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• Use	  the	  tools	  of	  petrology	  &	  
geochemistry	  to	  study	  magmatic	  systems

• Interaction	  between	  magmatic	  and	  
volcanic	  processes

• Projects	  in	  Cascades,	  New	  Zealand,	  Saudi	  
Arabia

• Applications	  of	  laser	  ablation	  ICP-‐MS
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Volcanic	  arc:	  An	  arcuate	  chain	  of	  volcanoes	  formed	  above	  a	  
subducting plate,	  and	  typically	  parallel	  to	  an	  oceanic	  trench.	  
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Magmatic	  rocks	  in	  subduction	  zones	  provide	  a	  means	  to	  
link	  geophysical	  “snapshots”	  with	  the	  deeper	  time	  
history	  of	  subduction	  zones.



Today:	  Discussion	  of	  the	  role	  of	  the	  upper	  plate	  in	  forming	  volcanic	  arcs

Stern	  2002



• Magmas:	  Rich	  record	  of	  
subduction	  zone	  
processes

Geophysics



The Upper Plate

• Transformation of mantle derived magmas to the broad 
array of observed arc magmas
– Production of intermediate and evolved magma compositions
– Formation of crystals and their inclusions – important reserve 

of information
• Substantial magma residence

– “Freezing” to form pluton, or transit to eruption
• Degassing and loss of volatiles to atmosphere or 

hydrothermal systems.
• Spatial and temporal modulation from plate tectonic 

rates to volcanic rates, and from continuous to episodic
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generation of Archean TTG is a totally different type of behaviour; either the 
arrival of a series of plumes beneath the same restricted portion of the crust 
(perhaps guided by sinking slugs of eclogite, as suggested by Bédard, 2006) or 
abnormally protracted flood volcanism.

One can never dismiss a model out of hand, but I now ask the reader to 
compare the models in which granitic magmas form in an intraplate setting, at 
the base of either an oceanic plateau or thick oceanic crust, with its uniformitarian 
alternative; i.e. generation of granitoids in a subduction setting.

 5.5 Generation of Granitic Magmas in Subduction Zones

 Figure 5.10  A sketch of the processes involved in the formation of granitic magmas (from 
Richards, 2011, with permission from Elsevier).

Richards,	  2011
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What most defines subduction zone 
magmatism?

1. Mafic (primitive) magmas
2. Intermediate magmas  (andesites)
3. Evolved magmas (dacites, rhyolites)



Global Characteristics of Arc 
Volcanics

MORB



Le	  Bas	  et	  al.	  1986	  A	  Chemical	  Classification	  of	  Volcanic	  
Rocks	  Based	  on	  the	  Total	  Alkali-‐Silica	  Diagram

Mafic	  (Basic)
Primitive

Intermediate Felsic	  (Acid)
Evolved
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Kent,	  2013;	  after	  Hildreth,	  2008



inclusions (e.g., Clocchiatti, 1968; Clocchiatti et al., 1975; Anderson
1973, 1976; Sobolev et al., 1983) and this, together with experi-
mental phase equilibrium (see Grove et al. (2012)), are the
primary approaches used today for determining pre-eruptive
volatile contents of magmas. Another hurdle is in the quantitative
measurement of H2O or H species in such inclusions. Early
inferences were based on the absence of measurement—the
deficit from 100% on the sum of the oxides measured by electron
microprobe. Such sum deficits were not very precise, but they
turned out to provide an accurate view of the water-rich nature of
arc magmas. FTIR and SIMS ion microprobe techniques now
provide higher precision and information on H speciation.

In the mid-90s, a series of seminal papers brought these new
analytical methods to melt inclusion and submarine glass studies
of subduction zone magmas (Danyushevsky et al., 1993; Sisson
and Layne, 1993; Stolper and Newman, 1994; Sobolev and
Chaussidon, 1996; Roggensack et al., 1997). Together, this work
demonstrated unequivocally that subduction zone magmas are
initially wet, with primary water concentrations being at least
2 wt%, and more evolved basalts containing up to 6 wt% H2O.
The new techniques developed in these papers spawned a flurry
of studies on magmatic water, leading to a wave of new under-
standing on subduction water fluxes (Sadofsky et al., 2008;
Ruscitto et al., 2012), wet melting in the mantle (Kelley et al.,
2006, 2010; Langmuir et al., 2006; Portnyagin et al., 2007;
Johnson et al., 2009; Ruscitto et al., 2010), cross-arc water
variations (Walker et al., 2003) the ascent of arc magmas
(Blundy and Cashman, 2005), their differentiation (Zimmer
et al., 2010) and eruption (Blundy et al., 2006; Metrich et al.,
2010; Spilliaert et al., 2006). Complementary phase equilibria
studies also supported very high water contents in some parental
arc magmas (6–16 wt% H2O; Grove et al., 2005; Carmichael,
2002). The future will see further development of Raman spectro-
scopy, with single micron spatial resolution on unexposed inclu-
sions (Mercier et al., 2010), and nanoSIMS, with the potential for
single micron spatial resolution and single ppm detection limits
in nominally anhydrous phenocrysts (Hauri et al., 2011;
Mosenfelder et al., 2011).

