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Abstract

A major goal in volcanology is to be able to constrain the physical properties of a volcanic system using surface
observations. The behaviour of a volcanic system following an eruption can provide powerful constraints on these
properties and can provide valuable information for understanding future hazard. We use spatially and temporally
dense observations of surface deformation following the 12 June 2011 eruption of Nabro (Eritrea) to place constraints
on the mechanics of its subsurface volcanic system. Nabro was imaged 129 times by TerraSAR-X and COSMO-SkyMed
satellites during a 15-month period following the eruption. We have produced a detailed time series of the
line-of-sight (LOS) displacements at Nabro, finding that the volcano subsides during the entire observation period at a
decaying rate. We found significant atmospheric artefacts remained in the data set after a standard spatio-temporal
filter was applied. Applying an empirical correction using a linear phase-elevation relationship removed artefacts but
also removed real topographically correlated deformation. Instead, we were able to correct each SAR acquisition
using independent delay estimates derived from the ECMWF ERA-Interim (ERA-I) global atmospheric model. The
corrected time series can be modelled with the deflation of a Mogi source at ∼ 6.4 ± 0.3 km depth. Modelling the
time series using viscoelastic relaxation of a shell which surrounds a spherical magma chamber can explain the
observed subsidence without a source of further volume loss if the magma is compressible. CO2 outgassing is also a
possible cause of continued subsidence. Contraction due to cooling and crystallisation, however, is probably minor. If
any post-eruptive recharge of the magmatic system at Nabro is occurring, the rate of recharge must be slower than
the post-eruptive relaxation processes. Combined with the lack of pre-eruptive inflation, we suggest that recharge of
the magmatic system at Nabro either occurs at a rate that is slower than our detection limit, or it occurs episodically.
This case study demonstrates the power of long, dense geodetic time series at volcanoes.
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Introduction
The pattern and rate of surface deformation observed
after a volcanic eruption are dependent on the magmatic
processes occurring at depth and the rheology of the crust and
magma. Detailed surface observations from satellite radar
interferometry (InSAR; Zebker et al. 1997; Massonnet and
Feigl 1998; Burgmann et al. 2000; Hooper et al. 2012)
may allow us to constrain these properties. Simple models
can be used to assess the relative importance of different
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mechanisms occurring in the magmatic system follow-
ing eruption, including magma recharge (e.g. Lu et al.
2010), cooling and crystallisation (e.g. Parker et al. 2014),
degassing (e.g. Girona et al. 2014) and viscoelastic relax-
ation (e.g. Parks et al. 2015 and Segall 2016).
Following an eruption, there are numerous processes

which may control whether a volcanic edifice undergoes a
period of uplift, subsidence or remains at a given height.
Edifice uplift due to post-eruptive recharge of a magma
chamber has been observed at many volcanoes, includ-
ing Alu-Dalafilla (Ethiopia) following the 2008 eruption
(Pagli et al. 2012) and Gabho and Dabbahu (Ethiopia) fol-
lowing the 2005 Dabbahu-Manda-Hararo rifting episode
(Wright et al. 2006; Grandin et al. 2010). In contrast,
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some volcanoes show long-lived subsidence following an
eruption. Lliama volcano (Chile) subsided over 3.5 years
following an eruption in 2003 (Girona et al. 2014), which
was attributed to post-eruptive outgassing (Bathke et al.
2011). Some post-eruption magmatic processes do not
result in geodetic signals at the surface. The time series of
ground displacement at Okmok volcano (Alaska) between
the 1997 and 2008 eruptions showed periods of infla-
tion due to magma supply and periods of deflation due
to degassing (Lu et al. 2010). If the inflation and deflation
processes are balanced and contemporaneous, no ground
deformation will result (Lu et al. 2010). Magma migration
at depthmight not result in a geodetic signal with amagni-
tude greater than the noise, effectively becoming invisible
to current geodetic instruments (Pagli et al. 2012), if the
magma is deep, highly compressible or if small volumes
of magma are moving. Alternatively, the process could be
overlooked if the temporal resolution of the geodetic data
is too low (e.g. Chaitén, Chile (Fournier et al. 2010)).
InSAR is well-suited to monitoring ground deforma-

tion on the scale of individual volcanoes to entire volcanic
arcs. However, careful consideration needs to be given
to spatio-temporal variation of atmospheric refractivity
between image acquisitions, which causes artefacts within
the InSAR signal (e.g. Beuducel et al. 2000). In tropi-
cal regions, atmospheric conditions can create significant
spurious ground movement (e.g. Ebmeier et al. 2013).
Although our study region Afar (Eritrea/Ethiopia) is more
arid than most of the tropics, here, we show the impor-
tance of applying atmospheric corrections despite the arid
environment.We also show the importance of using exter-
nal, independent data to preserve topographically and
temporally correlated deformation.
Nabro volcano (Fig. 1) erupted on 12 June 2011 with

co-eruptive activity extending into July 2011 (Goitom
et al. 2015). A detailed synthesis of the eruption can be
found in Goitom et al. (2015). A 17.5 km long lava flow
was emplaced to the SW of the edifice, and 4.3 Tg of
SO2 was emitted into the atmosphere (Theys et al. 2013),
one of the largest atmospheric aerosol perturbations since
Mt. Pinatubo emitted approximately 20 Tg of SO2 to the
atmosphere during the 1991 eruption (Bluth et al. 1992).
Hamlyn et al. (2014) previously found that the magma
chamber which fed the eruption is centred under the SW
caldera rim and can be adequately modelled by a Mogi
solution at a depth of ∼ 7 km. There is no indication that
a magmatic link exists between Nabro and neighbouring
Mallahle volcano. However, changes to the local stress
regime following the eruption induced seismicity beneath
Mallahle (Hamlyn et al. 2014).
In this paper, we measure the time-dependent subsi-

dence of Nabro volcano following the June to July 2011
eruption using SAR images acquired by COSMO-SkyMed
(CSK) and TerraSAR-X (TSX) satellites. We find that

despite the arid environment, the InSAR-derived time
series contain significant atmospheric artefacts, and so,
we attempt to mitigate these effects trying both empiri-
cal and weather model corrections. Finally, we assess the
relative contributions of potential mechanisms that may
control the observed time-dependent subsidence.

