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Abstract The eruption of Soufriere Hills Volcano,
Montserrat, has been ongoing since 1995. The volcano is
erupting a crystal-rich hornblende-plagioclase andesite
with ubiquitous mafic inclusions, indicating mixing with
mafic magma. This mafic magma is thought to be the
driving force of the eruption, supplying heat and volatiles
to the andesite resident in the magma chamber. As well as
producing macroscopic mafic inclusions, the magma mix-
ing process involves incorporation of phenocrysts from the
andesite into the mafic magma. These inherited pheno-
crysts show clear disequilibrium textures (e.g. sieved pla-
gioclase rims and thermal breakdown rims on hornblende).
Approximately 25 % of all phenocrysts in the andesite
show these textures, indicating very extensive mass trans-
fer between the two magma types. Fragments of mafic
inclusions down to sub-mm scale are found in the andesite,
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together with mafic crystal clusters, which are commonly
found adhered to the rims of phenocrysts with disequilib-
rium features. Mineral chemistry also points to the transfer
of microlites or microphenocrysts, initially formed in the
mafic inclusions, into the andesite. This combined evidence
suggests that some of the mafic inclusions disaggregate
during mingling and/or ascent, possibly due to shearing,
and raises the question: What proportion of the andesite
‘groundmass’ actually originated in the mafic inclusions,
and thus, what is the true amount of mafic magma in the
magmatic system? We present a new method for quanti-
fying the relative proportions of groundmass plagioclase
derived from mafic and andesitic magma, based on analysis
of back-scattered electron images of the groundmass.
Preliminary results indicate that approximately 16 % of all
groundmass plagioclase belongs genetically to the mafic
inclusions. Together with the crystal clusters, disequilib-
rium phenocryst textures and mm-scale inclusions, there is
a ‘cryptic’ mafic component in the andesite of approxi-
mately 6 % by volume. This is significant compared with
the proportion of macroscopic mafic inclusions (typi-
cally ~ 1-5 %). The new method has the potential to
allow tracking of the mafic fraction through time and thus

to yield further insights into magma hybridisation
processes.
Keywords Magma mixing - Hybridisation -

Mafic inclusion - Disaggregation - Microlites -
Soufriere Hills Volcano

Introduction

At many arc volcanoes, recharge of the volcanic system by
a different magma is cited as the trigger for eruptions. The
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recharge magma can be of a similar composition, or more
silicic than the host magma, but is most commonly more
mafic (Sparks et al. 1977; Wiebe 1987; Eichelberger et al.
2000; Humphreys et al. 2006). Mafic recharge involves
strong temperature and viscosity contrasts between the host
and intruding magma and results in mingling, typically
manifest as mafic inclusions (enclaves), or banded mag-
mas. The mafic inclusions have a characteristic diktytaxitic
texture resulting from crystallisation at high undercooling
(Bacon 1986). Closer mixing (hybridisation) is most likely
to occur in magmas of similar viscosity and temperature, or
where the proportions of the two magmas are similar
(Sparks and Marshall 1986).

The effects of interaction between magmas of two dif-
ferent compositions are also seen in disequilibrium phe-
nocryst textures, such as partial dissolution (e.g. sieve
texture in plagioclase) or reaction and overgrowth rims
(e.g. clinopyroxene on quartz), produced when crystals
from one magma are in contact with the melt from another
(e.g. Eichelberger 1978). Such crystal-scale disequilibrium
textures are commonly observed at subduction zone set-
tings. Evidence for mixing or hybridisation has now been
recognised at all scales in several magmatic systems, such
as Lassen Volcanic Center, California (Tepley et al. 1999;
Clynne 1999) and Tatara-San Pedro, Chile (Feeley and
Dungan 1996). Disaggregation of mafic inclusions after
mingling causes the dispersal of disequilibrium-textured
crystals back into the andesite, together with small frag-
ments and crystal clusters of mafic inclusions. These pro-
cesses can also be detected at Soufriere Hills Volcano,
Montserrat (Humphreys et al. 2009a). There must therefore
be substantially more mafic magma in the volcanic system
than would be identified by the macroscopic mafic inclu-
sions themselves. An ability to quantify this dispersed,
cryptic component would improve our understanding of
temporal trends in mafic magma supply, the dynamics of
the volcanic system, and in more general terms, the genesis
of andesite magmas. Quantifying the supply and incorpo-
ration of mafic magma into the hybrid host magma is also
important for understanding the significance of other
monitoring data sets such as gas emissions (Edmonds et al.
2010) and ground deformation (Elsworth et al. 2008).

