
Magma Underground 
Crustal Storage, Transport, and Evolution of Magma

• Activity localized to plate boundaries and 
mantle plumes.


• Establishes thermal and chemical gradients 
that influence chemical exchange, subsurface 
biological activity.

• Controls processes of volcanic unrest and 
associated hazards. 


• Lengthscales, timescales, and physical/
rheological properties, span orders of 
magnitude.



Zellmer & Annan, 2008Edmonds et al., 2019
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Figure 2. Last equilibration pressures of magma from clinopyroxene-melt barometry [88,89] for a range of ocean island
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
clinopyroxene-melt barometry on basalts from a range of volcanoes [88,90–95], and shows that
magmas may be stored (and last equilibrate with melt prior to eruption) at great depth in the
crust, close to and beyond the seismic Moho in some cases.

Barometry of numerous Icelandic eruption products has shown that melts are stored over a
large range of depths in the Icelandic crust [12,88], reviewed by Maclennan [12]. Petrological
barometry estimates produce some agreement with the seismic constraints on magma storage
[11]. For example, clinopyroxene-melt pressures for Askja basalts typically average 2–3 kbar
(6–9 km bsl) [93], a depth range that agrees well with the location of the main magma storage area
deduced from seismicity [11,16]. Overall the data for Iceland are consistent with models of stacked
sills throughout the crust and spanning the Moho [13,15,96,97]. During eruption, magmas may be
tapped from either shallow storage areas, in the case of the central volcanoes, or from deeper for
off-rift eruptions. It is important to note, however, that the petrological features of erupted rocks
are a palimpsest of many processes acting over timescales of 100–104 years, perhaps entraining
crystals from multiple reservoirs with different histories [12], as well as being on a much smaller
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Simple question:  Where is the magma?



may each contain hundreds of cubic kilometers
of melt, more than enough to generate another
supereruption. Evenmore extensive is the Altiplano
Puna Magma Body in the central Andes, where
recent geophysical surveys have identified a low-
velocity zone in the midcrust (<25 km depth)
that may comprise up to 500,000 km3 of melt-rich
(≤25%) mush (20, 21).
The geometry of melt distribution in lower

and mid-crustal reservoirs is not well constrained.
Melt fraction estimates based on tomography or
magneto-telluric (MT) images are averaged at
resolutions that are typically no better than about
1 km, so melt-rich regions smaller than this scale
cannot be detected. However, a plausible notion,
consistent with a large body of physical theory
(22–24), is that melt is heterogeneously distrib-
uted in the lower crust and includes (microscale)
melt distributed along grain boundaries; meso-
scale variations in melt concentration created by
compaction; and large-scale, vertically stacked
melt-rich lenses. The latter have been inferred
from a recent tomographic study of the very large
Toba caldera, Indonesia (25), and observed in re-
gions of extension, such as mid-ocean ridges (26),
Iceland (27), and continental rifts (28).

The inability of geophysical methods to iden-
tify large melt-rich bodies in the upper crust, by
contrast, suggests that large volumes of upper
crustal melt are likely ephemeral. In extensional
environments such as mid-ocean ridges, identified
melt lenses are thin and sill-like in shape. In arc
environments, large regions of possible melt ac-
cumulation appear limited to the mid-crust, where
they may feed multiple volcanoes (20, 29, 30). Be-
tween the mid-crust and individual volcanoes,
observed low-velocity zones are typically narrow
and vertically elongated, averaged melt estimates
are <10%, and exsolved volatiles may be important
at shallow levels (31–33).
Conditions of magma storage can also be in-

ferred from the compositions and textures of the
erupted material (lava and pyroclasts). Phase com-
positions and proportions can be matched to pre-
eruptive magma storage conditions by using phase
equilibria experiments (34–36), and bulk magma
compositions are commonly used to track magma
evolution by crystal fractionation and/or assimi-
lation (37–39). Growing evidence for extensive
entrainment of crystals throughout the spatial
extent of the magmatic system (40), however,
suggests that these methods do not provide suf-