Approximately 15 yr later, focused efforts by many groups
have now provided baseline data for a number of volcanic arcs.
The surprising result is how little the H2O concentration varies in
the least degassed mafic melts from each volcano. The purpose of
this paper is to present this observation, and then explore
mechanisms that could lead to similar average water contents
for different arcs.

2. The data

Magmas lose their dissolved H2O as a natural consequence of
ascent and eruption. A magma with 7 wt% H2O (the maximum
observed in olivine-hosted inclusions, from Klyuchevskoy, Kam-
chatka; Auer et al., 2009 and Augustine, Alaska; Zimmer et al.,
2010) will reach pure H2O-vapor saturation at !400 MPa, or
!15–16 km in the crust (assuming an upper crustal density of
2.6 g/cc, and using the solution models of Newman and
Lowenstern (2002) and Witham et al. (2012)). As magmas ascend
to depths shallower than their point of H2O-saturation, they will
continually degas H2O to vapor, striving to reach equilibrium
during decompression, eruption, and cooling. At the earth’s
surface (1 atm pressure), mafic melts can hold !0.1 wt% H2O.
Thus, all wet magmas lose H2O to vapor upon ascent; only melt
inclusions trapped in early formed crystals that are brought to the
surface and cooled rapidly stand some chance of preserving
original H2O concentrations. Olivine is the vessel of choice, as it
is one of the first minerals to crystallize in arc basaltic magma,
and contains minor concentrations of incompatible elements that
can exchange with melt inclusions. Clinopyroxene-hosted melt
inclusions or phenocrysts themselves may also preserve informa-
tion about undegassed water concentrations (Zimmer et al., 2010;
Wade et al., 2008). Tephra clasts Z3 cm in diameter cool slowly
enough (!10 min) that a significant fraction of H2O (!1 wt%)
may be lost by diffusion through the olivine (Lloyd et al., 2013),
and so only melt inclusions in small diameter scoria lapilli or ash
retain pre-eruptive H2O contents. CO2 and S generally have a
lower solubility in arc magmas than H2O (Wallace, 2005;

Fig. 1. (a) Water concentration in melt inclusions from 7 volcanic arcs (data and references in Table 1 and Appendix). Each point plotted is the maximum water
concentration measured in mafic melt inclusions from a single volcano or cinder cone. Most inclusions are hosted in olivine; symbols reflect forsterite (Fo) content and
non-olivine hosts (clinopyroxene and plagioclase). Blue boxes are averages of volcanoes within each arc (error bars are one standard deviation). Grey vertical bar reflects
average of all arcs (dark grey is one s.d.; light grey is two). Heavy black lines are global averages (71 s.d.) calculated using two other approaches: averaging the top 25% of
the water contents within a given melt inclusion population, and selecting the maximum H2O content within the highest Fo olivines (top 2 Fo units) in a given population.
(b) Histogram of maximum water concentrations in each volcano or cinder cone. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

T. Plank et al. / Earth and Planetary Science Letters 364 (2013) 168–179 169

Water	  in	  melt	  inclusions
Plank	  et	  al.	  2013
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Arcs:	  Water-‐rich	  magmas



Andesites
(intermediate	  magmas)
Intermediate	  (~55-‐65	  wt.%	  SiO2)
Plagioclase	  ± Fe	  Mg	  mineral	  
(olivine,	  pyroxene,	  hornblende)	  +	  
oxides	  ± quartz	  ± zircon	  etc.