Previous attempts to quantify the extent of mixing typ-
ically involve either basic mass balance calculations (e.g.
Clynne 1999; Druitt et al. 2012) or identification of a
particular type of phenocryst texture (e.g. Kent et al. 2010;
Druitt et al. 2012). For example, Druitt et al. (2012)
identified a “Type 1’ plagioclase (with calcic core and sodic
overgrowth) in the hybrid Santorini rhyodacite as origi-
nating in a dacitic magma. The proportion of Type 1
crystals in the resulting hybrid then allowed the proportion
of dacite in the mixed magma to be estimated as 7-35 %.
However, these methods ignore the other -cryptic
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components of mixing (the fine-grained bulk of the mafic
inclusions themselves, and any residual liquid) and assume
that the compositions of the end-member magmas are
themselves unhybridised and do not change with time, so
that any bulk rock compositional variations must be related
to hybridisation.

In this study, we present a new method to quantify the
amount of dispersed, mafic inclusion material in the
Soufriere Hills andesite magma, by processing and binning
anorthite contents of plagioclase determined from Scan-
ning Electron Microscope (SEM) images, which are
capable of dealing with large sample areas. We show that
the dispersed component is substantial and increases our
estimates of mafic magma abundance at Soufriere Hills
Volcano by several per cent, which is significant in com-
parison with the abundance of macroscopic inclusions
(~5 % in Phase III of the current eruption; Barclay et al.
2010).

Background
Geological background

Soufriere Hills Volcano (SHV) lies at the southern end of
the island of Montserrat, in the Lesser Antilles approxi-
mately 35 miles southwest of Antigua. Volcanism is a
result of westward subduction of the Atlantic plate under-
neath the Caribbean plate at around 20-40 mm/year
(Macdonald et al. 2000). Harford et al. (2002) identified
four separate volcanic centres with ages up to ~2.6 Ma,
which show that volcanism has migrated southward over
time. The currently active complex, the Soufriere Hills,
occupies the southern part of the island and comprises a
central dome complex and surrounding fan of pyroclastic
debris (Harford et al. 2002). The active dome sits within an
existing crater (English’s Crater) from past eruptive
activity, and the oldest rocks from Soufriere Hills are at
least ~170 ka old (Harford et al. 2002). Most of the vol-
canic products are andesitic with a minor mixed mafic
component, with the exception of South Soufriere Hills
(SSH) lava, which is basaltic to basaltic andesite in com-
position. Geochemical studies have shown that the mafic
inclusions present in the andesite are not derived from the
SSH mafic lavas, but that the SHV andesites can be pro-
duced by fractional crystallisation of the SSH magma
(Zellmer et al. 2003).

Soufriere Hills Volcano has been erupting again since
July 1995, following a period of elevated seismicity that
started in 1992. The eruption started with a series of
phreatic explosions that were followed by the emplacement
of andesitic lava at a summit lava dome (Sparks et al.
2000). The eruption has comprised episodes of lava dome
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extrusion sometimes accompanied by significant explosive
activity, and pauses, where active extrusion at the dome
ceased. Degradation and gravitational destabilisation of the
lava dome occurs during both active extrusion and pauses,
and several significant dome collapses have also occurred.
Extrusion rates are typically on the order of ~2-3 m?/s but
have reached 20 m%/s (between January and March 2007,
Ryan et al. 2010).

Andesite petrology

The SHV lava is a highly porphyritic, hornblende-plagio-
clase andesite. Typically, plagioclase accounts for ~70 %
of all phenocrysts, with ~20 % hornblende, 5 % orthopy-
roxene, 3 % oxides and rare quartz. Plagioclase textures are
highly variable but can typically be classified as sieved
(Fig. 1b), patchy-cored or oscillatory zoned (e.g. Murphy
et al. 2000). Hornblende phenocrysts may show broad
oscillatory zonation but this can be hard to identify opti-
cally. Hornblende is commonly out of equilibrium and this
is reflected in a number of breakdown textures, including
thermal decomposition (Fig. 1c), decompression break-
down rims and opacitisation (e.g. Devine et al. 1998;
Murphy et al. 2000; Devine et al. 2003; Rutherford and
Devine 2003). Fe-Ti oxide phenocrysts are commonly
rounded or with fritted margins but microlites are euhedral.
Quartz is either rounded and deeply embayed or surrounded
by a rim of small clinopyroxene crystals. Orthopyroxene
phenocrysts may be euhedral or slightly rounded or show a
Mg-rich overgrowth rim or jacket of clinopyroxene crystals
(Fig. 1d). Rare clusters of sector-zoned clinopyroxene mi-
crophenocrysts are also found but their origin is unclear and
could be related to incorporation of cumulate or crustal
xenoliths (Kiddle et al. 2010). The groundmass contains
microlites of plagioclase, orthopyroxene, clinopyroxene
and oxides and is commonly vesicular. Accessory minerals
include apatite and very rare zircon. In some samples,
spherulites of intergrown feldspar and quartz are found,
typically nucleating on small feldspar microlites. In dome
rocks, the groundmass glass commonly undergoes phase
separation into patches that are rich in Fe and K, and patches
that are rich in Ca and Na. This is similar to that observed in
the groundmass at Mount St Helens, which was interpreted
to reflect post-extrusive textural modification during pro-
longed storage in the dome (Cashman 1992). Cristobalite is
commonly found filling vesicles in dome rocks and is
thought to result from vapour phase deposition due to gas
flow through permeable rocks (Baxter et al. 1999).

