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Shallow axial magma chamber at the slow-spreading

Erta Ale Ridge
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and Atalay Ayele®

The existence of elongated, shallow magma chambers be-
neath the axes of fast-spreading mid-ocean ridges is well
established™3. Yet, at slow-spreading ridges such shallow and
elongated magma chambers are much less evident®™. Simple
thermal models® therefore predict that spreading velocity and
magma supply may provide the main controls on magma-
chamber depth and morphology. Here we use interferometric
synthetic aperture radar data to investigate the dynamics
of the magma chamber beneath the slow-spreading Erta Ale
segment of the Ethiopian Rift. We show that an eruption from
Alu-Dalafilla in November 2008 was sourced from a shallow,
1km deep, elongated magma chamber that is divided into two
segments. The eruption was probably triggered by a small
influx of magma into the northern segment. Both segments
of the magma chamber fed the main eruption through a con-
necting dyke and both segments have been refilling rapidly
since the eruption ended. Our results support the presence of
independent sources of magma supply to segmented chambers
located along the axes of spreading centres. However, the
existence of a shallow, elongated axial chamber at Erta Ale
indicates that spreading rate and magma supply may not be the
only controls on magma-chamber characteristics.

Shallow (<2km depth) elongated axial magma chambers have
been detected at many places on fast-spreading ridges'”, but
magma chambers have been found at only a few slow-spreading
ridges as deeper isolated magma pockets®®. The depth and
continuity of these chambers is thought to depend on spreading rate
and magma supply®.

Typically, an axial high and continuous shallow magma chamber
(at ~1-2km depth) characterizes ridges spreading faster than
~40mmyr~! (refs 1,2,8), whereas a median valley and isolated
deeper chambers (>3km deep) are found at slower-spreading
ridges>”!?. Elongated axial magma chambers are typically 250—
4,000m wide>* and tens of kilometres long. In contrast, the
magma chambers at slow-spreading ridges are isolated, near-
spherical bodies. Magma chambers at ~3km depth have been
inferred both in Krafla'? and Askja'®, Iceland. At the Dabbahu
segment in Afar, both the Gabho and Dabbahu volcanoes are
also associated with axisymmetric chambers between 3 and 5km
depth!. The ~120-km-long Erta Ale spreading segment separates
the Nubian plate from the Danakil microplate in the Afar region of
Ethiopia. It forms a continuous ridge made up of distinct volcanic
centres'® (Fig. 1a,b), including the Erta Ale volcano, which hosts an
active lava lake'>'¢. The spreading rate at this latitude is estimated
at ~12mmyr~' (ref. 17). In November 2008, an eruption occurred
in the Alu-Dalafilla volcanic centre that lies 30 km north of the
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Figure 1| Location of the Erta Ale volcanic segment. a, Afar depression
(Ethiopia). EAVS, Erta Ale volcanic segment; TAVS, Tat Ale volcanic
segment; AVS, Alayta volcanic segment; DVS, Dabbahu volcanic segment.
Circles represent earthquakes 2007-2009 in EAVS and TAVS. Hexagons
mark volcanic centres of EAVS and the box marks the study areainc.

b, Topography cross-section along A-A’, as marked in a. Volcanic centres:
GA, Gada Ale; A-D Alu-Dalafilla; BA, Bora Ale; EA, Erta Ale; HG, Haily
Gubbi. ¢, Alu-Dalafilla, the coloured area is the surface temperature of the
lava flow erupted in 2008. The circles represent earthquakes from 2-3
November 2008.
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Figure 2 | Co-eruptive InSAR data and models. a, Plan view of the co-eruptive distributed sill contraction, overlaid by topographic contours and the lava
flow. The red line represents the dyke and the red star the Mogi. b Cross-section of the distributed dyke opening, the location of which is shown by the
dashed line K-K’ in a. The black line represents the projection of the sill and the sphere is the Mogi. ¢, ALOS ascending co-eruptive interferogram, d, model
interferogram and e, residual. One colour cycle represents 11.8 cm of displacement in the satellite line of sight (LOS). f-h, Observed and modelled

displacements along cross-sections shown in d.

lava lake. Alu—Dalafilla includes the basaltic volcanic cone, Alu,
a 3-km-long basaltic volcanic range, here named Alu-South, and
a silicic stratovolcano, Dalafilla (Fig. 1c). Fumarolic activity was
observed at some of these faults in Alu and in the Dalafilla crater in
1968 (ref. 15) but there has been no report of any volcanic eruption
in the Erta Ale segment since the first observations in 1907, except
for overflow events from the Erta Ale lava lake!®!.