ficient information to fully characterize most mag-
matic systems. The diversity of crystal “cargo”
contained within many volcanic rocks is nicely
illustrated by the most common igneous mineral,
plagioclase, where the crystallization history is pre-
served in strikingly complex compositional zoning
patterns that appear as shades of gray in the back-
scattered electron image shown in Fig. 3A. Mea-
sured compositional and trace-element variations
in a single crystal can then be modeled with data
from an experimentally determined phase diagram
(Fig. 3B) to show that, in this example, the crystal
core resided in a cooler but deeper part of the
magmatic system before being entrained by hotter
melt that transported it to a shallow temporary
storage region and, ultimately, to Earth’s surface
(41). More generally, abundant evidence for diverse
pre-eruptive histories of neighboring crystals within
individual samples requires crystals to be assem-
bled from different parts of the subvolcanic sys-
tem (41–45), often shortly before eruption (46–48).
These crystals may derive from either cooler mar-
ginal zones (49–51) or deeper and hotter parts of
the system (52, 53). The complex history of the
crystal cargo is further illustrated by variations in
isotopic compositions within and between indi-
vidual crystals (40, 54–57). These data show that
different crystals in a sample, or even different
zones within a crystal, must have grown from
isotopically distinct melts. It is hard to envisage
such small-scale isotopic heterogeneity existing
within a large and continuous body of melt.
Further insight into the nature of magmatic

storage systems can be found in measured time
scales of magmatic differentiation, crystal growth,
and (pre-eruptive) residence time in the trans-
porting melt (58–61). Time scales of magma dif-
ferentiation can be estimated by dating zircon
crystals, which are sufficiently resilient to be re-
cycled between individual magma batches. Zircon
data suggest differentiation time scales of 103 to
>105 years, which contrast sharply with the much
shorter time scales (< 1 to ~103 years) calculated for
magma accumulation in the upper crust before
volcanic eruptions (62–67). This dichotomy is il-
lustrated by the example from Mount St. Helens
shown in Fig. 3. Here isotopic constraints show
that entrained plagioclase crystals grew over
thousands of years (Fig. 3C) (68), whereas zircon
crystals derive from magmatic activity tens or
hundreds of thousands of years before the 1980
eruption (Fig. 3D) (69). Diffusion time scales for
magma assembly before the 1980 eruption, by
contrast, are on the order of months to years (70),
which are commensurate with the months of
observed pre-eruptive unrest. These time scales
can be reconciled only if crystals with different
histories, stored in different parts of the magmatic
system, are transported to the growing upper
crustal magma chamber and amalgamated shortly
before eruption.
The depth range of pre-eruptive magma stor-

age can be estimated by using the dissolved vol-
atile content of crystal-hosted melt inclusions
(53, 71, 72). Crystal-hosted melt inclusions from
extensional environments show shallow magma
storage over a limited pressure range (Fig. 4); this
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Fig. 1. Magmatic systems. (A) Upper crustal magmatic system where silicic melts segregate from
underplated mafic magma that is intermittently resupplied from deeper levels. [Redrawn from (141)]
(B) Transcrustal magmatic system, where melt processing in the deep crust produces melts that are
transferred to mid- and finally upper crustal levels. The potential for transient vertical connectivity in
this system presents the possibility of successive destabilization of melt lenses (78). (C) Changes in
magma (orange) and mush (gray) rheology as a function of particle volume fraction. Blue curve is
calculated assuming a maximum packing fraction of 0.6 and a classical Roscoe-Einstein formulation
(10). Red curve uses the formulation of (12). Inset shows changes in mush strength as a function of
particle volume fraction; green dashed curve is experimental data using Westerly granite; purple
dashed curve is experimental data using Delegate aplite. [Redrafted from (11)]
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Gudmundsson Energies of great earthquakes and eruptions

FIGURE 5 | Magma chamber as a thermodynamic system. Here the
magma chamber is the thermodynamic system. The hosting crustal
segment, including the volcanic edifice for which the magma chamber is a
source (it supplies magma to the volcano) as well as the deeper reservoir,
for which the magma chamber acts as a sink (it receives magma from the
reservoir), acts as the surroundings to the magma-chamber system. In the
present notation, heat received by the magma chamber and work done on
the magma chamber (by the surroundings) are regarded as positive.

their path dependence is supposed to be known (cf. Sommerfeld,
1964). By contrast, the internal energy dU is a state function and
thus a proper or exact differential. More specifically, the values
of a state function are independent of its path from the initial to
the final stage, and depend only on the state or conditions of the
system.