Amphibole,
Mount	  Hood
Kent	  et	  al.	  2010

Quenched	  mafic	  
inclusions

1	  mm
1	  mm



History of Ideas: The Andesite Line

In	  the	  early	  20th century	  it	  was	  recognized	  that	  andesitic	  rocks	  (intermediate)	  
occurred	  in	  circum-‐pacific	  region	  at	  the	  margins	  of	  continents	  – the	  Andesite	  
line

Bowen	  (1928)	  showed	  andesite	  
could	  be	  produced	  by	  
differentiation	  from	  basaltic	  
parent

Eiler,	  2003

Norman	  L	  Bowen



• 1950’s:	  Links	  recognized	  between	  seismicity	  (Wadati-‐Benioff),	  
continental	  margins	  and	  the	  “andesite	  line”.

• Growing	  evidence	  that	  mafic	  magma	  produced	  by	  melting	  
peridotite	  AND	  that	  H2O	  lowers	  the	  peridotite	  melting	  point

Eiler,	  2003

History of Ideas: The Andesite Line



AE	  Ringwood	  1930-‐1993 (After Ringwood, 1975)

Ringwood	  (and	  others):	  Melting	  within	  the	  slab	  produces	  andesite,	  subsequent	  
differentiation	  and	  mixing	  produces	  array	  of	  arc	  magmas

History of Ideas: The Andesite Line
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The	  Mantle



Morris	  and	  Tera,	  1989	  (Figure	  from	  Winter,	  2001)
10Be	  and	  9Be	  in	  mineral	  separates	  and	  whole	  rocks	  from	  volcanic	  arcs:	  Implications	  for	  sediment	  subduction



Where do we produce most 
intermediate and evolved magmas?

1. Upper crust
2. Lower crust
3. Mantle
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generation of Archean TTG is a totally different type of behaviour; either the 
arrival of a series of plumes beneath the same restricted portion of the crust 
(perhaps guided by sinking slugs of eclogite, as suggested by Bédard, 2006) or 
abnormally protracted flood volcanism.

One can never dismiss a model out of hand, but I now ask the reader to 
compare the models in which granitic magmas form in an intraplate setting, at 
the base of either an oceanic plateau or thick oceanic crust, with its uniformitarian 
alternative; i.e. generation of granitoids in a subduction setting.

 5.5 Generation of Granitic Magmas in Subduction Zones

 Figure 5.10  A sketch of the processes involved in the formation of granitic magmas (from 
Richards, 2011, with permission from Elsevier).

Richards,	  2011

“Factory	  floor”



87Rb	  -‐>	  87Sr	  (T1/2 =	  49	  Ga),	  high	  87Sr/86Sr	  =	  high	  Rb/Sr	  through	  
time.	  Continental	  crust	  has	  high	  Rb/Sr
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MASH*	  Zone,	  Hot	  Zone:	  Intrusion	  of	  dykes	  into	  lower	  crust
*mixing,	  assimilation,	  storage,	  hybridization



Walker	  et	  al.,	  2015,	  Sierra	  Valle	  Fértil,	  Argentina



Dufek	  and	  Bergantz,	  2005
Annen	  et	  al.,	  2006

• Intrusion	  of	  mafic	  magma	  into	  the	  lower	  crust	  forms	  a	  
MASH/Hot	  zone
• A	  region	  of	  heated	  crust	  where	  intruded	  magmas	  cool	  
and	  surrounding	  crust	  heats	  up
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Dufek	  and	  Bergantz,	  2005



Nandedkhar et	  al.,	  2013
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Dufek	  and	  Bergantz,	  2005



Feeley	  et	  al.,	  2008

Oxygen	  isotope	  compositions	  at	  Mount	  Lassen
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“Assembly”



Upper	  crustal	  magma	  
storage	  zones

• Areas	  of	  magma	  
assembly

• Strong	  control	  on	  
volcanic	  processes

Shallow	  Magma	  Storage



Why does so much magma residence 
occur in the shallow crust?

• Trapping magma at brittle ductile transition?
• Stalling of ascending magmas?
• Density/viscosity?



500	  µm

Annen	  et	  al.,	  2006

Mount	  Pinatubo

Mount	  Hood



Bimodal	  Mineral	  compositions	  
appear	  to	  be	  an	  important	  
feature	  of	  many	  arc	  volcanoes

Data:	  Coombs	  et	  al.	  2012,	  Loewen,	  
2013;	  Turner	  et	  al.	  2013;	  GEOROC