Mafic inclusion petrology

A key feature of the erupted products is the presence of
ubiquitous mafic inclusions (Fig. 1a), which are also

commonly observed in older eruptive products on Mont-
serrat and at many other volcanoes worldwide. These
mafic inclusions may be a manifestation of the driving
force for eruption (Sparks et al. 2000), as observed else-
where. Mafic inclusions have been reported to occur in
SHV andesites as old as 24 ka (Wadge and Isaacs 1988),
which indicates that intrusion of mafic magma into the
system is a fundamental and continuing feature of volca-
nism on Montserrat. Murphy et al. (1998) describe the
inclusions as dominantly ellipsoidal, with sharply defined,
smooth or crenulated, sometimes chilled margins to the
host andesite, suggesting that they were incorporated into
the host magma while still fluid. However, a proportion of
the inclusions have sharp, angular margins, suggesting
brittle break-up of larger inclusions or rafts of the mafic
material (Plail et al. 2012).

The mafic inclusions are typically fine-grained, 1-80 cm
in diameter and with a randomly oriented, inter-locking
crystal framework (Fig. le) that suggests rapid quench
crystallisation (Bacon 1986; Murphy et al. 1998). Most are
vesicular, with porosities ranging from 11 to 25 vol%, and
some inclusions have a glassy rim (Plail et al. 2012). Most
inclusions contain a minor component of coarse crystals,
giving them a porphyritic appearance. However, the com-
positions and textures of these coarse crystals (of plagio-
clase, hornblende or orthopyroxene) indicate that they are
not phenocrysts that grew in equilibrium with the mafic
melt. Instead, they represent phenocrysts from the host
andesite that are incorporated into the mafic inclusions
during the mingling or mixing process while the mafic
magma was still fluid, possibly as a result of shearing at the
boundary between two magmas (Kouchi and Sunagawa
1985). Hence, the large plagioclase typically have a sieve-
textured zone overgrown by a new, Ca-rich rim; orthopy-
roxenes and rare quartz are typically overgrown by a jacket
of fine-grained clinopyroxene; and hornblendes show a
thermal breakdown texture (Murphy et al. 1998; Devine
et al. 2003; Humphreys et al. 2009a; Plechov et al. 2008).
These thermal breakdown rims are distinct from decom-
pression breakdown rims (which can also be observed in
hornblendes in the andesite) because they are markedly
more clinopyroxene-rich; individual cpx are also aligned
parallel to the c-axis of the hornblende, whereas in
decompression breakdown rims, there is no preferential
alignment (Devine et al. 2003; Browne et al. 2006;
Humphreys et al. 2009a, b; Plechov et al. 2008). They can
also contain abundant apatite. However, when the rims are
fine-grained and poorly developed, the two textures can be
very difficult to distinguish. It is notable, however, that
plagioclase inclusions in either thermally decomposing
hornblendes or in orthopyroxenes with cpx overgrowths
commonly themselves show incipient sieve texture; this
sieving of included plagioclases may therefore be used as

@ Springer
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Fig. 1 a Typical mafic inclusion from Phase III of the Soufriere Hills
Volcano eruption. The scale bar shows 1 cm gradations. b Back-
scattered SEM image showing a plagioclase phenocryst from the
andesite with calcic core (C), oscillatory zoned region (O), sieved ring
(S) and calcic overgrowth rim (R). Arrows point to adhered glassy
material with compositions and textures similar to those of the mafic
inclusions. Scale bar 200 pm. ¢ Photomicrograph of thermally decom-
posed amphibole in the andesite. The remnant original core has also
undergone opacitisation during shallow dome storage. The thermal
breakdown rim has abundant cpx aligned with the c-axis of the original
amphibole grain. Scale bar 400 pm. d Photomicrograph of thermal

@ Springer

reaction rim on orthopyroxene phenocryst in the andesite. The
orthopyroxene core is overgrown by a rim of new cpx crystals marked
by dashed line. Scale bar 400 pm. e Photomicrograph showing typical
groundmass texture of a mafic inclusion, with plagioclase, clinopyrox-
ene, orthopyroxene, Fe—Ti oxides, matrix glass and some patches of
devitrified glass. Scale bar 400 pum. f Photomicrograph of a crystal
cluster in the andesite, interpreted as part of a disaggregated mafic
inclusion. Identifiable characteristics include yellowish pargasitic
amphibole, sieve-textured plagioclase microphenocryst with amphibole
in the overgrowth rim, and diktytaxitic texture which is clearly distinct
from that of the andesite groundmass. Scale bar 400 pm
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an additional constraint to understanding the origin of large
mafic crystals.