Methods
InSAR Data and corrections
Interferograms
We processed a COSMO-SkyMed (CSK) data set that is
composed of 64 SAR images acquired on a descending
track between 26 June 2011 and 18 July 2012. During this
time period, the CSK satellites were positioned in non-
symmetric configuration; in a 16-day cycle, there are four
interferometric acquisitions (on day 1, day 9, day 10 and
day 13). The CSK SAR sensors operate in the X-band,
emitting a radar pulse with a ∼ 31 mm wavelength (Cov-
ello et al. 2010). The sensor was used in StripMap mode
(HIMAGE) to observe Nabro, with a swath 40 km wide
and a spatial resolution of about 3 m. After multilook-
ing to improve the signal to noise ratio, the final spatial
resolution is ∼ 30 m in both the azimuth and ground
range directions. In total, we produced 171 small baseline
interferograms with a maximum perpendicular baseline
of 360 m and temporal baseline between 3 and 323 days.
The TerraSAR-X (TSX) satellite acquired images on

both ascending and descending passes over the Nabro
region. The TSX SAR sensors also operate in the X-band.
We obtained 36 images in StripMap mode between 1 July
2011 and 5 October 2012 on descending orbit 046 and 27
images spanning the period between 6 July 2011 and the
10 October 2012 on ascending orbit 130. Both covered
regions 30 km wide in range and 50 km long in azimuth.
Using ROI_PAC software (Rosen et al. 2004), we created
connected networks of 67 small baseline interferograms
from the descending data set and 44 interferograms from
the ascending data set (example interferograms are shown
in Fig. 2). The interferograms used have a maximum
perpendicular baseline of 200 m and temporal baseline
between 11 and 390 days. We used the interferograms
in which we were able to unwrap at least 90% of the
image, reducing the data set to 34 interferograms from
the descending track and 21 interferograms from the
ascending track.

Ratemaps and initial time series
We created a time series of the ground displacement from
the CSK and TSX data sets using small baseline subset
(SBAS) techniques (Berardino et al. 2002). The CSK data is
highly coherent; there are approximately 3.5 million pixels
in the ratemap (a map of average velocity; Fig. 3). During
processing, we removed long wavelength phase trends in
the velocity maps using a planar fit.
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Fig. 1 Topographic map of the Afar Rift Zone (ARZ) from the 90 m SRTM elevation model. Black lines show the regional faults; grey shading shows
volcanic segments. Green triangles show positions of volcanoes in the region as defined by the Smithsonian catalogue; red triangles show the
volcanoes that comprise the NVR with Nabro highlighted as a white triangle. The footprint of the CSK acquired SAR images is shown in light blue
and TSX footprints in dark blue. Upper left inset: the position of the Afar Rift Zone and Main Ethiopian Rift (MER) on the African continent. Lower
right inset: topographic map of Nabro and Mallahle volcanoes. The lava flow produced by the 2011 eruption is outlined in white, and the main vent
region is outlined in yellow

The CSK data was processed at the Italian National
Research Council-Istituto per il Rilevamento Elettromag-
netico dell’Ambiente (CNR-IREA) using their internally
developed interferometric SAR processing chain to apply
the SBAS technique (Berardino et al., 2002). The SBAS
technique was applied to the TSX data set using π−RATE
software (Wang et al. 2009; Biggs et al. 2007; Elliott
et al. 2008). A standard (Wang et al. 2009) spatio-temporal
filter was initially applied to the data sets to remove atmo-
spheric artefacts, with a temporal averaging window of 70
and 73 days for the CSK and TSX data, respectively.
In the maps of average velocity (ratemaps) for the CSK

and TSX (both ascending and descending) data sets, we
observe a nearly circular, 12 km wide increase in the line-
of-sight (LOS) direction. The mean look angles for the
TSX ascending and descending data are quite similar, with
values of 27.8° and 33.3°, respectively, while CSK data are
acquired with a mean look angle of 21.8°; the positive LOS
velocities (away from the satellite) around the volcano

suggests a predominance of vertical deformation with a
non-negligible horizontal component, consistent with the
joint inversion of the TSX ratemaps for a Mogi source in
Hamlyn et al. (2014).

