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Abstract A variety of methods exist to constrain sub-
volcanic storage conditions of magmas. Petrological, seis-
mological and satellite geodetic methods are integrated to
determine storage conditions of peralkaline magmas beneath
Dabbahu Volcano, Afar, Ethiopia. Secondary ion mass spec-
trometry (SIMS) analysis of volatile contents in melt inclu-
sions trapped within phenocrysts of alkali feldspar,
clinopyroxene and olivine from pantellerite obsidians rep-
resenting the youngest eruptive phase (<8 ka) show H,O
contents <5.8 wt.% and CO, contents generally below
500 ppm, although rarely as high as 1,500 ppm. Volatile
saturation pressures (at 679-835°C) are in the range 43—
207 MPa, consistent with published experimental data for
similar pantellerites, which show that the phenocryst assem-
blage of alkali feldspar + cpx + aenigmatite + ilmenite is
stable at 100 to 150 MPa. Inferred magma storage depths for
these historic eruptions are ~1-5 km below sea-level,
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consistent with the depths of earthquakes, associated with
magma chamber deflation following a dyke intrusion in the
period Oct 2005—Apr 2006. Interferometric synthetic aper-
ture radar (InSAR) data for the same period reveal a broad
~20 km diameter area of uplift. Modelling of different
geometries reveals that a series of stacked sills over a 1—
5 km depth range best matches the InNSAR data. The con-
sistency of depth estimates based on petrological study of
ancient eruptions and the seismicity, inflation and deflation
of Dabbahu observed in relation to the dyking event of
2005, suggest a small but vertically extensive and potential-
ly long-lived magma storage region.

Keywords Melt inclusions - Afar- Magma storage -
Dabbahu - Volatiles - InSAR - Peralkaline

Introduction

Dabbahu volcano is situated in a remote area of northern
Ethiopia with almost no documented eruptions. In this
study, we attempt to further our understanding of the magma
storage beneath Dabbahu volcano and thus future eruptions,
by integrating three lines of evidence: petrology, seismicity
and interferometric synthetic aperture radar (InSAR). Al-
though active fumaroles, seismicity and InSAR evidence
of inflation and deflation centred beneath Dabbahu indicate
the volcano is active, there are no recorded eruptions
of Dabbahu itself in historical times. However, evidence
shows that large eruptions have occurred during its history.
Constraining magma storage depths is critical in evaluating
likely eruption styles and mitigating volcanic hazard and yet
is notoriously hard to do remotely. Petrological methods
for constraining magma storage depths (Blundy and
Cashman 2008) include measurement of dissolved volatiles
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(principally H,O and CO,) in phenocryst-hosted melt inclu-
sions (MI), from which saturation pressures are calculated
using solubility models. These methods are a posteriori in
that they require erupted materials and thus can determine
where magma was stored prior to the last eruption, but this
need not be the same as current magma storage depths.
Petrological methods rely on a magma being volatile-
saturated which needs to be independently evaluated,
on reliable pressure—solubility models as solubility is
composition-sensitive and temperature-dependent, and on
suitable crustal density models for pressure—depth conver-
sion. Finally, further complications may occur from post-
entrapment volatile leakage from MI or diffusive loss of
volatiles through the host mineral.

An alternative means of prospecting for un-erupted magma
is to deploy dense arrays of seismometers to record local or
teleseismic events and use precisely located local earthquakes
to define the outer margins of a magma body or construct full
tomographic inversions (e.g. Lees 2007; Shalev et al. 2010).
Magnetotelluric methods are sensitive to the presence of shal-
low highly conductive magma layers (e.g. Hill et al. 2009;
Whaler and Hautot 2006), but data acquisition is time-
consuming and expensive and the presence of a shallow,
non-magmatic layer such as an aquifer can reduce depth
resolution. Gravity measurements provide robust means of
imaging sub-crustal density, but in isolation can only identify
low-density bodies, rather than magma per se. Repeated grav-
ity surveys have been used successfully to track the migration
of density anomalies and hence infer sub-volcanic magma
movement (e.g. Williams-Jones et al. 2008).

InSAR is a tool that enables surface deformation to be
mapped with high precision and high spatial resolution re-
motely (Biirgmann et al. 2000; Wright 2002). InSAR has
recently been used in the Andes to identify areas of active
upwelling, thought to correspond to recharge of the crustal
magma storage regions (Pritchard and Simons 2002). Recon-
structing magma storage depths from InSAR is not straight-
forward because of the uncertainties that accompany the
rheological behaviour of crustal rocks surrounding the magma
body and simple models, e.g. such as those of Mogi (e.g. Sasai
1991), cannot capture the complexities of the natural situation.
The geometry of the magma body and the rheology of the
wall-rocks also influence the observed deformation pattern.
Careful matching of observed and modelled deformation pat-
terns, such as that performed by (Wright et al. 2006), serves to
increase confidence in estimated magma storage depths, but
such solutions are inherently non-unique.

In this paper, we combine petrological, seismic and
InSAR methods of estimating magma storage conditions
beneath an active volcano in the remote Afar region of
northern Ethiopia. The petrological estimates are derived
from the youngest, peralkaline rhyolites erupted from Dab-
bahu volcano (<8 ka), whereas seismicity and InSAR data
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pertain to on-going tectono-magmatic activity in the area.
Our principal objective is to establish whether current pat-
terns of unrest are consistent with previous, pre-eruptive
magma storage conditions. To our knowledge, this is the
first time that these three approaches have been combined to
constrain magma storage depths beneath an active volcano.

Geological background

Dabbahu is a Quaternary volcano situated at the northern end
of the Manda Hararo rift segment (MHRS) in the Afar region
of Ethiopia (12° 39'39.24" N, 40° 28'45.10" E) (Fig. 1). The
Afar depression at the triple junction between the Red Sea,
Gulf of Aden and East African rift has been produced by
rifting of Arabia away from the African continent over the
past ~30 million years (Myr) (Wolfenden et al. 2005). The
southern Red Sea rift has become segmented over the past
~3 Myr with the development of ~60 km long magmatic
segments as faulting and volcanic activity has become more
focused into localised regions (Barberi and Varet 1977).