Zircon	  U-‐Th ages	  from	  Mount	  St	  
Helens
Claiborne	  et	  al.	  2010	  

1012 GEOLOGY, November 2010

METHODS
We used the SHRIMP-RG at the Stanford-

USGS Microanalytical Center to measure 
U-Th and U-Pb isotopes and trace elements 
in zircons (following Bacon and Lowenstern, 
2005; Walker et al., 2007; Claiborne et al., 
2006a, 2010; Mazdab and Wooden, 2006). 
These data provided crystallization ages 
and chemical composition of zircon from 18 
erupted units that span the eruptive history of 
Mount St. Helens, 9 of which compose a study 
focusing on one eruptive period (9–16 ka). 
Uranium-thorium data were collected for sam-
ples erupted more recently than 300 ka; U-Pb 
data were collected for the sample erupted 
ca. 300 ka and for spots proved older than 
300 ka by U-Th analyses. Since the zircon is 
not cognate to the melt in which it erupted (see 
Discussion), we cannot directly use whole rock 
or glass (230Th/232Th) to establish the initial 
ratio. We chose an initial (230Th/232Th) of 1.2, 
reported in Cooper and Donnelly (2008) for 
the 2004–2006 eruption and within 0.15 of all 
previously published values (Cooper and Reid, 
2003; Volpe and Hammond, 1991; Bennett et 
al., 1982), as a likely average for the Mount St. 
Helens dacites. Likely variability of this ratio 
introduces uncertainty on the scale of thou-
sands of years into our model ages, particularly 
those with low U/Th, but this is not suffi ciently 
large to affect our main conclusions. We use 
Ti concentration to constrain temperature, fol-
lowing the Ti-in-zircon thermometer (Ferry 
and Watson, 2007), assigning aSiO2

 = 1 and aTiO2
 

= 0.7. Quartz is a common phenocryst in the 
more silicic lavas, and we interpret most zir-
con growth to have occurred at or near quartz 
saturation. Compositions of Mount St. Helens 
glasses suggest high aTiO2

 (>0.5), calculated 
following Hayden and Watson (2007; cf. Clai-
borne et al., 2006a, 2010). Assuming too high 
aTiO2

 or too low aSiO2
 results in underestimation 

of temperature, and an error of 0.2 in activity 
estimates yields an error of ~30 °C; this uncer-
tainty does not affect our main conclusions.

RESULTS
Uranium-thorium and U-Pb analyses of 325 

spots on zircon collected from 18 samples, 
ranging from the oldest known (ca. 300 ka) to 
most recent (December 2005) eruptions, pro-
vide a contrasting but complementary and more 
complex view of magma storage and interac-
tion beneath Mount St. Helens than previously 
established. All samples have multiple age pop-
ulations, including ages at least 150 k.y. older 
than their eruption age (Figs. 1 and 2). Age 
groups, which range from ca. 6 to 600 ka, gen-
erally appear in multiple, but not all, samples. 
Younger ages generally dominate over older, but 
it is common for the youngest identifi ed ages 
for a sample to be at least tens of thousands of 

years older than the eruption age; only 3 of 18 
samples contain ages within error (~5–20 k.y.) 
of eruption age as defi ned by 40Ar/39Ar, K-Ar, 
or radiocarbon data (Clynne et al., 2008). Ten 
of the analyses reveal xenocrystic zircons that 

range from 12 to 96 Ma; these are most common 
in the earlier eruptions.

Just as the zircons from any one sample are 
a composite of many ages, many of the zir-
cons record more than one growth episode. In 
grains large enough for multiple U-Th analyses, 
the magmatic ages vary from core to rim by as 
much as 200 k.y. Age and compositional varia-
tions usually correspond to zones visible in cath-
odoluminescence images of the zircon grains 
(Fig. 3) that are sometimes separated by resorp-
tion surfaces. Rounded external morphology 
suggests that most zircons from some samples 
underwent resorption prior to eruption, whereas 
all zircons from some other units are euhedral.

Concentrations of Ti and Hf correlate 
inversely (Fig. 4). Older zircon is more restricted 
in composition, with lower Ti (~3–10 ppm) 
and higher Hf (~11,000–14,000 ppm) than the 
younger zircon, which ranges to a maximum of 
~40 ppm Ti and a minimum of ~6200 ppm Hf. 
A distinct increase in variability and in maxi-
mum Ti and minimum Hf corresponds to zircon 
ages beginning ca. 100 ka (Fig. 4).