Atmospheric corrections
Temporal variations in atmospheric conditions, and in
tropospheric water vapour in particular, are known to
contaminate InSAR time series (e.g. Zebker et al. 1997;
Bekaert et al. 2015). A standard method to correct for
these is to use spatial and temporal filtering to isolate
and remove the atmospheric delay; the delay fields (atmo-
spheric phase screens or APS) are assumed to be random
in time but correlated in space (Ferretti et al. 2001). Apply-
ing this method to the dense time series of the summit rel-
ative to a reference pixel from CSK data produces steady,
smooth time series of increased LOS displacement (sub-
sidence) over Nabro volcano (Fig. 4) that are punctuated
by two apparent periods of decreased LOS displacement
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Fig. 2 Interferograms from the TSX satellite showing the coherence over different temporal separations and spatial baselines. The interferograms
are wrapped at 2π . Interferograms with baselines larger than 200 m with less than 90% unwrappable pixels were not used in this study

(uplift, indicated by grey bars in Fig. 4a) in November
2011 and April 2012. If these pulses are real, they have
important ramifications for modelling and interpretation
of magmatic processes within Nabro’s plumbing system,
implying that the system is becoming re-pressurised due
to short periods of magmatic recharge. After similar time
series filtering, these reversals were not present in the TSX
data sets, which have lower temporal resolution. To inves-
tigate whether these apparent reversals in LOS displace-
ment are real or not, we tested alternative atmospheric
corrections on our CSK data.
An alternative method for correction of atmospheric

signals, which is commonly and routinely applied in
InSAR analysis, is to remove the component of the tro-
pospheric delay that is correlated with topography (Wicks
et al. 2002; Elliott et al. 2008; Bekaert et al. 2015). To
apply this correction, we estimate a linear relationship
between LOS displacement and elevation and subtract

this from each epoch in the time series. We applied this
method on the CSK time series and found that the cor-
rected time series is smoother in time (Fig. 4d, green
dots), showing steady subsidence over the observation
period. Importantly, the two periods of apparent reversal
in the subsidence trend have been suppressed, suggesting
that these could be the result of topographically corre-
lated atmosphere. However, the overall magnitude of the
subsidence rate appears to have also been systematically
reduced, with an apparent total range increase of ∼ 18 cm
compared to ∼ 30 cm for the uncorrected time series.
This is likely because deformation is also correlated with
topography, and hence, this correction method applied
in its simplest form is removing the real volcanic sub-
sidence signal as well as the topographically correlated
atmospheric signal.
To avoid the issues with the two empirical atmospheric

correction methods described above, we also attempted
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Fig. 3 InSAR-derived ratemaps and time series of displacement. a Ratemap of LOS displacement for the ascending TSX data set. b Ratemap of LOS
displacement for the descending TSX data. c CSK ratemap of LOS displacement. d Time series of LOS displacement for TSX ascending (light blue),
TSX descending (blue) and CSK (red), for the pixel highlighted with a white dot on the ratemaps. Positive values represent increases in range
change. The CSK data is relative to the reference pixel (black star); the TSX is relative to an image average. CSK and TSX data sets are corrected for
atmosphere using ERA-I weather model outputs with a small spatio-temporal filter applied subsequently

an alternative atmospheric correction using an indepen-
dent data set estimates of atmospheric delay from the
ERA-Interim (ERA-I) weather model produced by the
European Centre for Medium-range Weather Forecasting
(ECMWF; Dee et al. 2011).
The ERA-I model provides estimates of atmospheric

parameters daily at 00:00, 06:00, 12:00 and 18:00 UTC for
grid nodes with ∼ 80 km horizontal spacing and at 37
vertical levels defined by their atmospheric pressure (Dee
et al. 2011). Following the method described by Jolivet
et al. (2011) and Walters et al. (2013), we model the esti-
mates of temperature, relative humidity and geopotential
height. For the model output times immediately preced-
ing and following the SAR acquisition time, we interpolate
values of these parameters between each pressure level
and then calculate the atmospheric delay as a function of

elevation. We use a bilinear interpolation between hori-
zontally separated node points and a spline interpolation
between nodes at different altitudes to calculate a 3D
volume of predicted delay. A 90 m DEM acquired from
the Shuttle Radar Topography Mission (SRTM) is used
to select delay values at the ground surface, and there-
fore, the resulting phase maps have the same resolution as
this DEM. Finally, we take our two correction maps calcu-
lated for our nearest model output times before and after
the SAR acquisition and linearly interpolate to the time
of acquisition. We calculate the wet and hydrostatic phase
delay fields separately and add them together to give the
total delay (full technical details are provided in Walters
et al. (2013)). The hydrostatic delay has a large absolute
value but has a much smaller temporal variation than the
wet delay; the spatial variation of the wet delay on a given
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Fig. 4 a Filtered time series of range change (for pixel highlighted in white in Fig. 3c) for the CSK satellite corrected for atmosphere using a standard
APS approach (spatio-temporal filtering). Grey bars indicate period of reversed LOS. b Example of observed absolute wet delay across Nabro caldera
on a given date. c Time series of wet (blue) and hydrostatic (red) delays of the summit pixel with respect to the reference pixel (black star Fig. 2c),
relative to the first day of acquisition. d Time series of range increase corrected using ERA-I data (red), APS spatio-temporal filtering (black) and a
linear-with-height relationship (green)

date is shown in Fig. 4b. We have shown the time series of
the hydrostatic and the wet delays at a summit pixel with
respect to the delays at the reference pixel, relative to the
first date of acquisition (Fig. 4c).
We applied the corrections to the 64 CSK epochs and

then subsequently applied a spatio-temporal filter(of 1 km
width and 10 day time window) to remove high-frequency
temporal noise. The ERA-I-corrected and filtered CSK
data (Figs. 3 and 4d, red dots) show no significant periods
of reversed motion, and the magnitude of the total dis-
placement rate is similar to the original raw time series.
Although the corrected time series appears slightly noisier
than the time series produced with spatio-temporal filter-
ing or with a linear height correction, the use of weather
model outputs allows for unbiased recovery of deforma-
tion signals, even when atmospheric delays are correlated
in time or when the deformation and atmosphere are both
correlated with topography. We therefore chose to apply
the ERA-I filter with a subsequent spatio-temporal fil-
ter of 10 days to both the CSK and TSX data sets and
to use these results when interpreting and modelling the
deformation signals.
The TSX ratemaps that result from ERA-I-derived

atmospheric corrections are more coherent and show
a larger magnitude signal than those presented in
Hamlyn et al. (2014), which were derived using an
APS filter. The increased ERA-I coherence is because
the APS model in π-RATE requires a linear rate

of ground displacement. Pixels with a non-linear
rate of displacement are removed, and this can
lead to the removal of many pixels depending on
threshold values.