The MHRS, a 35 km wide central depression interspersed
with silicic edifices (Lahitte et al. 2003), comprises the
currently active Dabbahu magmatic segment (DMS) to the
north and the adjacent Hararo segment to the south (Row-
land et al. 2007). The DMS includes a dissected silicic
complex known as the Ado’Ale Volcanic Complex (AVC)
~30 km SSE of Dabbahu. Known also as Boina, Dabbahu is
a ~1,400 m high central volcano rising from a base of
fissural basalts and considered an example of a full fraction-
al crystallisation suite from mildly alkaline basalts to per-
alkaline rhyolites (Barberi et al. 1974a, b; Bizouard et al.
1980). The youngest volcanic rocks at Dabbahu are peralka-
line rhyolitic obsidians (Barberi et al. 1974a), characterised
by molar (Na,0O+ K,0)/Al,O5 >1, (NK/A), which can be
further sub-divided into comendites and pantellerites
(Macdonald 1974). These lavas have formed the distinctive
NW and summit flows (Fig. la) up to ~8 m high with
pantellerite flows overlying the comendite flows. Both
comendites and pantellerites are found as lava flows and in
the form of explosive tephras. Individual flow sizes vary
from tiny (<0.001 m?) to ~0.13 km®. A small rhyolitic ash
eruption occurred ~7 km from Dabbahu summit at the
Da’Ure vent (12° 39'00.58” N, 40° 31'10.43" E) in 2005,
the first documented historical eruption in this area, which
coincided with the largest dyke opening event ever

Fig. 1 a Sample locality (satellite image courtesy of Sophie Hautot). p

The prominent dark flows in the NW and around the summit are
obsidians and represent the youngest volcanic activity in the area.
Numbers in red denote samples used for melt inclusion analysis, those
in white, matrix glass analysis. b Location map of Dabbahu and the
Manda Hararo Rift Segment (MHRS). ¢ Simplified geological map
based on Barberi et al. (1974a)
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measured (~60 km) and the first such event in the modern
age of satellite geodetic methods (Ayele et al. 2007). Modelled
as a basaltic dyke at ~10 km depth (Wright et al. 2006),
analysis suggests the dyke was sourced from three locations:
the Dabbahu and Gab’ho volcanic complexes and the third
major source at the AVC south of Dabbahu (Ayele et al. 2009).

Samples studied

We analysed matrix glasses from pumices and rhyolite obsidian
flows and glassy MI from four rhyolite obsidians, collected
from Dabbahu during field campaigns in 2008 and 2009.
Samples 019, 021, 023 and 055 are from some of the youngest
flows on Dabbahu; sample 055 is from the summit area. These
obsidian rhyolites are phenocryst-poor, e.g. the most crystal-
rich sample used (sample 055) contains just 7 vol.% phenoc-
rysts. Crystals are generally discrete, although a few glomer-
ocrysts are present. The dominant phenocryst assemblage from
these samples is alkali feldspar + clinopyroxene + apatite, with
alkali feldspar being the most abundant phenocryst. Feldspar
and clinopyroxene form euhedral to subhedral crystals; feld-
spars are large (up to 1.5 mm) compared with clinopyroxenes
(up to 200 pum). Fayalite, aenigmatite and ilmenite crystals are
also found in the samples, together with rare amphibole. Faya-
lite occurs as both phenocrysts (021) and groundmass (019 and
021). Amphibole, aenigmatite and ilmenite are limited to single
samples: Euhedral acnigmatite is present as phenocrysts up to
400 um (sample 055); a single amphibole crystal (023) was
found in disequilibrium with the matrix; ilmenite is found in the
only sample to contains any quartz (021) as rare spherulitic
intergrowths with feldspar (<200 um). Vesicles are present in
two samples (19 and 55). Inclusions of clinopyroxene and
apatite are occasionally found in the feldspars within the same
two samples. Microlites are numerous and are aligned in flow-
bands. Scoria and pumice samples, which, due to rapid quench-
ing usually provide superior MI samples (e.g. Anderson and
Brown 1993), were found to be largely aphyric or with rare
crystals too small to be utilised. The obsidians show no obvious
evidence of weathering, rehydration or other secondary alter-
ation in hand sample. The major phases are alkali feldspar and
Fe—augite, with alkali feldspar the most promising MI host; rare
MI were also located in Fe—augite and fayalitic olivine. MIs are
remarkably scarce within the Dabbahu rocks; sample 055
yielded the greatest number.

Analytical techniques
Whole rock

Whole rock major and trace elements were analysed by X-
ray fluorescence (XRF) using a fused glass discs and

@ Springer

pressed powder pellets, analysed by a PANalytical Axios-
Advanced XRF spectrometer at Leicester University. Loss
on ignition was performed in two stages at 750°C and 950°C
in order to minimise alkali loss from these peralkaline rocks.
Major element whole rock data are given in Table 1.

Microanalysis

The samples were crushed by hand, and individual crystals,
fragments of obsidian and pumice matrix glass were hand-
picked, mounted in resin and polished to expose the MI.
Prior petrographic observation ensured all the feldspar
grains mounted contained MI (Fig. 2). In dark host minerals
(e.g. Fe—augite), the mineral colouration concealed any
inclusions, and these were therefore mounted en masse to
maximise the opportunity of locating MI. Exposed MI were
examined and mapped (uncoated to minimise carbon con-
tamination) using a Hitachi S-3500N scanning electron mi-
croscope (SEM) at Bristol University. Any MI displaying
cracks, re-entrants or obvious signs of post-entrapment pro-
cesses were rejected. The 71 MI (59 in feldspar, nine in cpx,
three in olivine), 12 obsidian matrix glasses and eight pum-
ice matrix glasses were analysed by secondary ion mass
spectrometry (SIMS) for dissolved H,O and CO, and a
number of trace elements, using a CAMECA ims-4f ion
microprobe at the NERC facility, University of Edinburgh.
To enhance relief, grain mounts were polished with 0.3 um
alumina for 30 s prior to gold coating. A 5 nA, 10 kV
(nominal) O-beam with a 15 pum focused spot was used.
Secondary ions were collected at 4.5 kV with a 75 eV offset
to minimise molecular ion transmission. Samples were pre-
sputtered using a 50 um beam for 2 min to remove any
surface contamination. Heavy and light trace elements were
determined in two separate runs on exactly the same spot.
NIST-28, NIST-610, RB-480, SISS-51 silica-rich glass
standards, together with a rhyolite glass from Dabbahu as
a monitor of background consistency were analysed at the
start and end of each day. '*C counts were corrected for the
2*Mg*" isobaric interference by peak-stripping using **Mg*"
at mass 12.5 (Blundy and Cashman 2008). Because of the
very low MgO contents of the studied glasses (<0.25 wt.%),
the interference of **Mg”" at '>C is small. Uncertainties in
element abundance, determined by normal error propagation,
are <0.3 wt.% for all H,O analyses (typically <0.01 wt.%)
and <40 ppm for CO,.

A CAMECA SX-100 electron microprobe at the Univer-
sity of Bristol was used for major element analysis. A 15 kV
accelerating voltage, 4 nA beam current and defocused
10 pm beam was used for MI, matrix glasses and feldspar
hosts, with Na analysed first to reduce the effects of alkali
migration (Humphreys et al. 2006). For cpx and olivine
hosts, a 20 kV accelerating voltage, 10 nA beam current
and 1 pm beam was used. P, S and Cl were also analysed,
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Fig. 2 Images of typical melt
inclusions. a Photomicrograph
of Ml in feldspar (fsp) with
bubble (b). Scale bar 20 pm. b
BSE image of the MI used for
element mapping showing
fluorite nuclei around the MI
rim, scale bar 10 um. ¢ BSE
image of a MI in a feldspar host
(sample 055). Scale bar in ¢ and
d 100 um. d BSE image of a
MI in olivine (of) (sample 021)

with Zr in a subset of samples. Major, trace and volatile
element analyses are given in Tables 2 and 4.

