Magma Underground
Crustal Storage, Transport, and Evolution of Magma
• Activity localized to plate boundaries and

• Controls processes of volcanic unrest and
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Simple question: Where is the magma?
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Figure 2. Last equilibration pressures of magma from clinopyroxene-melt barometry [88,89] for a range of ocean island
Edmonds
et al., 2019
volcanoes [88,90–95].
displacements gives information about source shape [75]. A wealth of new data, particularly
from space-based measurement systems such as InSAR [76], have allowed the construction
of an unprecedented, detailed record of ground deformation around volcanoes [49,56,77–80].
A number of important generalizations have been made from the overview of deformation
data. The Mogi model [81] has been the mainstay of deformation modelling for several decades,
and does a surprisingly good job at reproducing the deformation observed at many volcanoes.
The assumption implicit in this model is that the crust is elastic. For many eruptions, however,
patterns in surface displacements do not fit a simple Mogi model and multiple, complex sources
(involving sills, dykes and multiple point sources) are required to fully reconcile all of the
observations [74,79,82–84]. Segall [73] explores whether models involving a viscoelastic crust may
be more suitable in some cases for modelling volcanic deformation (see later). It may even be
possible to begin to reconcile models of complex magma reservoirs comprising regions of mush
hosting multiple melt lenses, with surface observations [76].
Petrological studies of erupted magmas use barometry to place constraints on the depth
of magma storage. For mafic magmas, ‘OPAM’ barometry uses the melt composition that
is in equilibrium with plagioclase, clinopyroxene and olivine to estimate a pressure of ‘last
equilibration’ [85,86]. Yet another method uses the density of fluid inclusions trapped inside
crystals, which is proportional to pressure [87]. Figure 2 contains a summary of data from

Key et al., 2013

...............................................................

Borgahraun, Iceland
Holuhraun, Iceland
Laki, Iceland
Thjorsa, Iceland
Skuggafjoll, Iceland
Saksunarvatn, Iceland
Teno, Tenerife, Canaries
Haleakala, Hawaii

royalsocietypublishing.org/journal/rsta Phil. Trans. R. Soc. A 377: 20180298

0.6

Canales, Carbotte, et al.

Keller et al., 2017

Evolving conceptual models
Gudmundsson
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Energies of great earthquakes and eruptions