Corrected InSAR data
The overall final data, corrected for atmospheric arte-
facts, are shown in Fig. 3. The same summit location
and reference pixel were used in each time series. Both
ascending- and descending-track TSX time series show
a LOS displacement rate which is faster in the initial
2 months following the eruption than during the latter
part of the time series. The overall gradient of LOS dis-
placement then decreases for 12months for the remainder
of the observation period. Similar behaviour characterises
the CSK time series. After the correction for atmospheric
artefacts, the reversals in the deformation trend are sig-
nificantly suppressed. The deformation trend is larger in
the first few months following the eruptions and tends to
rapidly decrease. The displacement time series shown are
consistent with an exponential decay, althoughwith differ-
ent amplitudes in each data set; differences are due to the
different look angles. Spatially, the deformation decreases
in amplitude with distance from the top caldera. Tempo-
ral modelling of such a complicated signal is achievable
when dealing with a few physical parameters derived
from source modelling at different times, as shown in the
next section.
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Results
Kinematic modelling
Previously, Hamlyn et al. (2014) found that a reduction in
volume (pressure) at a point source (Mogi 1958) located
7 ± 1 km beneath Nabro provided a good fit to the spa-
tial deformation pattern and the linear deformation rate
derived from ascending and descending TSX interfero-
grams used in this study. In this section, we investigate
whether the parameters describing this simple model
are constant or change with time. The resultant model
uses TSX and CSK data sets to constrain the chang-
ing source volume beneath Nabro at a high temporal
resolution.
We first performed the inversions to find the location

and cumulative volume change for a Mogi source for
each acquisition date of the TSX and CSK time series
independently. To determine the parameter errors for the
non-linear inversions, we performed a Monte Carlo error
analysis, first perturbing our data with realistic correlated
noise, and then inverting these perturbed data sets using
the same method as Parsons et al. (2006). We found that
the surface position and depth of the source do not show
any clear time-dependent trends, indicating that the loca-
tion of the source is not moving significantly over time
(Fig. 5). Therefore, as the source geometry appears stable,
we can investigate the time-dependent volume change of
the source by fixing the geometry (Lu et al. 2010; Pagli
et al. 2012). We used the average values for each loca-
tion parameter and solved only for the volume change as a
function of time (Fig. 6). We checked the suitability of the
Mogi solution for each pick by calculating the RMS dif-
ference between the model and the results of the Monte
Carlo simulation for each epoch (Additional file 1: Figure S1).
Because the initial acquisitions in each time series are on
different dates, we needed to adjust the starting position
of the TSX-derived time series of volume so that they were
consistent with the CSK time series of volume. To do this,
we calculated the linear displacement rate between the
first and second CSK acquisition dates and offset the TSX
data accordingly, as in Pagli et al. (2012).
When all other parameters are fixed, the three time

series derived from different viewing geometries all show
consistent change in cumulative source volume (Fig. 6).
The results show an apparent rapid decrease of 0.013 km3

between 27 June 2011 and 10 July 2011 (dashed line,
Fig. 6). During this time, the lava erupted from sev-
eral locations within the caldera (Goitom et al. 2015).
Therefore, we suggest that within this period, the volcano
was still in a co-eruption phase. After the initial rapid
subsidence associated with the end of the eruption, the
apparent source volume then decreases steadily from an
initial reduction of ∼ 0.013 to ∼ 0.055 km3 over a period
of 11 months, reaching ∼ 0.065 km3 after 15 months.
The rate of volume decrease slows steadily throughout

Fig. 5 Time series of inverted source geometry parameters;
uncertainties in the model parameters for each date are found by
using a Monte Carlo analysis. a Volume change. b Depth. c Latitude.
d Longitude
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Fig. 6 Time series of volume change. Time is given in date (bottom)
and years since the eruption started (top). The beginning of the
eruption is indicated by the red line. Assuming a fixed geometry, a
Mogi source at a depth of 6.4 km at 41.69° (long) 13.36° (lat). Black
lines indicate the best-fit displacement rates, highlighting the
non-linearity of the subsidence; the dashed line shows the jump at
the start of the time series. CSK data is shown in red, TSX descending
in blue and TSX ascending in light blue

the period (Fig. 6), with no evidence for pauses in the
subsidence or any recharge over the observation period.
We can estimate the total post-eruptive volume loss,

�Vt , at the Nabro magma chamber in such a model by
assuming that the subsidence has an initial rapid drop,
�V0, then continues to decay exponentially, reaching a
final volume of �V∞. The total post-eruptive change in
volume loss at the chamber is then

�V (t) = �V0 + (�V∞ − �V0)
(
1 − e

−t
tR

)
(1)

We use the InSAR-derived time series of source con-
traction, �Vt , and find best-fit model with �V0 =
0.013 ± 0.01 km3, �V∞ = 0.13 ± 0.01 km3 and a
relaxation time of 2.23 ± 0.15 years.