In order to assess the extent of chemical heterogeneity
and minute daughter minerals, energy-dispersive element
mapping was carried out on a typical MI from sample 055
(Fig. 2b) using the Hitachi S-3500N SEM with 40,000 cps,
20 kV with a dead time of ~30%, over an area ~40x30 pum.
This procedure causes extensive damage to the MI render-
ing them unusable for further analysis and was therefore
limited to a single inclusion.

Mid-IR spectra for H,O in three matrix glasses were
obtained using a Nicolet Nexus 670 FTIR spectrometer with
an IR PLAN microscope attachment, Globar source, KBr
beamsplitter and MCT detector (512 scans at 8 cm ' resolu-
tion). Double- polished plates of around 80-380 pm thickness
were prepared and measured with Mitutoyo Digital Microm-
eter to +1um. Samples were sectioned perpendicular to any
flow banding to examine any variation associated with this
feature. Absorption peak heights at 3,550 cm ' were con-
verted to concentrations using the Beer—Lambert equation
and extinction coefficients of 56 L/mol cm (Newman et al.
1986). A density of 2,350 g/l was assumed (corrected to low
pressure from Tamic et al. 2001).

Results
Whole rocks and matrix and pumice glasses

Major element data were assessed for post-eruptive alkali
loss (e.g. through weathering) using the molar FK/Al (mol
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fluorite
nuclei

Fe + K/Al) vs NK/A (mol Na + K/Al) criteria of White et al.
(2003). All samples used fell inside the 95% confidence
lines consistent with a lack of any significant alkali loss.
Samples 019, 021, 023 and 055 are peralkaline with a molar
NK/A range from 1.5 to 1.6 and contain SiO, (anhydrous)
whole rock contents of 73.1-73.4 wt.%. A direct compari-
son of matrix glasses from these samples show they are
comparable; sample 021 contains rare quartz and feldspar
spherules and has —0.6 wt.% lower SiO, (Tables 1 and 2).
Other obsidian glasses and pumices samples show whole
rock SiO, contents of 70.5-75.0 wt.% and matrix glass
values of 72.1-75.3 wt.%. The H,O content is low in
obsidian matrix glasses <0.2 wt.%, consistent with exten-
sive syn-eruptive degassing. Pumices have a higher range
(0.2-1.2 wt.%), and it is possible that those pumices with
higher water content may have suffered some minor sec-
ondary hydration and associated alkali loss. Likewise, CO,
values range from below detection to <30 ppm in obsidian
matrix glasses and <350 ppm in pumice glasses.

Alkali feldspar-hosted MI

The euhedral alkali feldspar hosts (<1 mm) are An-poor
anorthoclase (ANg) (Table 3, Fig. 3). In the rare instances
MI were found, the host crystals typically contain a green
(sample 055), to colourless (sample 019), single rounded or
elongate MI up to ~150 um in length. The primary concern
when using MI to infer pre-eruptive volatile contents is
whether they truly represent the original melt from which
they were trapped, or whether post-entrapment modification
has compromised them (Metrich and Wallace 2008). This
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Fig. 3 Partial ternary
classification diagrams for
feldspar MI host crystals a and
b pyroxene host (sample 055)
and non-host compositions.
Both plots show limited range
in compositions
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may be indicated by bubbles, devitrification, crystallisation
or fracturing which can result in loss of vapour (Nielsen et
al. 1998). All alkali feldspar hosted MI in this study contain
one or more shrinkage bubbles up to 30 um diameter,
occupying an average of 2% of the total MI volume. Part
of a typical MI was element mapped by SEM to check for
signs of post-entrapment crystallisation; some nuclei
(<1 um) were visible under element mapping conditions at
~40,000 cps (Fig. 2b). The maps show these nuclei are CaF,
indicating the inclusion was close to, or at, fluorite satura-
tion. Phenocrystic fluorite has been found in Kenyan per-
alkaline rhyolites (Marshall et al. 1998) but has otherwise
not been recorded in pantellerites, despite broadly similar
fluorine contents.

The MI have values of molar NK/A of 1.1-1.8 that lie
close to their host rocks (Tables 1 and 4), with SiO, content
higher than the whole rock values (69.2-79.1 wt.%) on an
anhydrous basis. HO content shows a wide range of 2.3 to
5.8 wt.%; CO, values vary from below detection to 462 ppm
(Table 4: online resource 1 is a table containing all melt
inclusion analyses).

Cpx- and olivine-hosted MI

Rare cpx-hosted MI were located in euhedral Fe—augites
(sample 055), and where found, each contained one to two
rounded MI. The crystals are <1 mm in length with average
compositions of Woy;, Fssg and Eng (Table 3, Fig. 3). The
MI are up to ~150 pum in length (average ~71 um). If
present, bubbles are small, up to ~18 um diameter. The
largest bubble occupies 11% of the volume of the total MI,
but the smaller bubbles average 1% volume. The MI have an
Si0O, range of 71.8-74.9 wt.%. H,O contents lie at or below
the low end of the alkali feldspar-hosted MI (1.1-3.6 wt.%),
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whereas CO, values (26-308 ppm, with one inclusion con-
taining 1,457 ppm) extend the range to higher values
(Table 4).

Three subhedral fayalite olivine hosts (Fagg 7_100)
(Table 3) were located in sample 021 each containing
a single, bubble-free, MI <36 pm diameter. Typically
olivine-hosted MI is corrected for post-entrapment crystal-
lisation (Danyushevsky et al. 2000). However, due to the
lack of MgO in both the MI and the host, this has not been
possible. The MI have an SiO, range of 69.2-69.9 wt.% and
low volatile contents: 0.2—0.6 wt.% H,O and 279484 ppm
CO, (Table 4).