DISCUSSION AND CONCLUSIONS
As the only mineral identifi ed as more than a 

few thousand years older than its eruption, zir-
con records a different, more extended part of 
the Mount St. Helens magmatic history than any 
other phase. This could be due to its relatively 
slow growth and dissolution (Watson, 1996), low 
diffusivities (Cherniak et al., 1997), and result-
ing ability to survive reheating events intact 
while other phases are dissolved or have their 
age and chemical systems reset. Furthermore, 
zircon is suffi ciently small that it will behave as 
a physical tracer in the melt (Claiborne et al., 
2006b), segregating from rejuvenated, crystal-
rich, sluggishly mobile mushes with interstitial 
melt while the major phases coeval with the zir-
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Figure 1. Probability density and histograms 
of zircon model ages. Each panel contains 
the histogram for samples erupted during 
one of Mount St. Helens’ four eruptive peri-
ods (described in Clynne et al., 2008). Black 
lines represent probability density curves, 
and shaded areas show age of relevant erup-
tive period (in parentheses). A possible hiatus 
in Ape Canyon Stage activity from ca. 160 to 
250 ka was described by Clynne et al. (2008). 

Figure 2. (230Th/232Th) as function of (238U/232Th) 
in zircon from one sample. Each gray ellipse 
represents the ±2σ error of one analysis. Rep-
resentative isochrons are included for refer-
ence. Equiline represents the age at which 
U-Th system reaches equilibrium (ca. 350 ka) 
and is no longer useful for geochronology. 
This unit yielded a calibrated radiocarbon 
age of 24.3 ± 0.5 ka (Clynne et al., 2008).

Figure 3. Cathodoluminescence image of 
an exceptionally large zoned zircon show-
ing multiple sensitive high-resolution micro-
probe analysis locations and corresponding 
age and trace element data. Dashed circles 
represent U-series analyses and solid circles 
represent trace element analyses. Uncertain-
ties on age data are ±2σ. T—temperature. 
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Long lived bodies of ”eruptible magma” are 
probably quite common n the shallow crust

• True
• False



Mount	  Hood



open, steady-state system16; see Methods) of less than 100 years, using
a range of growth rates from 1028 to 10211 cm s21 (Extended Data Fig. 8
and Extended Data Table 2). Even if some growth had been erased by
dissolution, the diffusion data suggest that this was a relatively minor
effect (Methods). Thus, the crystal size data again indicate that the
existing crystals could have spent only a small fraction of their time at
conditions that allow plagioclase growth.

These data collectively place important constraints on the thermal
state of the magma reservoir where the Mount Hood plagioclase crys-
tals were stored: that is, that the magma most probably spent .99%
(and at least 88%) of the past 21,000 years (and probably longer) at
temperatures below about 750 uC. Rhyolite-MELTS17 calculations indi-
cate that the rheological transition between an eruptible (less than about
40% crystals7), low-viscosity magma capable of convection and a rigid
mush for this composition occurs at about 750 uC (Fig. 3). Therefore,
the Mount Hood shallow magma reservoir is not maintained at higher
temperatures (that is, in an easily eruptible state) by periodic recharge
of hotter magma9 but rather is remobilized from a cold and rigid state
via recharge events and erupted almost immediately. On the basis of
chemical and age data19,21, the silicic population of crystals sampled in
different eruptions is identical. Therefore, the region from which these
silicic crystals are derived is not simply a quiescent body of magma at
the periphery of the Mount Hood reservoir, but is part of the active
magma reservoir. The implications of these observations are that the
time between reheating and remobilization of the silicic magma body
and eruption is short (consistent with other arguments based on Mg
diffusion19), and that the system was relatively cool when reactivated.
This conclusion is also consistent with the general lack of geophysical
evidence for high-melt-fraction magma bodies beneath most volcanoes.

The combination of U-series crystal ages, diffusion data and textural
information applied to a single volcano is rare, and the combination of
data where all analyses apply to the same samples is so far unique to
Mount Hood; therefore the extent to which our conclusions apply to
other systems requires further investigation. However, partial data sets
or combinations of data from different eruptions within the same system
(Fig. 1) show that the general pattern of order-of-magnitude difference

between CSD and diffusion ages versus U-series ages holds in many other
arc systems, suggesting that many volcanic systems erupt magma that
spends the majority of pre-eruptive storage under relatively cool, viscous
and uneruptible conditions. Whether this behaviour is ubiquitous remains
to be seen; some magma systems have been argued to be maintained at
high temperatures over longer times7,9, and, as with the Mount Hood
mafic component, mafic magmas appear to have much shorter transit
and storage times28,29. However, the pattern we see at Mount Hood and
at other systems (as implied by our data compilation) suggests that
eruption of many silicic magma bodies occurs via rapid mobilization
or ‘defrosting’ of crystal-rich mush stored at cooler and rheologically
locked conditions4,13 instead of a long crustal residence of magmas main-
tained at elevated temperatures, within a so-called ‘eruptible’ zone7,9.