Detectable but infrequent earthquakes occurred on 30 October
and recommenced at 11:10 utc on 3 November 2008. By 12:22 uTc,
their frequency and magnitude increased (Supplementary Figs S1
and S2)%. Nearly continuous swarms of local magnitude (M;) < 4
earthquakes between 12:22 and 12:55 uTc are interpreted as surface
faulting above a propagating dyke (Supplementary Fig. S2) that led
to the eruption. This is in agreement with the appearance of thermal
anomalies in Meteosat SEVIRI images between 12:57 and 13:12 utc
on 3 November 2008. ASTER thermal infrared images from NASA’s
Terra satellite show that two en-echelon eruptive fissures opened
southeast of Alu and lava flowed towards the east and north of
Dalafilla (Fig. 1c). OMI sulphur dioxide*’ and MODIS thermal®
images show that a volcanic plume originated from the eruptive
fissures on 3 November and drifted northeastwards. We lack direct

observations of the eruption but based on a combined analysis of
satellite images and seismicity we deduce that the eruption started
on 3 November and eruptive activity peaked over a few hours
and then waned exponentially until stopping on the night of 6
November 2008. Here, we study the surface deformation before,
during and after the Alu-Dalafilla eruption using an extensive
interferometric synthetic aperture radar (InSAR) data set. From this
information we are able to provide the first evidence for a shallow
(<2km deep) elongated axial magma chamber at a subaerial slow-
spreading segment and to determine its shallow crustal magmatic
plumbing system. Furthermore, we are able to observe the dynamic
behaviour of an elongated axial magma chamber for the first time.

We formed a time series of interferograms using radar images
acquired by the ENVISAT satellite, from five different tracks both
in descending and ascending orbits. We also used data acquired
by the ALOS satellite covering the co-eruptive period (Fig. 2). In
particular, acquisitions made on 3 November and 5 November
2008 are used to detect changes in the style of crustal deformation
during the eruption.

Pre-eruptive interferograms show that a 3-km-diameter area
centred over the Alu volcano uplifted at a rate of ~3 cm per month
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Figure 3 | Time-evolving cumulative volume changes. a,b, Pre-eruptive and ¢,d, post-eruptive periods. Circles represent acquisitions colour-coded to
satellite track number, orbit and mode (for example A-12, ascending orbit in mode 2). The red dashed line in a represents the best-fit curve using all the
data, whereas the black dashed line is the best-fit curve excluding the last two circles. The lines highlight the different deformation patterns, uplift
July-September 2008 but quiescence a month before the eruption. Selected interferograms and their models are shown for given time intervals on the
sides. The colour bar shown in the upper left corner applies to all interferograms.

from July to September 2008 (Fig. 3a). The inflation ceased by 29
September and no significant deformation was observed in Alu
until 17 October 2008. No deformation was detected at Alu-South
(Fig. 3b) or Dalafilla before the eruption.

Co-eruptive interferograms show an elongated, ~10-km-long,
subsidence signal with two closely spaced maxima centred at
the Alu volcano, with maximum subsidence of 1.9m, and at
Alu-South, maximum subsidence of 1m (Fig.2). The largest
subsidence occurred at both volcanoes during the first day of
eruption but significant subsidence, up to ~0.5 m, followed from
3 November to 5 November. From 5 November the deformation
pattern at Alu-South reversed and uplift started, whereas at
Alu minor subsidence continued between 5 November and 19
November but subsequently reversed to uplift. Since then, uplift
occurred both at Alu and Alu-South. We initially analysed the
co-eruptive deformation to determine how many and what type
of magmatic sources played a role during the eruption. To match
the observed deformation, we required three distinct sources: a
shallow sill at ~1km depth extending from Alu to Alu-South;
a dyke at the location of the eruptive fissure; and a deflating
magma chamber (Mogi source) at 4km depth between Alu and
Alu-South (Fig. 2, Supplementary Fig. S4 and Supplementary

Information)®. The model explains 98% of the data variance. The
maximum dyke opening was 4.6 m and the total dyke volume was
5.1 x 10° m?, whereas the maximum sill contraction was 6.7 m. The
maximum dyke opening occurred at the northern end, close to
Alu, where the largest deflation is also observed. The total deflating
volumes of the sill and the magma chamber were 23.2 x 10° m’
and 7.3 x 10°m?, respectively. The lava flow covers an area of
~16 x 10° m? but we lack measurements of its thickness to derive
the exact eruptive volume. However, an average thickness of ~1.6 m
is required to match the sum of the deflating and the intruded
volumes, of 25.4 x 10° m>.