Comparison to volatile contents of other peralkaline
rhyolites

Early studies of peralkaline rhyolites proposed that H,O
contents were low (<0.5 wt.%) based on low H,O and high
Cl concentrations within matrix glasses (Bailey et al. 1974;
Bailey and Macdonald 1969; Nicholls and Carmichael
1969). MI studies have now been published from a range
of peralkaline rhyolites, which consistently show relatively
high H,O contents, e.g. Pantelleria, Italy, 1.4—4.3 wt.% (e.g.
Lowernstern and Mahood 1991; Gioncada and Landi 2010),
Greater Olkaria Province, Kenya, 0.9-3.4 wt.% (5.7 wt.%
after accounting for degassing; Wilding et al. 1993), Fantale,
Ethiopia, 0.4-8.5 wt.% (mean of 4.6—4.9 wt.%) (Webster et
al. 1993), Mayor Island, NZ, 2.6-5.0 wt.% (Barclay et al.
1996), Baitoushan Volcano, China/North Korea, 1.3-6.6 wt.
% (Horn and Schmincke 2000). Experimental studies such
as those from Pantelleria and Eburru, Kenya, which suggest
peralkaline pre-eruptive water contents were >4 wt.%, even
as high as 5-6 wt.%, support these findings (Di Carlo et al.
2010; Scaillet and Macdonald 2001, 2006).
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Major and trace element systematics

Major element data for Dabbahu, as a whole, span a wide
compositional range from basalt to rhyolite (Barberi et al.
1974a) consistent with protracted fractional crystallisation
of basaltic parent magma. Here, we focus only on the
intermediate and silicic rock types (>58 wt.% SiO,), in order
to provide a framework for interpreting the MI data. Whole-
rock data in Table 1, for the samples studied here, are
augmented by unpublished data for intermediate rocks.
Whole rocks up to ~69 wt.% SiO, show a single magmatic
lineage characterised by increasing K,O, roughly constant
Al,O3 and falling TiO, and FeO, although the latter shows
some scatter (Fig. 4). Above 69 wt.%, SiO, the evolved
rocks show two divergent trends, comendites (low FeO,
high Al,05) and pantellerites (high FeO, low Al,O5). Strong
negative correlation between FeO and SiO, (Fig. 4a) in the

comendites requires higher proportions of Fe—augite than in
pantellerites. The modest fall in TiO, with SiO, for both
suites (Fig. 4d) is consistent with the presence of accessory
ilmenite.

Matrix glasses from pumices and obsidians lie at the high
Si0, end of the corresponding whole rock trends for comen-
dites and pantellerites, consistent with the nature of the host
rock. The very limited enrichment of matrix glass SiO,
compared with whole rocks is consistent with very low
phenocryst contents. The MI span a wide range of SiO,
(69-78 wt.%) that overlaps but extends the whole rock
range. The olivine-hosted MI lie at the low SiO, end of
the range, consistent with trapping at a relatively early stage
of magma differentiation. The alkali-feldspar hosted inclu-
sions provide the closest match to the whole rocks, but also
extend to the highest SiO,. Close agreement between the
composition of the alkali feldspar-hosted inclusions and the

o whole rock (unpublished) A olivine hosted MI Alkali fsp A sample 019
e whole rock A cpx hosted Ml hosted Ml A sample 021
(comendite - unpublished)
© whole rock ¢ glass matrix (pantellerite) A sample 023
(pantellerite - unpublished)
10 e alkali fsp + glass matrix (comendite) A sample 055 20
A B
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Fig. 4 Selected Harker diagrams for major element oxides (wt.% basis, normalised to 100% anhydrous). Data augmented by unpublished whole
rock (XRF) data, and where applicable, alkali feldspar data. Typical uncertainties (1) indicated by error bars
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whole rocks testify to limited post-entrapment crystallisa-
tion of the MI around their walls, consistent with our petro-
graphic observations. However, there is scatter evident in
the FeO-SiO, plot (Fig. 4a), which may be caused by
crystallisation of alkali feldspar, which is low in FeO. Based
simply on mass balance considerations, the amount of post-
entrapment crystallisation is modest, about 10 wt.% in the
case of the most FeO-rich MI. The majority of the inclusions
do not form an array that back-projects to alkali feldspar
compositions, best seen in the Al,O0s—SiO, plot (Fig. 4b),
instead extending the whole-rock trend, which is itself con-
trolled by both alkali feldspar and mafic minerals, such as
Fe—augite. Thus, post-entrapment crystallisation cannot be
considered as the primary driver of MI compositional vari-
ation. The same cannot be said of the Fe—augite-hosted M1,
which do not match the whole rock pantellerites having
lower FeO and higher K,O and Al,O5;. We attribute these
discrepancies to post-entrapment crystallisation of host Fe—
augite with ~31 wt.% FeO (Table 3). Again, using mass
balance constraints, the extent of post-entrapment crystalli-
sation is only 7 wt.%. The offset is simply more pronounced
than for alkali feldspar host MI because the host mineral is
so different in composition to the MI. In summary, the
amount of post-entrapment crystallisation suffered by the
MI suite as a whole is sufficiently small that our measured
MI volatile contents are likely to deviate from their true
values at entrapment by no more than 10% relative and, in
the vast majority of cases, much less. For that reason, we
have not attempted to make any post-entrapment crystalli-
sation corrections to volatile contents as measured.

Trace element concentrations in matrix and MI glasses
also overlap with whole rock data, e.g. for Zr (Fig. 5a). The
high Zr contents (>1,000 ppm) are a consequence of the
high solubility of zircon in peralkaline melts; only the
comendites show any evidence for a drop on Zr at high
Si0,, consistent with eventual zircon saturation. Zircon
crystals are not observed in the samples considered in this
paper, although zircon crystals have been identified in one
comendite and one metaluminous rhyolite from Dabbahu.
Pairs of incompatible trace elements, such as Nb and Zr
(Fig. 5b) are strongly correlated and lie at the high concen-
tration extrapolation of the trachyandesite and trachyte
whole rocks and overlap with the comendites and panteller-
ites. Some comendites are displaced to slightly lower Nb at
a given Zr, perhaps due to a greater role of ilmenite (which
can accommodate Nb) in the evolution of these rocks. Again
the olivine-hosted MI are the least evolved in terms of their
incompatible trace elements. A single Zr-rich (1,720 ppm)
alkali-feldspar hosted MI (055-al; Table 4) may have expe-
rienced significant post-entrapment crystallisation, although
the FeO content (6.42 wt.%) is not remarkably high.