Here the thermodynamic system is the shallow crustal magma
chamber in the volcano, and its surroundings are the volcano
itself and the associated volcanic field or zone, including the
deep-seated source reservoir (Figure 5). Since we focus on the
(potential) elastic energy of the system, we consider the case of
a magma chamber that is receiving heat through new magma at
the same rate as heat is conducted away from the chamber (into
the host rock and to the surface), so that there is no net gain of
loss in heat for the chamber in the period prior to the eruption.
Then we have dQ = 0, and Equation (14) becomes:

dU = dW (15)

Work is defined as force × displacement in the direction of the
force, so that work is preformed when the force moves. The
work done by the volcano and its surroundings in compressing

a magma chamber during an eruption may, to a first approxima-
tion, 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 magma-
chamber rupture and dike (or inclined sheet) injection into the
roof of the chamber. If the dike reaches the surface, then an erup-
tion 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 volca-
noes 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 ellipti-
cal 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 injec-
tion is as follows (Gudmundsson, 2011):

pl + pe = σ3 + T0 (16)

where pl is the lithostatic pressure (overburden pressure), pe is
the excess magmatic pressure in the magma chamber at the time
of rupture and dike injection, σ3 is the minimum compressive
(maximum tensile) principal stress, and T0 is the in-situ tensile
strength of the host rock (the roof). In the absence of unrest in
the volcano (such as magma flow into the chamber, extension, or
doming), the magmatic pressure in the chamber and the state of
stress in the chamber roof are normally close to lithostatic, so that
σ3 = pl and the excess pressure pe is zero. For a magma chamber
to rupture and inject a dike, there must be positive excess pressure
in the chamber and the condition to be satisfied is [from Equation
(16)] pe = T0, that is, the excess pressure must reach the in-situ
tensile strength of the roof at the location of rupture.

The in-situ tensile strength of rocks down to crustal depths of
9 km varies between 0.5 and 9 MPa, with most values between
2 and 5 MPa (Gudmundsson, 2011). From Equation (16) and
the considerations above it follows that the excess pressure at the
time of magma-chamber rupture is in the same range. To squeeze
magma out of the chamber and supply magma to an eruption,
some excess pressure has to be maintained in the chamber. The
excess pressure tends to decrease exponentially during most erup-
tions (Woods and Huppert, 2003; Galindo and Gudmundsson,
2012). One likely exception to this exponential decrease is dur-
ing a piston-like caldera collapse when the subsidence of the
caldera floor (the piston)—commonly in many ring-fault slips—
presumably maintains the excess pressure at close to constant
until near the end of the eruption (Gudmundsson, 1998), at
which state the excess pressure rapidly falls to zero. This and other
similar mechanisms for maintaining the excess pressure encour-
age the generation of large eruptions. However, for all eruptions,
large and small, it is primarily the elastic energy that drives the
magma out of the chamber during the eruption.
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Simple: ‘balloon & straw’ conceptual model Complex: trans-crustal magmatic systems (mush + melt)

Evolving conceptual models
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Observing magma movement



>1000 mrad before it reversed and started grad-
ually decreasing (Fig. 3, C and D). In contrast to
the AXCC tiltmeter, which recorded smoothly
varying tilt signals, we interpreted the large sud-
den offsets in the AXEC tilt record as either in-
elastic deformation (perhaps cracking or faulting
near the dike axis) or slight movements of the
instrument caused by earthquake shaking dur-
ing the peak of the seismic swarm. This makes
the AXEC tilt signals more difficult for us to
interpret in the context of dike models. How-
ever, after 08:00, both tilt records were again
smooth and became dominated by deformation
due to the ongoing deflation rather than from
the dike intrusion (fig. S6).
We used the MPR results from September

2013 to August 2015 for the net vertical dis-
placement at seafloor benchmarks in and near
the summit caldera to model the source of the
inflation and deflation signals (Fig. 1). This time
period includes some pre-eruption inflation, the
co-eruption deflation, and some post-eruption re-
inflation (Fig. 2). The 10 MPR stations in 2015,
compared with only 6 in 2011, provided better
constraints for ground deformation models. We
fit the MPR data from all 10 MPR stations to a
suite of models, including a point-source (28), a
penny-shaped sill (29), and a prolate spheroid
(30) (figs. S7 to S9 and table S1). The best-fitting
source for the 2013–2015 time period ðc2reduced ¼
34:2Þ is a prolate spheroid with the major axis
dipping at 77° in the direction of 286°, with major
and minor axes of 2.2 and 0.38 km, respectively,
and a depth to center of 3.81 km (Fig. 4 and fig.
S8). The fit of the observed data to this model is
much better than the fit to previous sill or point-
source models (9, 10, 14).