Discussion
In this section, we discuss possible mechanisms for the
observed subsidence. Continued post-eruptive subsidence
is rare compared to post-eruptive uplift (e.g. Moran 1994;
Nakada et al. 1999; Ruiz et al. 2007; Pagli et al. 2012;
Girona et al. 2014). Potential processes that could account
for post-eruptive subsidence include viscoelastic relax-
ation (e.g. Newman et al. 2001) cooling and contraction
of a magma reservoir (e.g. Poland et al. 2006; Parker
et al. 2014) or other mechanisms operating on a closed
magmatic system. Alternatively, the subsidence could be
caused by the removal of magma or gas from the cham-
ber (e.g. Girona et al. 2014). The smooth, slowly decaying

subsidence we observe at Nabro suggests a simple physical
process. We explore possible options and attempt to dis-
tinguish between the various possible explanations below.
We consider each independently, although a combination
of processes may be occurring.

Viscoelastic relaxation
Viscoelastic stress relaxation is sometimes invoked to
explain exponentially time-varying deformation (e.g.
Newman et al. 2001; Del Negro et al. 2009; Nooner
and Chadwick 2009; Parks et al. 2014; Segall 2016;
Yamasaki et al. 2017).
In one class of viscoelastic models, the magma chamber

sits on the boundary between a hot substrate that behaves
viscoelastically and a colder upper elastic layer (Nooner
and Chadwick 2009; Yamasaki et al. 2017). In the instance
of an eruption (or other volume change at the source),
such a system behaves identically to a model in which the
magma chamber is embedded in an elastic half space, i.e.
a volume loss by eruption will result in subsidence of the
surface above the chamber. In the period following a vol-
ume change at the chamber, however, the substrate can
flow, allowing the elastic stresses in the upper layer to
fully relax and the surface to return to its initial state, i.e.
if the surface subsided during an eruption, it will slowly
uplift during the post-eruptive relaxation period (Nooner
and Chadwick 2009). Such a model configuration can-
not explain our observations at Nabro, where we observe
ongoing subsidence following the eruption.
An alternative viscoelastic model configuration is one

where the magma chamber is surrounded by a viscoelastic
shell (Dragoni and Magnanensi 1989; Segall 2010, 2016).
Thermal models suggest that partially molten material
with elastic dilatational and Maxwell viscoelastic devia-
toric properties surround magma chambers (e.g. Hodge
1974; Spera 1980; Dingwell andWebb 1989). In suchmod-
els, a viscoelastic shell is formed as hot magma causes the
temperature of the crustal rocks surrounding the cham-
ber to be raised above the brittle-ductile transition (Del
Negro et al. 2009). The thickness of the shell is dependent
on the size of the magma chamber, the temperature of the
magma and the surrounding rock and the composition of
the material surrounding the chamber.
Assuming the geometry presented in Segall (2010),

which comprises a small spherical magma chamber, with
radius R1 less than depth d, surrounded by a viscoelastic
shell out to radius R2, embedded in an elastic halfspace,
Newman et al. (2001) and Segall (2010) showed that a
pressure change, �P, would induce vertical surface dis-
placements above the chamber that decay exponentially
with time. However, this model requires a mechanism
for the pressure change to be maintained. Segall (2016)
showed that if there is no flux of material in or out of the
chamber, then the co-eruptive pressure change can only
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be maintained if the magma is highly compressible. For
an incompressible magma, relaxation of the viscoelastic
shell following an eruption would actually cause the effec-
tive chamber radius R2 to increase, thereby causing uplift.
The full, complex behaviour of this model is explored in
full in Segall (2016), and the definitions of magma com-
pressibility are given in Rivalta and Segall (2008). The
ratio of displacement at infinite time to the initial co-
eruptive displacement is a function of the ratio of the radii
R1/R2, the dimensionless ratio, B, of magma and chamber
compressibilities (βm and βc) and the Poisson’s ratio ν:

u(t → ∞)

u(t = 0)
= (R2/R1)3

1 + 3(1−ν)
(1+ν)

B
[(

R2
R1

)3 − 1
] (2)

where

B = βc
βm + βc

, (3)

which is equal to the ratio between the instantaneous
volume reduction of the magma chamber during erup-
tion and the dense rock equivalent of the total volume
of erupted material (the inverse of the volume ratio rv
defined in Rivalta and Segall 2008). For a Possion’s ratio of
0.25 and B equal to 5/9, u(t→∞)

u(t=0) = 1, i.e. we don’t expect
any deformation from relaxation of the viscoleastic shell if
B is equal to 5/9. If 5/9 < B ≤ 1, then viscoelastic relax-
ation of the shell will cause post-eruptive uplift. If 0 ≤ B <

