stresses evolve slowly owing
to a number of inelastic, stress-homogenizing processes such as
seismicity, that releases shear stresses, and diking, that increases
o3 until all principal stresses become similar (Chadwick and Di-
eterich, 1995; Corbi et al.,, 2015). We evaluate the fraction of back-
ground stress retained in the shallow crust. We explore values in
the range 0-50% (bracketed by values used previously, see Corbi et
al. (2015)) and find that 10% results in principal stress orientations
matching best with the observed dike and sill orientations.
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Fig. 6. Analytical model of the stress state of Erta Ale. a) Topography of the volcano perpendicular to the Range axis and through the northern caldera. In red, correction to
estimate the pre-collapse topographic profile. b) Zoom-in of (a). ¢) Principal stress orientations resulting from 10% of the original topographic stresses plus unloading stresses.
Red segments indicate the expected orientation of magma-filled dikes and sills: they describe the orientation of oy. If a red circle is present, o3 is out-of-plane, so that dikes
are expected to propagate lying on the page plane. Dashed segments indicate the direction of o3 if o7 is out-of-plane. d) Zoom in of (c) for the rock volume around the
magma plumbing structures. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)
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Fig. 7. Schematic cross section (NW-SE) across Erta Ale volcano showing the in-
ferred magma systems, viewing from NE side of the volcano. (a) The lava lake
overflowing and lava flow on the floor within the northern caldera. (b) The early
eruption involving a fissure eruption within the southern caldera. (c) The late erup-
tion involving a sill inflation. The figure is not to scale and is not reflecting the
fluctuation of lava lake.

With this set of assumptions, at crustal scale, the resulting
stress pattern is dominated by the loading of the elongated Erta
Ale volcanic range (Fig. 6¢) with the modeled magma trajectories
converging from the sides into the base of the volcano; in contrast,
at more local scale the caldera unloading dominates, inducing a
horizontal o1 and a vertical o3 in the rock volume above ~1.4 km
depth just below the caldera (Fig. 6d). This state of stress favors
shallow horizontal magma lenses forming below the calderas. Just
to the sides of the rock volume below the caldera, o7 becomes ver-
tical and o3 horizontal, favoring vertical dikes below the rim and
just within the caldera.

6. Discussion

The dynamics of magma transfer in the shallow plumbing sys-
tem at Erta Ale as revealed by our analysis of InSAR data raises
several questions on how the different pieces of the plumbing sys-
tem interact, whether they may be long-lived, on the role played
by hydraulic connectivity and pressure variations, and how to rec-
oncile the overall geometry with the slow-spreading nature of the
tectonic setting.

Inversion of pre-eruption InSAR data suggests that the sum-
mit lava lake has been connected to a conduit shaped as a dike
(Dike 0), although InSAR data do not have enough resolution to
detect deep sources of deformation and thus the root of the dike
and its relationship to the deeper magma source (Fig. 7). Examples
of vertical, relatively flat conduits shrinking during eruption ex-
ist (Costa et al., 2007; Hautmann et al., 2009; Patrick et al., 2015,
2016; Nikkhoo et al., 2017), but Dike 0 reaches an unusually shal-
low depth. Previous studies show that a dike-shaped deformation
source of similar location, orientation and volume has undergone
intermittent cycles of inflation and deflation in the last 15 yrs
(Barnie et al., 2016). Thus, Dike 0 may be a relatively perma-

nent structure of the plumbing system. This suggests that either
Dike O is thermally stable thanks to magma convection and heat
advection through the entire system, or that a thermally stable,
smaller-sized conduit breaks regularly into a dike of similar ori-
entation and shape. Oppenheimer and Francis (1998) argued that
convection in the summit lava lake limits the buoyancy of magma
by removing heat so to favor intrusions and endogenous growth of
the edifice rather than eruptions.

The eruptive fissure (Dike I) is about 12° oblique to the regional
trend. A pre-eruption optical image shows that Dike I might have
occupied the pathway of previous feeder dikes (Fig. 2a). This pre-
existing structure may explain the mismatch in orientation (e.g.
Ruch et al., 2016), but other reasons may also play a role, especially
considering that the long-term orientation of magma pathways
also requires an explanation. Gravitational stresses (Dahm, 2000;
Maccaferri et al., 2011; Sigmundsson et al.,, 2015) or other stress
gradients (Dahm, 2000) may drive dikes oblique to the most exten-
sional stress direction. Another reason may be that edifice stresses
may differ slightly from regional stresses. Modeling results show
that the Dike O is rooted at depth while Dike I is entirely shal-
low. The shallow local stress field is probably decoupled from the
regional stress field (Xu and J6nsson, 2014).