Application of the techniques outlined here to a range of other vol-
canic systems provides a means of testing these ideas, to determine
whether fundamentally different modes of magma storage exist, and to
further constrain the variables controlling the thermal and therefore
physical conditions of magmas within the crust. Even without complete
data sets for other volcanoes, the implications of these findings for Mount
Hood and for other similar systems are profound. Although mineral
thermobarometry is commonly used to constrain conditions of magma
storage immediately before eruption, our results indicate that although
the temperature conditions determined by thermometry record that of
mineral growth, they are unlikely to be representative of the magma
during long-term crustal storage. The remarkable similarity in crystal
residence times derived from diffusion and size data also suggests that
the majority of plagioclase growth took place at temperatures above
750 uC rather than at near-solidus conditions. Finally, in terms of vol-
canic hazards, if long-term storage of magma generally occurs at high
crystallinity as our data suggest, the geophysical detection of a largely
liquid magma body may imply imminent eruption.
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Figure 2 | Schematic diagram illustrating our approach to constraining
thermal histories. a, Summary of durations of crystal residence in different
temperature intervals, as derived from schematic temperature–time history
within a magma reservoir (dark blue line) over the interval between the onset of
crystallization to eruption (b). Black dashed lines indicate the solidus and
liquidus temperatures (Tsol and Tliq, respectively). Coloured regions in b and
lines in a indicate the various crystal residence times as follows. The dark blue
line represents the total time represented by the crystal record for crystals
sampled, constrained by the U-series crystal ages. Light blue line segments and
regions represent the duration of crystal growth within the temperature interval
between liquidus and solidus, constrained by the total crystal growth time from
crystal size or CSD slope. Red line segments and regions represent the
maximum duration at or above a given temperature (Td; red dashed line)
constrained by diffusion modelling of trace-element profiles, and black line
segments and regions indicate the duration of temperatures higher than Tliq, at
which crystals would be rapidly dissolving, constrained by crystal dissolution
rates and diffusion.
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Figure 3 | Results of diffusion and R-MELTS modelling. a, Calculated
plagioclase diffusion residence times as a function of temperature constrained
by finite difference modelling. Results are shown for the two methods of
estimating the initial Sr distribution: (1) using a best fit to the observed Sr versus
anorthite distribution (blue lines), and (2) using the R-MELTS package to
estimate the liquid line of descent (red lines). Dashed and solid lines indicate
results for individual crystal traverses from samples MH-09-11 and MH-09-05,
respectively. b, Crystal mass (green dashed line) and magma viscosity
(blue line) as a function of temperature calculated by R-MELTS using the
estimated silicic magma composition for Mount Hood from ref. 19. In each
panel, grey boxes indicate the temperature interval where the magma reaches
the critical crystallinity of 40%–60%, where rheological lock-up occurs.
See Methods for additional details.
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Fig. 6. (a) The regime diagram can be subdivided into 4 regions according to the dominant timescales. These regions are associated with different eruption triggering 
mechanisms. (b) Applicability regions on the regime diagram for previous studies. The study of Karlstrom et al. (2010) also found Regions 2, 3, and 4 by considering magma 
recharge, cooling, and viscous relaxation in their model.

between the number of eruptions and θ1, N ≈ b1θ1. This be-
havior can be associated with relatively small chambers and 
large mass injection.

The behavior in Region 1 is consistent with the study of Tait et 
al. (1989) that considered an isothermal chamber with a constant 
crystallization rate in an elastic crust with no mass inflow. This 
means that τcool ≪ τin and τcool ≪ τrelax or as a function of the 
dimensionless parameters θ1 ≪ 1 and θ1 ≪ θ2 (Fig. 6b). The model 
of Fowler and Spera (2008, 2010) achieves very large overpressures 
when a magma undergoes phase changes in an isochoric chamber 
at a constant cooling rate. These are similar assumptions as those 
of Tait et al. (1989) and thus their results fall in the same part of 
the regime diagram.

Fowler and Spera (2008, 2010) also considered phase change 
of magma in an isobaric chamber at a constant cooling rate. This 
is similar to Region 2 on the regime diagram where τcool ≪ τin
as there is no injection, and τcool ≫ τrelax as the pressure should 
not build up. As a function of the dimensionless parameters this 
means θ1 ≪ 1 and θ1 ≫ θ2 (Fig. 6b). Fowler and Spera (2008, 2010)
hypothesize that when a critical volume fraction of gas is reached 
an eruption might be triggered.