As the pre-eruptive inflation volume was only 0.4 x 10°m?,
this implies that most of the erupted magma must have been
already present at shallow levels, in the uppermost 4 km, before
the eruption, unless magma moved rapidly from a deep source
(>10km) to the shallow chamber between 18 October and 2
November. We consider the second hypothesis unlikely, as Alu—
Dalafilla was seismically quiet in this period and two M ~ 3
earthquakes on 30 October are the only significant precursory
signals. We do not see any clear signal from the 4-km-deep
reservoir or any deeper source in the pre- and post-eruptive periods
and it seems that the two shallow sills were the only sources of
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deformation. These periods were analysed with a time-evolving least
squares inversion approach?*. We fixed the geometries of magmatic
bodies derived from the nonlinear inversion of the co-eruptive
deformation (Supplementary Information) and inverted a series
of 90 interferograms for the time-dependent opening/contraction
of the sills (Fig. 3). A time period of more than two years, from
June 2008 to September 2010, was analysed. Uncertainties on the
model parameters were estimated using a Monte Carlo simulation
of correlated noise®.

Our modelling results show that only the part of the sill
below Alu inflated before the eruption (Fig. 3a,b). In contrast, the
whole sill under Alu and Alu-South deflated during the eruption
when magma moved out. This indicates that the sill was always
present in the area but had become divided into two parts. Before
the eruption, only Alu was linked to a deep reservoir and the
renewed magma influx there triggered the dyke intrusion, which
established a connection between the two previously disconnected
chambers. The replenishment phase started in Alu-South from
5 November 2008, but from 19 November 2008 in Alu, indicating
that independent links between a deep reservoir and the two
portions of the chamber were established during that period.
However, from 19 November 2008 (Fig. 3¢,d) both Alu and Alu-
South have followed a similar replenishment pattern, suggesting
that the magma chambers are behaving as a connected body at
present. The magma inflow in Alu reached ~2.5 x 10° m* and at
Alu-South ~4.5 x 10°m? (~30% of the co-eruptive volume) by
September 2010. The replenishment pattern in Fig. 3¢c,d could be
divided into three phases lasting two to four months, indicating
that magma may have flown in pulses rather than continuously.
However, these fluctuations are small compared with the error
bars and future studies are needed to confirm this hypothesis. No
significant deformation signals or seismic activity were observed
at the Erta Ale volcano before, during, or after the Alu-Dalafilla
eruption, indicating that the shallow magmatic systems at Alu—
Dalafilla and at Erta Ale are not linked at present.

We note that if, before the eruption, the Alu-Dalafilla chamber
was only ~4 m thick (the average co-eruptive deflation) it would
have completely solidified in about 20 days (Supplementary
Information)?. Given that the chamber’s pre-eruptive inflation
volume was less than 2% of the co-eruptive deflation, it must have
remained molten at least since the last recharge event. This implies a
much thicker sill (for example a 160 m sill cools in 100 years) and/or
that the magma chamber is regularly replenished by new melt.

The active volcanic segments of Afar show different styles of
magmatism?’, as also observed at some submerged ridges®. Erta
Ale is dominated by magmatic construction and the rift axis is a
topographic high, whereas at the Dabbahu segment (Fig. 1) dykes
and faulting have induced subsidence, leading to the formation
of an axial graben. Furthermore, at Dabbahu, magma seems to
be located in isolated chambers at depths ~3 km beneath distinct
volcanic centres®'*, rather than in a shallow elongated axial system
as found at Alu-Dalafilla.

The main control on axial morphology and depth of axial magma
chambers at mid-ocean ridges has commonly been attributed to
spreading velocity and variable magma supply>>*. Phipps Morgan
and Chen® modelled the thermal structures of mid-ocean ridges
as a balance between heat addition by magma intrusion and
heat removal by hydrothermal circulation. On the basis of this
modelling, a 1-km-deep elongated axial magma chamber at the Erta
Ale segment should not exist—a chamber of >4 km depth would
be expected, given the spreading rate of 12mmyr~' (ref. 17) and
crustal thickness of 15km (ref. 29). However, a key feature of this
model® is the intense hydrothermal circulation, which provides
an efficient way of cooling the magma chamber. The relative lack
of water and/or a vigorous hydrothermal circulation in desert
environments such as Erta Ale may be responsible for the presence
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of magma chambers at this unexpectedly shallow depth. Other
reasons that could explain the persistence of a magma chamber at
1 km depth in Alu-Dalafilla include excessive magma production
in the region, high frequency of magma-chamber replenishment,
and/or the proximity to the Afar plume™.
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