5/9, then we instead expect subsidence. The time history
of the surface deformation follows the function of Eq. 1.
For the case of Nabro, Goitom et al. (2015) estimated

the total volume of erupted material to be ∼ 0.47 km3

and the co-eruptive contraction of the magma chamber

to be in the range 0.07 to 0.1 km3, giving a value of B
of ∼ 0.15 to 0.21 (i.e. a magma that is highly compress-
ible). We can obtain an independent estimate for B using
the magma properties calculated from thermodynamic
modelling (see “Outgassing” section for details). Our cal-
culations give an estimate for βm of 6 × 10−11 Pa−1. For
an ellipsoidal magma chamber, Rivalta and Segall (2008)
showed that βc = 3/(4μ), so βc ≈ 2.5 × 10−11. This gives
an independent estimate of B of ∼ 0.29. Both of these
estimates are significantly less than the threshold of 5/9,
so viscoelastic relaxation of a spherical shell surround-
ing the magma chamber is a plausible mechanism for the
observed post-eruptive subsidence at Nabro.
In the viscoelastic shell model, the relaxation time con-

stant is a function of the ratio of radii and the viscosity η

and shear modulus μ of the shell:

tR = 3η(1 − ν)

μ(1 + ν)

(
R2
R1

)3
(4)

We therefore cannot uniquely determine viscosity with
this model. For a shear modulus of 1010 Pa and a Poisson’s
ratio of 0.25, we obtain viscosities of ∼ 3 × 1017 Pa s,
∼ 1 × 1017 Pa s, ∼ 5 × 1016 Pa s and ∼ 1 × 1016 Pa s,
for values of R2/R1 of 1.1, 1.5, 2 and 3, respectively. Our
best-fit viscoelastic model is shown in Fig. 7.
The viscosities we derive in this study are similar to

those estimated from the viscoelastic models. Del Negro
et al. (2009) use a finite element method (FEM) to model
ground deformation above a viscoelastic medium and
found that viscosities between 1013 and 1017 Pa s exist
when the magma chamber wall reaches a temperature of
1500 K. Masterlark et al. (2010) and Newman et al. (2001)
found that viscoelastic shell models with viscosities of

Fig. 7 Best-fit viscoelastic model (blue line) based on grid search for �V∞ and tR . Fitted volume change at infinite time (�V∞) is 0.13 ± 0.01 km3,
relaxation time tR = 2.23 ± 0.15 years. Relative to the start of the eruption (red line). Plotted with all observed data points (grey circles). The grey
lines mark the upper and lower one sigma error bounds on the tR and �V∞ values calculated from a Monte Carlo analysis using 1000 simulations.
a Viscoelastic model over a period of 20 years. bModel fit over the observation period
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7.5 × 1016 and 1016 Pa s can explain the surface deforma-
tion at Okmok volcano in the Aleutians and Long Valley
Caldera, California.

Thermal contraction
Observations of long-lived subsidence of the ground sur-
face have been attributed to cooling and crystallising
(hence contracting) magma at numerous volcanoes across
the world, such as Medicine Lake Volcano, California
(Poland et al. 2006); Okmok, Aleutians (Caricchi et al.
2014); Askja, Iceland; Basiluzzo island; Aeolian Islands
(Tallarico et al. 2003); and Volcan Alcedo, Galapagos
(Hooper et al. 2007). The subsidence measured in these
studies is thought to have persisted for years to centuries,
although the geodetic record typically only captures the
most recent subsidence.
Tallarico et al. (2003) proposed a simplified first order

model of the volume change induced by a cooling spher-
ical magma chamber. The model accounts for internal
magma chamber processes, such as thermal convection
and its interaction with crystallisation and chemical dif-
ferentiation, by allowing the radius of the chamber to
change over time. The model requires an open system
as volatiles produced by crystallisation (which could the-
oretically re-pressurise the chamber) are not accounted
for and therefore are effectively outgassed. Tallarico et al.
(2003) derive an expression for the volume of contraction
(�V ′(t)) after time t since the beginning of cooling:

�V ′(t) = −4
3
π

�ρ

ρs

(
t
3
2

�3 − 3R0
t

�2 + 3R2
0

√
t

�

)
, (5)

where R0 is the starting radius before contraction, ρs is the
density of solid magma, �ρ is density difference between
the solid and liquid magma (ρl) and � is a dimension-
less parameter that describes the state of heat within
the magma chamber and the efficiency of cooling. � is
defined in turn as follows:

� = ρl
√

πχ
(
Cp�T + fQl

)

2kTs
, (6)

where Cp is the specific heat capacity, �T is the temper-
ature change, χ is the thermal diffusivity of the crust, f is
the percentage of magma within the chamber that crys-
tallises, Ql is the latent heat of crystallisation, k is the
thermal conductivity of the crust and Ts is the tempera-
ture of the boundary through which the heat is passing.
The temperature decrease induces the growth of crys-
tals and contraction of the magma body (for full technical
details, see Tallarico et al. (2003)).
To find an appropriate value of �, we varied the values

for the constituent parameters discussed above based on
the values used in previous studies that are most appropri-
ate to Nabro (Table 1). Using these values, we calculated a
maximum and minimum �, then we inverted for the best

fitting �V ′ over the observed time period by performing
a grid search for the value of R0 that best fits our InSAR-
derived volume change time series model in (1). Smaller
radii of the chamber would lead to implausible values of�
and have therefore been ruled out.
The maximum plausible value of � is 1095 (Table 1).