The wide range in Zr content and the demonstrable
incompatibility of this element make it a useful monitor
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Fig. 5 Diagrams of Zr concentration in whole rock, MI and matrix
glasses plotted against a SiO,, b Nb, ¢ Ba—note the logarithmic scale.
Typical uncertainties (1 SD based on counting statistics) indicated by
error bars

of the extent of fractionation (F). Zr is not well correlated
with SiO, (Fig. 5a), indicating that the latter component
does not adequately reflect F. Thus, the total change in F'
for MI, notwithstanding the anomalous high Zr sample, is a
factor of 1.75, equivalent to 57% crystallisation, yet the
total increase in SiO, over the same interval is only 69 to
75 wt.%. In a large part, this reflects the high SiO, content
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of the alkali-feldspar-dominated crystallising assemblage,
such that large amounts of crystallisation manifest as only
small changes in SiO,. The onset of alkali feldspar crys-
tallisation is evident on a logarithmic plot of Ba (which is
compatible in alkali feldspar) versus Zr (Fig. 5c). In sum-
mary, the chemical variation in the comendites and pan-
tellerites reflects considerable fractionation, despite little
variation in SiO,. The lack of any significant correlation
between an incompatible trace element, such as Zr, and
Si0, (Fig. 5a) is suggestive of near-eutectic behaviour; the
major elements are buffered within the system and there-
fore vary little during crystallisation. One explanation is
that crystallisation took place close to the ternary mini-
mum. In metaluminous systems, it is possible to use the
composition of melts within the haplogranite system (or-
thoclase—albite—quartz) to establish eutectic behaviour and
estimate the crystallisation pressure(s). The subaluminous,
peralkaline nature of the rocks from Dabbahu removes
them from the orthoclase—albite—quartz (Or—Ab—Qz)
plane. Consequently, it is not possible to establish from
their major elements alone if these melts are buffered in the
Na,0-K,0-Al1,03-Si0, system. Thompson and Macken-
zie (1967), inter alia, suggested that pantellerites lie within
a ‘low temperature zone’ which had its origin in the ‘ther-
mal valley’ of the granite system. The limited composi-
tional range seen within anorthoclase phenocrysts from
pantellerites was proposed by Thompson and Mackenzie
(1967) as further evidence of the presence of a thermal
valley, and this constancy of composition can be seen
within the phenocrysts from Dabbahu, e.g. sample 055
with Ab 64-69 and Or 30-35 (Fig. 3). However, Macdon-
ald et al. (2011) suggest that this low temperature zone may
not apply to all peralkaline suites.

Volatile elements

Figure 6 is a conventional plot of CO, versus H,O in the
analysed matrix and MI glasses. As noted above, we have
made no attempt to correct volatile contents for post-
entrapment crystallisation, which we consider to have been
minor. The bulk of the MI lie between 3 and 6 wt.% H,O with
CO, contents <400 ppm. The matrix glasses have less than
0.2 wt.% H,O and, with a few exceptions, less than 80 ppm
CO,, consistent with extensive syn-eruptive degassing. All
three olivine-hosted and a single cpx-hosted MI are displaced
to very low H,O (<1 wt.%) from the main body of MI but at
broadly similar CO, levels. The most ready explanation for
these MI is that they have lost H,O, either by diffusion
through the host mineral or by leakage along cracks. The lack
of evidence from major or trace elements for significant post-
entrapment crystallisation suggests that diffusion loss was the
primary cause of H,O loss. Some groundmass glasses show
elevated CO, and some interaction with CO,-rich materials
(magmatic vapours, sediments) cannot be ruled out. A single
cpx-hosted MI lies at high CO, (1,457 ppm) and 3.5 wt.%
H,O. This is, by some margin, the most volatile-rich (and
hence highest pressure) inclusion analysed. The field defined
by the bulk of the MI does not match the predicted variation
from degassing, under a simple closed or open system, but
suggests the MI represent multiple magma bodies at multiple
pressures, which are all undergoing vapour-saturated crystal-
lisation (Blundy and Cashman 2008). In the presence of a
mixed H,O—CO, vapour, crystallisation of anhydrous phases
drives the melt composition to high H,O because of preferen-
tial loss of CO, to the vapour. In the simple isobaric case, the
melt tracks along an isobar (shown as dotted lines in Fig. 6).
This polybaric, vapour-saturated crystallisation, for example,

Fig. 6 MI and matrix glass 1600
volatile measurements on a /A Alkalitsp hosted M1 019
conventional CO, versus H,O AAikalifsp hosted MI 021 i
plot. Dotted lines are isobars; 14009 A olivine hosted Wi 021
dashed line denotes isopleth for /A Aikali fsp hosted MI 023
20 mol% H,O in the vapour. 1200 - A Alkalifsp hosted M1 055
Isobars and isopleths were A\ CPX hosted MI 055
calculated from VolatileCalc 1000+ <> Pantellerite matrix N
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in a vertical extensive plumbing system, leads to displacement
of the MI across several isobars, as observed. The greater the
extent of crystallisation, the greater is the displacement to high
H,O. The data in Fig. 6 are consistent with the large amounts
of crystallisation recorded by the MI, as deduced from trace
element systematics.

We have insufficient data to constrain the volatile content
of melt entering this shallow plumbing system. However, it is
noteworthy that the CO,-rich, cpx-hosted MI lies at the high-
pressure end of a closed-system degassing trend that passes
through the edge of the main MI data field, as shown by
the dashed line labelled “ascent” in Fig. 6. Ascent of a
volatile-saturated magma of this composition into a verti-
cally extensive shallow system, covering a pressure range
of ~50-200 MPa, followed by crystallisation will produce
the observed MI field. Ascent and degassing of these magmas
upon eruption will lead to loss of both H,O and CO,, yielding
the observed matrix glass compositions. The data suggest that,
unlike some silicic systems (e.g. Mount St. Helens; Blundy
and Cashman 2005), decompression is not the main driving
force behind crystallisation at Dabbahu. This is apparent from
the lack of a negative correlation between incompatible trace
elements, such as Zr (Fig. 7), and H,O. Instead, we propose
that crystallisation is driven primarily by cooling.

We have also measured CI and F in a subset of MI and
matrix glasses (Tables 2 and 4). Cl contents are remarkably
constant at 0.254+0.03 wt.%, irrespective of whether glasses
are inclusions or matrix. Evidently, degassing did not lead to
Cl loss from the magma. Constant Cl is inconsistent with its
behaviour as a truly incompatible element during crystallisa-
tion. Buffering of Cl contents will occur if the vapour phase is
in equilibrium with a brine, as shown experimentally (Metrich
and Rutherford 1992). We have not, however, observed any
petrographic evidence for the presence of a coexisting brine
phase. Fluorine contents, from six MI, are similar to CI.

Fig. 7 Plot of H,O vs. Zr, for 7

Magmatic temperatures

Calculating temperatures in peralkaline rocks is notoriously
difficult due to the lack of suitable mineral assemblages. Many
obsidian glasses and pumices are aphyric, and therefore tem-
peratures cannot be calculated. Some success has been had
with QUILF (e.g. White et al. 2005), but the host samples here
lack the correct mineralogy. Temperatures reported here were
calculated using the alkali feldspar-liquid thermometer of
Putirka (2008). It was not possible to calculate temperatures
for cpx- or olivine-hosted inclusions (using the relevant min-
eral thermometers), due to their very low MgO contents.
Entrapment temperatures are within the range 696°C to
841°C (£23°C calibration uncertainty) for the alkali-
feldspar-hosted MI samples (Tables 2 and 4). The max-
imum temperature range within samples (019 and 055)
is 100°C #23, (although sample 021 has just a 14°C
range). The majority of the calculated temperatures cluster
around 750°C which is comparable to temperatures found at
Pantelleria for peralkaline samples (White et al. 2005). The
large overall variation is likely to reflect temperature varia-
tions within the magma storage region, suggesting the tem-
perature was not entirely homogenous, e.g. areas close to the
chamber walls may have been cooler. If slow movement of the
magma to the surface during eruption resulted in some cool-
ing, Ml trapped at this stage would indicate cooler entrapment
temperatures. Cooling-induced, polybaric crystallisation is
consistent with our interpretation of the MI data.