The best-fitting deformation source for the
inter-eruption period between the previous MPR
surveys (an inflation-only period with data from
six stations from July 2011 to September 2013)
is very similar, a steeply dipping prolate spheroid
with the major axis dipping at 75° in the di-
rection of 290°, major and minor axes of 2.2 and
0.33 km, and a depth of 3.77 km (fig. S7). We
suggest that the source of the deformation is the
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 cal-
dera 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

as the shallowest part of the magma body imaged
by multichannel seismic (MCS) surveys (31). The
southern half of the caldera was also where the
MCS data showed the highest percentage of melt,
interpreted as the locus of magma supply from
the underlying hot spot (31). The eastern edge of
the caldera was the source area of the dikes that
fed the 2015 eruption (21, 24), as well as the two
previous eruptions (25, 26). The best-fitting de-
formation model does not necessarily show the
geometry of the entire magma body, which is
approximated by a horizontal ellipsoid underlying
the caldera from MCS data. The deformation
model instead shows where the greatest volume
change occurred during inflation and deflation.
Inflation and deflation at Axial Seamount appears
to be concentrated in a nearly vertical conduit
that feeds the high-melt core of the magma body
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Fig. 2. Deformation time series at the caldera center. Long-term time series of inflation and defla-
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. 3. Co-eruption tilt. Results show east-west (blue) and north-south (red) components and net tilt direction (green) from OOI Cabled Array instruments at
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until 19 May.
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recurrence interval (1998–2011 versus 2011–2015),
as well as a change in lava composition erupted
at the summit (24).
Pre-eruption inflation changed abruptly to co-

eruption deflation at ~06:00 on 24 April 2015
(all times GMT), more than an hour after seis-
micity began to increase (21), due to magma
intruding out of the summit reservoir (fig. S4).
The 2015 eruption extended >20 km from the
northeastern edge of the caldera and along the
north rift zone (24), in contrast to the last two
eruptions, which were on the south rift (25, 26).
The total subsidence at the caldera center was
similar in 2015 and 2011 (–2.45 and –2.43 m,
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 in-
flation and deflation until 19 May, when rapid re-
inflation 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 north-
eastern edge of the caldera (21), where the dike
intrusion initiated and the southernmost erup-
tive 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) dur-
ing this time period in a way that is consistent
with a dike intruding southward but not reach-
ing the surface in this area (21).
We observed>100microradians (mrad) of down-

ward tilt toward the south in ~1 hour, which then
abruptly reversed at 07:10 (Fig. 3A) in the central
caldera tiltmeter [Axial caldera center (AXCC)]
record. This behavior is consistent with modeling
of lateral dike propagation past the instrument
(27), because the tilt component parallel to the
direction of dike propagation (north-south at Ax-
ial) is most sensitive to the lengthening of the
dike. The initial tilt is in the direction of dike
propagation, and the reversal in tilt direction
occurs when the dike tip passes the tiltmeter. At
the same time, the east-west component of the
AXCC tiltmeter also reversed direction from slow
eastward tilt (toward the dike axis) to a rapid
westward tilt (away from the dike axis) (Fig. 3, A
and B). Dike modeling (27) shows that the tilt

component perpendicular to the dike axis (east-
west at Axial) ismost 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

stalling out and continuing to the north along
the north rift zone.
We observed several large and nearly instan-

taneous 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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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)
include tiltmeters (data shown in Fig. 3). The map also shows locations of 2015 lava flows and eruptive
fissures [white outlines and red lines, respectively (24)] and 2011 lava flows and eruptive fissures [gray
outlines and yellow lines, respectively (26)]. The + symbol denotes the centroid of the best-fit prolate-
spheroid deformation model (Fig. 4). AXID, Axial International District.
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Observing magma movement



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.