Jellinek and DePaolo (2003) modeled injection into a single 
phase chamber sitting in a visco-elastic crust. Cooling and phase 
changes were neglected. This is captured by Regions 3 and 4 on the 
regime diagram where τcool ≫ τin or θ1 ≫ 1 (Fig. 6b). They found 
that eruptions will be frequent when the chamber volume is small 
relative to the magma supply, i.e. τin ≫ τrelax or θ2 ≫ 1 which 
agrees with what we find in Region 4 of the regime diagram. 
Magma storage is optimal for larger chambers, i.e. τin ≪ τrelax or 
θ2 ≪ 1 in agreement with Region 3 of the regime diagram.

Annen (2009) and Gelman et al. (2013) considered accretion 
of sills that crystallize after they are emplaced in the crust. They 
do not take into account the visco-elastic response of the crust 
to the emplacement of the sills nor exsolution due to crystalliza-
tion. This is a problem in the initial stages of the model as the 
crust will behave elastically creating large overpressures either by 
injection or second boiling. This will generate dykes and inhibit 
the chamber from growing. Hence this model is valid in Regions 2 
and 3 where no eruptions occur, i.e. θ2 ≪ b3θ1/(b1θ1 +b2 − 1) (see 
Eq. (44)). These models found that in order for a large volume of 
melt to form in the crust the mass injection has to be fast relative 

to the cooling timescale, i.e. τcool ≫ τin or θ1 ≫ 1, in agreement 
with the behavior we find in Region 3. Otherwise, when the cool-
ing timescale is dominant over the injection timescale a pluton 
forms, i.e. τcool ≪ τin or θ1 ≫ 1, in agreement with Region 4 on 
the regime diagram.

Malfait et al. (2014) and Caricchi et al. (2014) argued for very 
large eruptions to be triggered by buoyancy. Although our model 
does not account rigorously for the stress associated with the mag-
ma’s buoyancy, we can follow the approximation made by Jellinek 
and DePaolo (2003) and Caricchi et al. (2014) and relate the buoy-
ancy stresses to (ρr − ρ)g R with the ρr the density of the crust 
and g the gravitational acceleration. Indeed, this quantity is found 
to be the highest in Region 4 when θ1 ≫ 1 and θ2 ≪ 1 because 
the chamber radius can become significant and gas exsolution in-
creases the density contrast between the magma chamber and the 
crust before reaching the set critical crystal content of 0.5 (Fig. 2a).

4.3. Growing large silicic magma chambers

Previous models have made arguments for the growth of 
magma chambers by considering the effect of injection either 
on cooling (Annen, 2009; Gelman et al., 2013) or on the pres-
sure of the chamber (Jellinek and DePaolo, 2003). Our model 
highlights the need to consider these processes simultaneously 
as all of them play a role when considering the maturation of 
magma bodies in the crust. During the buildup of small systems 
growth will be hindered by frequent eruptions due to second 
boiling and/or continued injection until the chamber becomes me-
chanically locked (Regions 1 and 4). In this case chambers can 
only erupt for a brief period in time after which they can com-
pletely crystallize and form plutons (Barboni and Schoene, 2014). 
Growth will be optimal when the inflow rate is low enough such 
that the mass released by eruptions is smaller than the mass in-
jected and high enough such that the chamber does not entirely 
freeze (Caricchi et al., 2014). Magma chambers are believed to 
spend most of their lifetimes at high crystallinity in a rheologi-
cally locked state (Huber et al., 2009; Dufek and Bachmann, 2010;
Cooper and Kent, 2014). Once above the critical crystal vol-
ume fraction for mechanical locking, chambers will be able to 
grow without erupting and successive rejuvenation events can 
occur such that the existing chamber is prevented from com-
pletely crystallizing and can continue its growth (Bachmann 
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recent proposals that the crustal system develops a complex vertically
layered system of mushes, liquids and exsolved fluid layers through
the crust over long (inter-eruption; 102–104) timescales (Christopher
et al., 2015) (Fig. 14). Periods of unrest in this case are proposed to
have been caused by instabilities propagating downward through the
system, driven by segregation and outgassing of fluids at the top.