Magmatic pressures—constraints from experimental data

Constraints on magma storage conditions can be made using
experimental studies on magmas with similar major element
composition to those from Dabbahu. There have been no
experimental studies of Dabbahu samples themselves,
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although Di Carlo et al. (2010) have determined the phase
relations of a Pantelleria pantellerite (sample PAN 01113).
Although Di Carlo et al. (2010) advise caution in using
experimental data from one system to compare with another,
their starting composition contained phenocrysts of alkali-
feldspar, cpx and aenigmatite and had a similar bulk com-
position to the Dabbahu peralkaline rhyolites and therefore
still provides a useful comparison. Di Carlo et al. (2010)
determined phase relations in the presence of a mixed H,O—
CO, fluid, over a pressure range of 25 to 150 MPa, 680—
800°C and fO, 0.3 to 3.9 log units below the NNO buffer.
Pressure, temperature and H,O content are a strong influ-
ence on the equilibrium phase assemblage. It is therefore
instructive to compare their experimentally determined
phase relations to the phase assemblages at Dabbahu.

The phenocryst assemblage of 055 is alkali-feldspar +
cpx + aenigmatite + apatite. The experiments of Di Carlo et
al. (2010) show that the assemblage alkali-feldspar + cpx +
aenigmatite is stable for H,O-saturated conditions at 680°C
and 100 MPa (4.1 wt.% H,O in the melt) and for slightly
H,O-undersaturated conditions at 725°C and 150 MPa (2.7—
3.4 wt.% H,0 in the melt). The presence of Ti-magnetite, as
opposed to ilmenite, in most of their experiments likely
reflects a small difference in fO,, although a single H,O-
undersaturated run at 150 MPa, 750°C contains the assem-
blage alkali-feldspar + cpx + ilmenite + magnetite. Aenig-
matite did not form in any experiment above 725°C,
whereas amphibole (which is almost completely lacking at
Dabbahu—just a single xenocryst in sample 023) was wide-
spread for water under saturated conditions at temperatures
below 700°C. However, it should be noted that many factors
influence the presence of aenigmatite, and its presence alone
cannot be used diagnostically (Macdonald et al. 2011).
Finally, saturation in quartz (also rare at Dabbahu) occurs
when water contents drop below 3.7 wt.% H,O at 680°C
and below ~1 wt.% at higher temperatures. Thus, based on
these experiments alone, the field of stability of alkali-
feldspar + cpx + aenigmatite + ilmenite is 100-150 MPa
and 680°C to 725°C for melt H,O contents between 2.7 and
4.1 wt.%. These conditions overlap well with those that we
have deduced from a combination of volatile solubility and
alkali-feldspar thermometry and give us confidence in our
petrological methods. Experimental mineral compositions
also closely match those at Dabbahu. At 150 MPa and
725°C, the experimental alkali feldspar is Abgg, Which is
identical to that in sample 055.

In summary, our calculated pre-eruptive storage con-
ditions for sample 055 are consistent with the experi-
mental data, in terms of pressure, temperature and H,O
content. The 055 magma was stored at or just below
H,O saturation, at temperatures of around 720-780°C
and pressures of ~100 MPa. The experiments offer no
higher pressure bound on this assemblage, although our

MI data suggest that pressures can be significantly higher
(up to 207 MPa).

Magmatic pressures—melt inclusions

In order to reconstruct confidently magma storage pressure
from melt inclusions, petrological methods require various
criteria to be fulfilled. MI should be volatile saturated and
show no post-entrapment volatile leakage. The magmatic
temperature estimate should be reliable, and the volatile
solubility model should account for the peralkaline nature
of the melts at Dabbahu.

If the melt was not saturated at the time of MI entrapment,
the pressure calculated provides a minimum only. The pumice
and glass matrices have largely degassed prior to quenching
(Fig. 6), and small-volume bubbles in the alkali-feldspar-
hosted MI suggests some loss of volatile content from melt
into bubbles during quenching. Blundy and Cashman (2008)
discuss the different evolutionary trends, in terms of dissolved
H,0 and CO, that a melt can follow for different scenarios,
such as isobaric volatile-saturated crystallisation, decompres-
sion crystallisation, volatile-undersaturated crystallisation,
etc. The observed array of CO, and H,O in the MI (Fig. 6)
closely matches their predictions for vapour-saturated crystal-
lisation over a range of pressure. Vapour-undersaturated crys-
tallisation leads to simultaneous increase in both H,O and
CO,, which is not observed in our data.

Loss of volatiles from a MI will also lead to pressure
underestimates. On the basis of Fig. 6, we have argued that
olivine-hosted MI and one cpx-hosted MI have lost H,0,
probably by diffusion, but that alkali feldspar MI volatiles
are largely intact.

There is no reliable method for calculating saturation
pressures in peralkaline rocks as H,O and CO, solubility
are known to have a strong compositional dependence on
alkali content (e.g. Dixon 1997; Tamic et al. 2001). Both
VolatileCalc (Newman and Lowenstern 2002) and the solu-
bility model of Papale et al. (2006) significantly underesti-
mate saturation pressures based on experiments (Fig. 8)
from Di Carlo et al. (2010) and Scaillet and Macdonald
(2003). We chose to use VolatileCalc (Newman and Low-
enstern 2002) to calculate pressure from the CO, and H,O
data; on the basis of Fig. 8, these pressures should be seen as
minima. The calculated entrapment pressure yields a range
of 43-207 MPa, at temperatures of 679-841°C (average
~100 MPa). The single CO,-rich cpx-hosted MI gives a
pressure of 284 MPa for a nominal temperature of 800°C.

Magma storage depths
Having established that our pressure estimates are reasonable,

pressure is converted into depth. The exact density structure
beneath Dabbahu is unknown, and therefore a crustal density of
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Fig. 8 Plot of calculated
pressure using the models of

Scaillet and Macdonald (2003) <> Papale et al. <> Di Carlo et al. (2010)
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Lowenstern 2002) against
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and Di Carlo et al. (2010). The
black line shows a 1:1
correspondence. Note the
underestimation of pressure by
both models at pressures 0

80 —

60

40 -

20

Calculated pressure (MPa)

> o
F o

TR0 @

>50 MPa. Pressures were 0

2,800 kg m > has been assumed, based on regional gravity
studies in the Ethiopian rift and in Southern Afar (e.g. Cornwell
et al. 2006; Mahatsente et al. 1999; Mickus et al. 2007). The
calculated pressures were used to calculate a depth expressed in
kilometres from below the surface, i.e. the point of eruption on
the volcano edifice, and then corrected relative to sea level.
Ninety-seven percent of all MI show an entrapment depth of
between 1 and 6 km. Just 3% show slightly deeper entrapment
depths of up to 9 km. The uncertainty on each MI depth is
~£600 m, based on typical accuracy of calculated MI
pressures of +22 MPa (Blundy and Cashman 2008) and
an uncertainty of ~10% on the assumed crustal density.
These estimates of uncertainty do not take into account
any systematic bias induced from the use of VolatileCalc
to obtain pressures from peralkaline liquids (see above).