a magma chamber during an eruption may, to a first approximation, be considered analogous to the work done in compressing
fluid (say gas) by a piston in a cylinder. This analogy is particularly
appropriate for piston-like caldera collapses (Figure 6).
Before an eruption starts, there is excess pressure pe in the
magma chamber (Figure 5). This excess pressure causes magmachamber rupture and dike (or inclined sheet) injection into the
roof of the chamber. If the dike reaches the surface, then an eruption occurs. Some volcanoes apparently have a continuously open
conduit to the surface, in which case no large excess pressure can
build up in the magma chamber. These volcanoes are few but
include Stromboli in Italy, Erta Ale in Ethiopia, and other volcanoes with lava lakes. For most volcanoes, however, the condition
for an eruption is that a magma-filled fracture, normally a dike
or an inclined sheet, is able to propagate from the chamber to
the surface and supply magma. Even some cylindrical or elliptical conduits appear, to a large degree, to be composed of dikes
(Nakada et al., 2005). Thus, the focus here is on eruptions fed by
magma-filled fractures and the word “dike” will be used for any
sheet-like intrusion.
The conditions for magma-chamber rupture and dike injection is as follows (Gudmundsson, 2011):
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Observing magma movement
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component perpendicular to the dike axis (eastwest at Axial) is most sensitive to the depth to the
top of the dike, and the initial tilt is downward
toward the dike axis, which reverses to tilt away
from the dike axis when the top of the dike nears
the surface. This tilt record suggests that the dike
propagated to the south for 3 to 4 km before
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Fig. 2. Deformation time series at the caldera center. Long-term time series of inflation and deflaNooner & Chadwick, 2016
tion at the center of the caldera at Axial Seamount (to 19 May 2016). Purple dots represent MPR
measurements (error bars indicate 1 SD); blue curves show BPR data (drift-corrected after 2000). The
relative depth of data before and after the 1998–2000 gap in measurements is unknown.
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Fig. 1. Map of the summit caldera of Axial Seamount. Locations of MPR benchmarks (white circles)
and BPR instruments (red and blue circles) are indicated. An additional benchmark located 10 km south
of the caldera center is not visible. Numbers show vertical displacements in centimeters at each of the
MPR benchmarks between 14 September 2013 and 25 August 2015, a period that included pre-eruption
inflation, co-eruption deflation, and post-eruption inflation. Numbers in parentheses show subsidence in
centimeters during deflation only, as measured by the BPRs. BPRs on the OOI Cabled Array (red dots)
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respectively), which suggests that roughly the
same volume of magma was removed from the
magma reservoir. However, the rate of deflation
was noticeably higher in 2015 than in 2011. For
example, the total subsidence in the first 24 hours
amounted to –2.22 m in 2015 (91% of the total),
compared with only –1.57 m in 2011 (65% of the
total). In 2015, the rate of deflation decreased
quasi-exponentially until 5 May and was followed
by a transitional period of alternating minor inflation and deflation until 19 May, when rapid reinflation resumed (fig. S5). Thus, the deflation
lasted much longer in 2015: 25 days compared
with only 6 days in 2011. Notably, this is similar
to the duration of the impulsive seismoacoustic
events detected on the north rift zone (21) that
could be interpreted as steam explosions during
lava flow emplacement (24).
We captured co-eruption deformation during
the submarine dike intrusion and eruption with
in situ tiltmeters at two sites on the OOI Cabled
Array (11). The tilt signals can be closely related
to the seismicity generated by the initial dike
intrusion (21). Tilt magnitudes and directions
began to change at 05:25 (Fig. 3), soon after the
seismic crisis began. At this time, most of the
earthquakes were located beneath the northeastern edge of the caldera (21), where the dike
intrusion initiated and the southernmost eruptive fissures are located (24). Between 06:00 and
08:00, the earthquakes propagated 3 to 4 km
southward along the eastern edge of the caldera.
The tilt signals changed substantially (Fig. 3) during this time period in a way that is consistent
with a dike intruding southward but not reaching the surface in this area (21).
We observed >100 microradians (mrad) of downward tilt toward the south in ~1 hour, which then
abruptly reversed at 07:10 (Fig. 3A) in the central
350[Axial caldera center (AXCC)]
caldera tiltmeter
record. This behavior is consistent with modeling
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propagation past the instrument
(27), because the tilt component parallel to the
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dike. The initial tilt is in the direction of dike
propagation, 200
and the reversal in tilt direction
AXCC
occurs when the dike tip passes the tiltmeter. At
thetilt
same time, the east-west component of the
E-W

stalling out and continuing to the north along
the north rift zone.
We observed several large and nearly instantaneous easterly jumps in tilt magnitude between
06:13 and 07:10 from the eastern caldera tiltmeter
[Axial eastern caldera (AXEC)] located closer to
the dike axis. By 07:10, the net tilt amounted to
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same for time periods dominated by inflation or
deflation. The location of the 2013–2015 source is
east-southeast of the caldera center, but its steep
dip to the west-northwest causes the maximum
uplift or subsidence to be observed near the caldera center (Fig. 4). The prolate spheroid shape
approximates a nearly vertical conduit, and the
location of its top (at 1.6 km depth beneath the
eastern edge of the caldera) is almost the same
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Challenges & Opportunities
What are the timescales of magma recharge events and does that influence the probability that they
will lead to eruption?
• Crystal chronometry: Analytical methods to resolve the timescales of magmatic events via
diﬀusion chronometry require novel analytical techniques, experiments, and numerical
models.
What are the physical processes of melt extraction (e.g., compaction) in magmatic systems?
• Laboratory experiments: Micro- and macro-scale physical processes in magmatic mush
need to be resolved in order develop models that can, for example, predict reservoir failure.
Why is inflation of shallow magma reservoirs not accompanied by deflation of deeper reservoirs?
• Volcano monitoring: Improved temporal and spatial resolution of geophysical observations
(e.g., deformation) are needed to test models and to probe deeper into magmatic systems;
submarine systems are largely under sampled in this regard.
Is volcanic unrest, eruption initiation, and cessation predictable?
• Modeling: Integrative, multi-scale models of magmatic systems (mechanical, thermal,
geochemical) are needed to tie together observational, analytical, and experimental data
sets.