The sill-shaped axial body detected at ~1.3%7%, km confirms
that shallow horizontal elongated magma lenses are not unique to
Alu Dalafilla volcano but may be common in the Erta Ale Range.
The uplift signal has two distinct maxima located at the south-
ern caldera and just off the center of the northern caldera, thus
appearing correlated with the morphology of the volcanic edifice.
A similar loose correlation of maximum sill opening with grabens
on the surface of Alu and especially South East of Dalafilla emerges
by comparing the inversion of InSAR data with satellite imagery
(Global Volcanism Program, 2013). Our 2D stress model is inade-
quate to test such correlation, since the structure of the horsts and
grabens of which the edifices are composed is strongly 3D (Barberi
and Varet, 1970).

A link between depth, shape and orientation of magma stor-
age and edifice construction or destruction has been suggested
by previous numerical modeling studies (Pinel and Jaupart, 2000;
Dahm, 2000; Maccaferri et al., 2015; Corbi et al., 2015). At Erta
Ale, a similar surface loading model is consistent with the complex
orientation and the depth of magma storage. In particular, stresses
arising from the existence of a double caldera explain the tendency
of the system to develop an axial magma lens bordered by a ver-
tical dike. The architecture of magma storage and crustal accretion
in other equally slow-spreading east African locations, which have
the more typical morphology with a broad axial valley, is more of-
ten characterized by magma lenses located at depths ranging from
a few km to about 10 km, and by vertical dikes propagating lat-
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erally along the rift axis away from them (Wright et al.,, 2012).
As shown by Maccaferri et al. (2014), the surface loading model
predicts that the depth of magma lenses below topographic de-
pressions scales with the width of the depression. Wider grabens
in extensional regimes are associated with stress fields favoring
deeper horizontal magma lenses, with the depth resulting from
the competition between depth of the depression and tectonic ex-
tension. Above such lenses, the stress field favors vertical dikes
propagating laterally along the rift axis (Maccaferri et al., 2014).
Thus, the surface loading model is consistent with the architec-
ture of magma plumbing both at Erta Ale (a ridge with small axial
calderas, prescribing shallow horizontal lens) and with other Afar
locations with a wider graben. In this model supply rate and heat
flow controls how long-lived the magma lenses are, but not the
depth of magma storage, that is controlled, beside surface loads
and degree of tectonic extension, by other forces such as magma
buoyancy and rock resistance to fracture (Pinel and Jaupart, 2000).

Mechanisms and parameters thought to control the architecture
of axial magma lenses at MORs include spreading rate, magma and
heat supply rate (e.g. in relation to the presence of a plume), and
cooling rate due to hydrothermal circulation. Ridge morphology is
thought to be controlled by these many factors in interplay with
extensional tectonics, rather than being itself a controlling factor.
A correlation between topography and depth of magma lenses has
been previously suggested also in the context of fast-spreading
Mid Ocean Ridges. Carbotte et al. (2006) analyzed the along-axis
structure of the Juan de Fuca Ridge. They found that axial grabens
are associated to shallow crustal sills, and that the axial grabens
disappear where the magma lens also disappears. Based on this
correlation, Carbotte et al. (2006) concluded that the topography
profile is magmatically, rather than tectonically controlled as pre-
viously thought, thus suggesting a control in the opposite way as
what we suggest here. In our interpretation the similarity between
the Erta Ale Ridge plumbing system to that of the Reykjanes ridge
or fast-spreading MORs may descend from the similarity of their
topographic profiles: a ridge with a small graben at its top (Sinha
et al., 1998; Navin et al., 1998). Quantitative dedicated tests are
required before discussing whether the surface loading model may
help understanding better magma storage at MORs.

7. Conclusions

The combined use of satellite optical images and InSAR obser-
vations to study the 2017 Erta Ale volcanic activity enabled us
to analyze the shallow magma plumbing system of the Erta Ale
volcano. A series of satellite optical images from multiple plat-
forms capture the surface changes with a high spatial and tem-
poral resolution. It shows that the eruption started with lava lake
overflowing resulting in fresh lava flows in the northern caldera.
Later during the eruption, the activity decreased in the northern
caldera but shifted to the southern caldera where a dike opened
up and sent voluminous lavas within the caldera and to the east-
ern flank of the volcano. InSAR observations and modeling results
show that the shallow magma plumbing system of the Erta Ale
volcano is complex involving the interaction of varyingly oriented
melt lenses. A dike-shaped reservoir connecting the deep source
with the lava lake at the summit is hydraulically connected with
an elongated shallow dike that enable magma to propagate hor-
izontally to fed the fissure eruption in the southern caldera. The
side edge of a shallow horizontal reservoir connects with the elon-
gated dike. Taken together with previous findings on Alu Dalafilla
volcanoes (Pagli et al., 2012), our new observations provide further
evidence for the existence of semi-permanent axial magma lenses
along the length of the Erta Ale magmatic segment. The architec-
ture of magma lenses at the Erta Ale Range and in other magmatic

rift systems may be shaped by stresses induced top-down by sur-
face loading or unloading.
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