In summary, the MI data indicate a shallow magma storage
area which is vertically extensive over ~4 km, at temperatures
of >700°C. Crystallisation was driven primarily by cooling
under vapour-saturated conditions. The vapour was a mixed
H,0-CO;, fluid, with H,O/CO, increasing with crystallisation
at any given depth. CI data suggest that a brine phase may
have also been present, although this has not been observed
petrographically. A single MI with high CO, yields a pressure
of 284 MPa, which might represent the melt intruded into the
shallow storage region.

Discussion

Having established the storage conditions of pantellerite mag-
ma prior to the most recent eruptions from Dabbahu, it is
instructive to compare the storage depths with estimates from
seismology and InSAR, to assess whether current volcanic
unrest could involve magmas sourced from a similar system

Comparison to seismic data

Following the September 2005 tectono-magmatic event, a
seismic array of six broad-band seismometers was deployed
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in October 2005 around the Dabbahu and Manda Hararo
magmatic segments, including three seismometers around
the Da’Ure eruption site (Ebinger et al. 2008). This tempo-
rary array recorded a total of 1,939 earthquakes throughout
the area, between Oct 2005 and April 2006, 485 of which
were associated with the ~25 km? region around Dabbahu.
Earthquake locations and S-wave attenuation beneath vol-
canoes have long been used to suggest the presence of
magma, e.g. (Einarsson 1978; Feuillet et al. 2004). Earth-
quakes are typically thought to occur around the margins of
magma chambers, triggered by high pore pressures in the
aureole.

The Dabbahu earthquakes were calculated to depth be-
low surface, the surface being defined as a mean datum
taken from the elevation of the highest station (745 masl).
The uncertainty on each earthquake depth is ~£500 m. In
order to compare MI depths to earthquake depths, a correc-
tion to sea-level was applied to both data sets.

The MI and earthquake data (recalculated to the same
planar surface) show a good correlation (Fig. 9) despite the
time gap (up to~8 kyr), between the eruption of the obsidian
samples, and the 2005-2006 earthquake data. The MI are
contained within the depth span of the earthquakes which
should preferentially lie at the margins of the three-
dimensional magma storage region. The recorded earth-
quakes at Dabbahu are interpreted as deformation following
the magma extraction during 2005 dyke injection event
(Ebinger et al. 2008). A plan-view of the data for a specified
depth range (Fig. 10), clearly indicates a central earthquake-
free void between 2 and 6 km, interpreted as an area of
magma storage. The eruption source point for sample 055,
easily located from satellite imagery, plots directly above
this area. Abundant earthquakes above 2 km are suggestive
of a fractured roof above the magma chamber. Below 6 km,
the earthquakes are less frequent, and the presence of mag-
ma storage cannot be clearly defined. Ebinger et al. (2008)
suggest the hypocentral locations are indicative of a sill-like
melt zone between 3 and 5 km depth. The correlation
between seismic data and MI data suggests a consistency
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Fig. 9 Histogram illustrating melt inclusion saturation depths and
earthquake hypocentre depths relative to sea level. Despite a time
difference of up to 8 kyr, the petrologically determined magma storage
depths show a reasonable correlation to depths of recent earthquakes

in the magma storage beneath Dabbahu over the last few
thousand years. This long-term stability may have contrib-
uted to the evolved nature of the most recent eruptive
products.

Comparison to InSAR

InSAR data showed that Gab’ho, to the east of Dabbahu,
began inflating after September 2000 and continued until
the 2005 volcano-seismic crisis. Dabbahu itself did not
inflate during this period (Wright et al. 2006). Two to three
metres of deflation occurred around the Dabbahu and
Gab’ho centres during the initial dyke intrusion and small
Da’Ure vent eruption (Wright et al. 2006). Subsequent in-
flation is continuing and to date around ~0.5 m has been
recovered at Dabbahu (Grandin et al. 2010).

The subsidence observed at Dabbahu in InSAR data
during the 2005 dyke intrusion suggests that there is at least
one major body of magma storage below Dabbahu control-
ling the measurable inflation and deflation (Wright et al.
2006). Regular InSAR acquisitions from the European
Space Agency’s Envisat satellite have enabled a large
time-series of InSAR data to be built for the Dabbahu area
since the 2005 event (Grandin et al. 2010; Hamling et al.
2010). Here, we carefully reanalyse InSAR data from Dab-
bahu, and since we are interested in the location and shape
of the magmatic source, rather than temporal behaviour,
interferograms with long time intervals were analysed to

beneath Dabbahu which record re-equilibration of the shallow magma
storage region following magma evacuation related to the 2005 dyking
event. Earthquake data from Ebinger et al. (2008)

maximise the signal-to-noise ratio. Details of the InSAR
data processing methods are provided in Online resource 2.

Surface deformation in the vicinity of Dabbahu responds
to a variety of processes, including on-going dyke intrusions
in the rift to the south (Hamling et al. 2009, 2010), visco-
elastic relaxation (Nooner et al. 2009) and magmatic defor-
mation at the Ado’ Ale Volcanic complex, Gab’ho and
Dabbahu itself (Grandin et al. 2010). The concern here is
with relatively shallow processes occurring beneath Dab-
bahu. Therefore, we isolated the deformation associated
with sources beneath Dabbahu by removing an interpolated
deformation created from data more than 10 km away from
Dabbahu (Fig. 11: Online resource 2).

The isolated shallow Dabbahu deformation interfero-
grams show concentric range decreases approximately cen-
tred on Dabbahu. The maximum observed range decrease is
40 and 50 cm in ascending and descending interferograms,
respectively. The concentric range decrease in the ascending
interferogram is skewed to the west of that in the descending
interferogram. This is consistent with an inflating source
and suggests that the deformation consists of an uplift signal
(causing range decrease in both ascending and descending
interferograms) and horizontal deformation pointing radially
outwards: To the east of Dabbahu, horizontal and vertical
motion both result in range decreases for the descending
pass; for the ascending pass in this location, the horizontal
motion acts in the opposite direction to the vertical; the
opposite is true west of Dabbahu.
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Source modelling

Modelling of InNSAR data is non-unique, requiring constraints
on the shape of the magma body and the rheology of the
surrounding rocks (e.g. Pritchard and Simons 2004). Here,
we use the depth distribution of the MI to constrain magma
chamber inflation models. The MI data suggest a vertically
extensive magma chamber was tapped during eruptions over
the last ~8 kyr, and it is instructive to see whether such a
configuration can be matched to the InSAR observations,
given the seismic evidence that the current eruptive phase
has tapped a body located over a similar depth range.