This requires an initial radius of 2.39 ± 0.005 km to fit
the subsidence data; the minimum likely value of � of 191
implies an initial radius of 0.95 ± 0.002 km. Both models
fit the contraction histories well (Fig. 8). The model with
the smaller initial radius reaches the equilibrium such
that contraction ceases at approximately 1000 years from
the eruption date, whereas for the larger body, this equi-
librium is reached after approximately 10,000 years. The
model implies that the cooling magma body has a volume
in the range of ∼ 3.5 to ∼ 60 km3.
The simple cooling model requires a large magma body

to be present beneath Nabro, with a volume that is 35 to
600 times larger than the volume change that occurred
during this eruption. Therefore, most of themagmawould
have been present prior to the eruption. If the model is
valid, we would expect pre-eruption geodetic observa-
tions to also show subsidence at Nabro or to see evidence
for the injection of a large magma body immediately
before the eruption. Pagli et al. (2014) obtained a time
series of cumulative displacement between October 2006
and July 2010 over the entire Afar Region. They did not
observe any surface displacements at Nabro during this
period. Therefore, for thermal contraction to be a plau-
sible mechanism for observations at Nabro, we would
require a very large injection of new material into the
chamber between July 2010 and the eruption on 12 June
2011. Unfortunately, there was no radar data acquired in
this period over Nabro. Regional seismicity data shows
that there was a MW 4.5 earthquake on 31 March 2011
(Goitom et al. 2015), implying that some magma move-
ment took place. Donovan et al. (2018) performed whole
rock and melt inclusion analysis on the samples taken
from Nabro and the surrounding region during a field
expedition in October 2011. Their petrological observa-
tions show that new magma arrived in a pre-existing
chamber, likely triggering the eruption. But the new
magma volume is likely to be small compared to the size
of the pre-existing chamber. Further, we also note that for
a radius between 1 and 2 km and a volume of contraction
of 0.06 km3, the resulting stress change is very large. This
suggests that this mechanism alone is not controlling the
subsidence observed at Nabro.
An alternative cooling model that could apply was sug-

gested by Tomiya and Takahashi (1995). They proposed
that the stirring of a thermally stratified magmatic sys-
tem could lead to accelerated cooling and contraction.
This model is hard to rule out using the deformation data
without independent constraints.
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Table 1 Exampleminimum andmaximum values for the thermal characteristics of a magmachamberused to calculate thermal contraction

Param. Units Max value Reference Min value Reference

Cp J Kg−1 K−1 1100 Martin et al. (1987) 1047 Armienti et al. (1984)

f 0.9 Tallarico et al. (2003) 0.6 Armienti et al. (1984)

k Wm−1 K−1 3 Chapman (1986) 2.3 Armienti et al. (1984)

Ql J Kg−1 800000 Armienti et al. (1984) 334944 Tallarico et al. (2003)

Ts K 1130 Donovan et al. (2018) 1030 Donovan et al. (2018)

�T K 350 Armienti et al. (1984) 150 Huppert and Sparks (1981)

ρs kg m−3 3300 Scandone and Giacomelli (1998) 3084 Scandone and Giacomelli (1998)

ρl kg m−3 2750 Sparks and Huppert (1984) 2570 Armienti et al. (1984)

Magma withdrawal
Subsidence in some instances has been attributed to vol-
ume loss following the outflow of hydrothermal fluids or
drainage of magma. The magma chamber beneath Askja
volcano has been losing volume since at least 1983 (Pagli
et al. 2006); this has been interpreted as a combination of
magma drainage and thermal contraction (de Zeeuw-van
Dalfsen et al. 2005). Hamlyn et al. (2014) suggest poten-
tial linkages between the shallow chamber at Nabro and
deeper potential sources based on the distribution of seis-
mic data. If magma drainage is occurring beneath Nabro,
it must be flowing to a depth where the resultant deforma-
tion cannot be detected at the surface. We have modelled
aMogi geometry within an elastic halfspace, which under-
goes a volume decrease of 0.13 km3. We found that if this
source is located at a depth of 30 km, the resulting sur-
face displacement is approximately 3 mm, which is less
than the level of noise in our atmosphere-corrected InSAR
data. Therefore, based on this model, 30 km represents
an upper bound on the detectable depth of magma move-
ment. If this mechanism is applicable, then we believe it

would be more likely that the magma was draining into a
hot, inelastic part of the lower crust or upper mantle, but
a physical mechanism for this is not obvious.

Outgassing
An alternative mechanism for post-eruptive volume loss
is gas loss from the magma chamber. Outgassing has
previously been invoked as the mechanism forcing the
continued subsidence of Llaima volcano (Chile) and
Satsuma-Iwojima volcano (Japan) (Girona et al. 2014;
Iguchi et al. 2002). The eruption of Nabro was notable
for its significant output of SO2, an estimated 4.3 Tg of
which was emitted to the atmosphere during the eruption
(Theys et al. 2013), one of the largest atmospheric aerosol
pertubations since the 1991 eruption of Mt. Pinatubo. We
consider the mass of SO2 calculated by Theys et al. (2013)
to be a maximum value; Sealing et al. (2015) estimated the
emitted atmospheric SO2 to be 2.3 Tg.
We have generated a suite of gas compositions for a

magma in the system C-S-O-H-Fe during decompression,
using thermodynamic modelling software D-Compress