The hydrogen content of the enstatites and of the melt inclusions
suggest that rhyolitic melts are vapour saturated at depths of 10 km
and perhaps as deep as 16 km in the crust, which implies that an
exsolved gas phase is ubiquitous. The presence of high concentrations

of exsolved fluids (Edmonds et al., 2015) may promote the remobiliza-
tion of crystal mushes by percolation and advection (Bachmann and
Bergantz, 2006), promoting partial melting of the mush (Huber et al.,
2011). Deformation experiments have shown that the presence of a
small amount of bubbles in the crystal mush (up to 10 vol%) decreases
significantly (by four orders of magnitude) the bulk mush viscosity
(Pistone et al., 2013), thereby shortening timescales of deformation
and overturn, perhaps promoting the occurrence of large explosive
eruptions. Conversely, removal of the exsolved fluid phase from the
mush can lead to freezing and “viscous death”.
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Fig. 14. Schematic diagram showing the possiblemagmatic architecture beneath Soufrière Hills Volcano, based partly on this work and partly on others (Cassidy et al., 2015a; Christopher
et al., 2015; Elsworth et al., 2008; Kiddle et al., 2010). Right: kernel density estimates (KDE) of depth ranges estimated fromH2O–CO2 barometry on plagioclasemelt inclusions and on the
H content of enstatite, assuming two bulk CO2 contents (see text). Depths of equilibration estimated from clinopyroxene-liquid equilibria for the products of South Soufrière Hills Volcano
are also shown (Cassidy et al., 2015b).
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Thermal History from zircon (Rubin et al. 2017)





Grand Challenge. Systematic slab to surface 
understanding of arc magmatic systems

• Cohesive	  models	  to	  understand	  the	  
dominant	  controls	  on:
• When	  and	  where	  arc	  volcanoes	  

erupt
• Style	  of	  volcanism
• Erupted	  compositions
• Locations,	  size	  and	  lifetimes	  of	  

individual	  volcanoes
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magmas	  (physically	  &	  
geochemically)

• Mantle	  controls
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Interactions within the factory
• How do the mantle wedge, lower crust and 

shallow crust interact?

Soufriére Hills	  Volcano;	  Ellsworth	  2011

recent proposals that the crustal system develops a complex vertically
layered system of mushes, liquids and exsolved fluid layers through
the crust over long (inter-eruption; 102–104) timescales (Christopher
et al., 2015) (Fig. 14). Periods of unrest in this case are proposed to
have been caused by instabilities propagating downward through the
system, driven by segregation and outgassing of fluids at the top.

The hydrogen content of the enstatites and of the melt inclusions
suggest that rhyolitic melts are vapour saturated at depths of 10 km
and perhaps as deep as 16 km in the crust, which implies that an
exsolved gas phase is ubiquitous. The presence of high concentrations

of exsolved fluids (Edmonds et al., 2015) may promote the remobiliza-
tion of crystal mushes by percolation and advection (Bachmann and
Bergantz, 2006), promoting partial melting of the mush (Huber et al.,
2011). Deformation experiments have shown that the presence of a
small amount of bubbles in the crystal mush (up to 10 vol%) decreases
significantly (by four orders of magnitude) the bulk mush viscosity
(Pistone et al., 2013), thereby shortening timescales of deformation
and overturn, perhaps promoting the occurrence of large explosive
eruptions. Conversely, removal of the exsolved fluid phase from the
mush can lead to freezing and “viscous death”.
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Fig. 14. Schematic diagram showing the possiblemagmatic architecture beneath Soufrière Hills Volcano, based partly on this work and partly on others (Cassidy et al., 2015a; Christopher
et al., 2015; Elsworth et al., 2008; Kiddle et al., 2010). Right: kernel density estimates (KDE) of depth ranges estimated fromH2O–CO2 barometry on plagioclasemelt inclusions and on the
H content of enstatite, assuming two bulk CO2 contents (see text). Depths of equilibration estimated from clinopyroxene-liquid equilibria for the products of South Soufrière Hills Volcano
are also shown (Cassidy et al., 2015b).
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right, in black. Crystallographic orientation is shown in square brackets for each curve. B: Timescales estimated from diffusion profiles in hydrogen at enstatite rims, versus diffusion
lengthscales, contoured for diffusivity. Grey shaded area shows region constrained by lengthscales and by experimental diffusivities.
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Wt.% Average Modern 
Andesite1

Bulk Continental 
Crust2

SiO2 56.3 59.1
TiO2 0.9 0.7
Al2O3 16.4 15.8
FeO 7.7 6.6
MgO 4.8 4.4
CaO 7.9 6.4
Na2O 3.2 3.2
K2O 1.3 1.9

Modern	  Subduction	  Flux	  =	  Basaltic

1Geokem.com	  	  2Rudnick	  and	  Fountain,	  1995
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Oxygen	  isotope	  compositions	  at	  Mount	  Lassen