As a baseline, two models were tested initially with the
magma source at a single depth: (a) a point pressure source
(Mogi 1958) and (b) a simple sill (Okada 1985). However,
as petrological data suggest that the magma from historical
eruptions was stored over an extended depth range, we
tested two additional models: (c) a vertical ellipsoidal source
(Yang et al. 1988), with a variety of aspect ratios, extending
from a depth of 1.5 to 4.5 km, and (d) a stacked sills model,
consisting of three sills at depths of 1.5, 3.0 and 4.5 km. In
all cases, simple analytical solutions assumed an isotropic
elastic half-space, and Poisson’s ratio was fixed at 0.25.

We found that the best-fit, simple point source (mod-
el A) was at a depth of 3.0+£0.1 km and inflated by
0.02240.002 km®, providing a reasonable fit to the
observed deformation (Fig. 12a) with an rms misfit of
1.67 cm. However, the model over-predicts the defor-
mation at large distances from the source. A sill (model B)
with edge length 5.6+0.6 km at a depth of 3.5+£0.4 km, open-
ing by 0.7+0.3 m (volume change of 0.023+0.002 km®) fits
the observed interferograms significantly better than the point
source, with an rms misfit of 1.11 cm. This is mainly because
the deformation is more localised, fitting the far field of the
deformation source better than the Mogi model (Fig. 12b).

Ellipsoidal sources (model C) were used to simulate a
single magma chamber distributed over the depth range
suggested by petrology (1-4.5 km). For a narrow, “cigar-
shaped” ellipse, with a horizontal axis of half-length 0.1 km,
a good fit to the observed data cannot be found (Fig. 12¢)—
the rms misfit is 2 cm, and the best-fit pressure change is
unfeasibly large (370+20 MPa, assuming a shear modulus
of 1,010 Pa). The fit to the data is improved as the length of
the horizontal axis increases. A spherical chamber fits the
data identically to the point Mogi source, with a more
realistic pressure change of 20+1 MPa. The best-fit ellipsoid
has a horizontal axis (half-length, 3.9 km) more than twice
the length of the vertical axis with a pressure change of
2+0.1 MPa. The rms misfit for this solution was 1.5 cm:
better than the Mogi source, but worse than the simple sill
model. The presence of seismicity within this source geom-
etry suggests that a magma chamber of this size and shape is
not realistic and was therefore ruled out.
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Fig. 11 The isolated InSAR E40°25’

E40°30’

signal for Dabbahu. Localised
deformation around Dabbahu
determined by subtracting the
interpolated interferograms
from the originals. 4-4’ is the
section used for profile
modelling in Fig. 11. The
ascending interferogram is
formed from acquisitions on 3
April 2006 and 1 February
2010, and the descending spans
the interval from 21 April 2006
to 26 March 2010. They record
the inflation signal following
the 2005 event

N12°35’ N12°40’

N12°30’

N12°35’ N12°40’

N12°30’

E40°35’ E40°25'  E40°30"  E40°3%

An alternative plumbing system that will allow magma to
be distributed over a large vertical extent is a system of
stacked sills (model D), connected by a network of narrow
conduits or dykes. Such a plumbing system has been pro-
posed as a plausible geometry for magma storage and dif-
ferentiation within the crust (e.g. Macdonald et al. 1995;
Zellmer and Annen 2008). We constructed a simple system
with three sills superimposed vertically on top of each other,
at depths of 1.5, 3.0 and 4.5 km, and solved for the size and
amount of opening for each sill. The majority of the volume-
change 0.018+0.008 km® is found to occur in the sill at
3 km depth, which has an edge length of 7.1+£3.5 km and
opens by 0.36+£0.18 m. The other sills both contributed
~0.0025+0.001 km® and have relatively narrow dimensions
(1.6+0.6 km length and 1.6+1.6 m opening for the shallow
source at 1.5 km; 1.3+1.3 km length and 1.6+2.7 m open-
ing for the deep source at 4.5 km). The model parameters are
strongly co-variant, both for parameters associated with
individual sills and between the different sills, e.g. solutions
with high volume change in the 3 km sill have low volume
change in the 4.5 km sill. The rms misfit to the data of
1.08 cm is marginally better than the single sill, largely due
to the shallow source allowing the deformation to fit the

peak of the deformation pattern significantly better than the
single sill model (Fig. 12c).

Although the stacked sills model is the best-fit solution, it
would probably not have been selected above the simpler,
single-sill model based on the deformation data alone. Giv-
en the additional constraint from petrology that the magma
has historically been distributed between depths of ~1 and
5 km, distributing the magma through a series of stacked
sills is consistent with the deformation data.

Conclusions

The bulk of the MI from Dabbahu are H,O-rich, with
between 3 and 5 wt.%, although the highest value measured
was 5.8 wt.% H,0. High magmatic H,O is consistent with
other findings in peralkaline rocks. The pumice and obsidian
glasses have largely degassed prior to quenching. H,O
degassing does not appear to govern crystallisation at Dab-
bahu, which is instead driven by cooling. Major elements
are buffered within the system, suggestive of near-eutectic
behaviour. In contrast, trace element signatures are far more
responsive to crystallisation.
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B) Sill C) Stacked Sills D) Fat Ellipsoid E) Narrow Ellipsoid
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Fig. 12 Ascending and descending models and associated residuals for the Dabbahu InSAR signal (acquisition dates as for Fig. 10). Range-change
profiles are modelled from 4-4’ as shown on the ascending Mogi model. Different models evaluated are described in the text

Indicated magma storage depths are shallow, which is in ~ show a range of depths from ~1 to 6 km. This depth range is
line with observations at other peralkaline volcanoes, but  consistent with seismic data obtained during the current
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tectonic—magmatic unrest. Using the petrological estimates
of historical magma storage depths, we have attempted to fit
the InSAR data. We find that a system of thin, stacked sills
provides a good match to the deformation data. Utilising the
three approaches (petrology, seismology and geodesy) has
enabled us to constrain not only the depths of magma
storage but also the geometry. The current magmatic activity
at Dabbahu is consistent with storage of magma at similar
depths to that involved in historical eruptions; it may cur-
rently be being refilled by new batches of magma, or reac-
tivated by injections of basaltic magma as inferred for the
recent (2005) eruption from the Da’Ure (Wright et al. 2006).
We conclude that the magma storage system beneath Dab-
bahu has maintained a stable geometry of multiple stacked
sills over the past few thousand years.
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