Fig. 8 The volume of thermal contraction calculated from the maximum value of � is shown in blue, and the volume of contraction assuming a
minimum is shown in green. Using �min requires an initial starting radius of 0.944 km, and �max results in an initial radius of 2.386 km. a Thermal
model over a period of 20 years. bModel fit over the observation period
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(Burgisser et al. 2015). Across an appropriate range
(10–1000 MPa) of crustal pressures, we calculate the
amount and composition of exsolved gas and consequent
bulk magma density (similar to the approach adopted
in McCormick Kilbride et al. (2016)). The model out-
puts can be used to calculate co-eruptive volume change
and SO2 emissions, which we compared to the observed
co-eruptive InSAR-derived volume change and SO2 emis-
sions reported by Goitom et al. (2015) and Theys et al.
(2013), respectively. By fitting these observations, we can
reconstruct pre-eruptive storage conditions.
We assume that the final volume loss predicted by the

exponential decay model (�V∞ = 0.13 km3) is instead
explained by gas loss from the magma chamber. Our cal-
culations suggest a gas-richmagma with∼ 10% by volume
exsolved gas at a depth of 6.4 km, equivalent to∼ 2 weight
percent gas, composed mainly of carbon and sulphur,
which is broadly consistent with the melt inclusion data
of Donovan and Pyle (2017). If we assume that the entire
post-eruptive subsidence volume loss (�V∞) of 0.13 km3

is a consequence of this gas phase escaping to the surface,
then we obtain a minimum size of the magma chamber of
1.3 km3 for the case when all of this gas escapes follow-
ing the eruption. If this gas is a pure CO2 phase at 6.4 km
depth, the total mass of CO2 leaving the chamber would
be ∼ 90 Mt, using the ideal gas law, which is equivalent to
a flux of 24 kt−1 d−1 if it is emitted evenly over 10 years.
Note that this is the rate of CO2 leaving the cham-

ber and not necessarily the flux that would be measured
at the vent area. There is likely to be a diffuse flux of
CO2 on and around the flanks of the volcano controlled
by fractures and other more highly permeable areas. At
Hekla volcano, comparison of the CO2 content of ground
water to the CO2 content of volcanic plumes suggests
that as much as 94 to 99% of the total CO2 from the
volcano is removed by hydrothermal systems. Nabro was
assessed for potential development as a hydrothermal
energy source by the Eritrean government; the report
suggests a ‘potentially significant’ hydrothermal system
beneath the volcano. This implies that some reduction
of the CO2 flux to the atmosphere may be possible, but
we cannot quantify this. Additionally, this CO2 flux is a
maximum estimate as the model assumes that the magma
is instantaneously emplaced at a certain depth, and this
determines the resulting composition and fluid volume
fractions; the model does not simulate the exsolution
of CO2 as the magma migrates from depth to the stor-
age zone prior to the eruption. It also assumes that no
outgassing occurs at Nabro prior to the eruption.
Nevertheless, outgassing is a plausible mechanism

to explain some or all of the subsidence observed
at Nabro following eruption. To explain the observa-
tions, at least 1.3 km3 of melt with no prior gas
loss would have to be present in the crust, and it

would have to lose its entire gas content following the
eruption, for example, through fracture systems cre-
ated during the numerous earthquakes that occurred.
For gas loss to be a plausible mechanism, we would
expect a much larger magma body than the minimum
bound from this calculation, as some gas will have
likely been lost prior to eruption, and some gas may
not escape.

Conclusions
Nabro volcano is situated in an arid environment with a
lower and broader topographic profile than many other
stratovolcanoes„ but despite these factors, we still find sig-
nificant atmospheric signals within our InSAR data. We
have found that applying an empirical correction to the
CSK data in order to remove atmospheric signals sig-
nificantly underestimates the rate of subsidence due to
the correlation between the signal and the topography of
the volcanic edifice. Using auxiliary weather model out-
puts from ERA-I to correct the InSAR data is a necessary
step to adequately remove atmospheric artefacts without
removing the topographically correlated volcanic signal.
By undertaking kinematic modelling of the InSAR time

series, we were able to observe how the plumbing sys-
tem evolved following the eruption. Beneath Nabro, we
find no time-dependent changes in the 3D position of
the source of the deformation. This is consistent with
the post-eruptive processes at the magma chamber being
responsible for the subsidence.
To explain the subsidence, we explored closed-system

processes (viscoelastic relaxation, thermal contraction)
and processes that involve the loss of material (magma,
gas) from the chamber. We consider thermal contrac-
tion an unlikely mechanism because no subsidence
was observed prior to the eruption. Viscoelastic relax-
ation of a shell surrounding the chamber can explain
the observations—it requires a magma compressibil-
ity that is consistent with estimates from the ratio of
erupted volume to co-eruptive volume change at the
magma chamber.
Although they cannot be ruled out, processes that lose

magma directly seem unlikely as they would require a
mechanism for deep emplacement of magma (drainback)
from the chamber. Outgassing is a plausible mechanism to
explain some or all of the subsidence. CO2 is the primary
gas phase at the depth of the magma chamber—for loss of
this gas phase to explain all the post-eruptive subsidence
requires a minimum magma chamber size of 1.3 km3.
It is also possible that a combination of these processes
contributes to the overall subsidence observed, such as
both viscoelastic relaxation and outgassing occurring
beneath Nabro.
A future reversal of the subsidence at Nabro will have

important implications for potential future eruptions.
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Future uplift of the edifice would suggest that a new
influx magma is repressurising the system. However, it
is possible that such recharge would be masked by the
ongoing subsidence.
Our study emphasises the value of long geodetic time

series at volcanic centres. Observations of pre-, co- and
post-eruptive deformation provide powerful constraints
on possible mechanisms working in the magma system.
However, to fully understand a magmatic plumbing sys-
tem and the physical mechanisms at work, we require
observations and data from other sources. In particular,
petrological data, direct monitoring of gas emissions and
gravity and seismic monitoring would all be extremely
valuable in future studies.

Additional file

Additional file 1: The RMS difference in metres between the LOS
displacement predicted by a Mogi source model for each epoch. Different
satellites are shown with different colours. (JPG 204 kb)
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