Samples studied

We studied nine samples of the andesite dating from
September 2002 (MVO1234, Phase III) to July 2008
(MVO1532, Phase V), and one representative mafic
inclusion that erupted in the summer 2006 (MVO1448),
using different methods (Table 1). Five of the andesite
samples were taken from one individual flow and were
analysed to get an idea of the likely heterogeneity of the
textures on a larger scale. Point counting of phenocryst
textures and crystal clusters was performed on all nine
andesite samples. We also analysed the textures of large
crystals in the mafic inclusion sample. Image analysis of
plagioclase greyscale distributions (see later) was done on
one sample of the andesite (MVO1445) and the mafic
inclusion sample (MV01448).

Quantifying the true abundance of mafic magma
The proportion of macroscopic mafic inclusions

Quantifying the volumetric importance of mafic magma in
any volcanic system is crucial for understanding the signifi-
cance of other monitoring data sets such as gas emissions
(Edmonds et al. 2010) and ground deformation (Elsworth
et al. 2008), as well as for understanding the significance of
changes in eruptive behaviour such as extrusion rate, which
might be influenced by changes in magma viscosity and
magma chamber pressure (Melnik and Sparks 1999). Exist-
ing estimates of the volumetric fraction of mafic magma in
Soufriere Hills Volcano erupted products are derived from
the abundance of macroscopic mafic inclusions, approxi-
mately 1-2 % on the basis of qualitative examination of
andesite outcrops from Phase I (Murphy et al. 1998). Barclay
et al. (2010) employed a similar, but more quantitative, field-
scale ‘point-counting’ method to study several large blocks of
lava emplaced during Phase III of the eruption and estimated
the abundance of mafic inclusions as 5—7 %. It was suggested
that this might represent a significant and meaningful increase
in the proportion of mafic magma in the system, perhaps
indicating that a mixing episode had occurred during the
course of the eruption (Barclay et al. 2010). Komorowski
et al. (2010) also reported a very high proportion of mafic
material from sieveing of tephra from the 29 July 2008
explosion fallout: as many as 12.3 % of 301 clasts in the
32—-64 mm size fraction were (or contained significant) mafic
material. These tephra samples may have been subject to
aeolian winnowing prior to examination, however, so this
result should be treated with caution.

These field-based estimates of macroscopic mafic
magma abundance at Soufriere Hills Volcano are consis-
tent with those at other arc volcanoes and intrusive suites.
For example, the proportion of mafic inclusions is esti-
mated at 4.1 % for the Cape Akrotiri rhyolites, Santorini,
Greece (Mortazavi and Sparks 2004); 2—-10 % for South-
west Trident volcano, Alaska (Coombs et al. 2002);
approximately 1 % for Unzen Volcano, Japan (Browne
et al. 2006); 2.7-16.4 % for Chaos Crags, Lassen Volcanic
Center (Stout et al. 2007); and 3-19 % for the Mt Helen
dome, Lassen Volcanic Center, California (Feeley et al.
2008). In the plutonic environment, mafic inclusion abun-
dances are reported as ~5 % for the Cobo Granite,
Guernsey, UK (D’Lemos 1996) and 2-5 % for the Ad-
amello Massif, Italy (Blundy and Sparks 1992). There may
be evidence of local and temporal variations in mafic
magma abundance within the host magma. For example,
D’Lemos (1996) reports significant variations in mafic
magma distribution within the Cobo Granite, citing in
particular that the larger inclusions are surrounded by many
smaller ones. This is echoed by McLeod et al. (2011) who
describe partially digested, lenticular inclusions with wispy
margins close to larger dioritic bodies in the Ross of Mull
Granite, Isle of Mull, Scotland, with a local abundance of
up to 20 %. The abundance of mafic inclusions increases
towards the margins of intrusive sheets in the Adamello
pluton, by up to a factor of 10 (2 inclusions per m?, up to 20
per m?; Blundy and Sparks 1992). An increase in mafic
inclusion abundance has been observed in the later units
erupted at Chaos Crags, Lassen Volcanic Center, Califor-
nia (Heiken and Eichelberger 1980; Stout et al. 2007).
Many of these observations are from intrusive centres, but
this is probably because of the ease of access and exposure
at these sites; there is no reason to believe that the same
processes are not also occurring beneath currently active
volcanic centres.

Sparks and Marshall (1986) considered the physics and
rheological implications of mixing between lower density,
silicic magma and higher density, more mafic magma.
They identified three possible mechanical regimes for the
mingled products: (1) the mafic magma remains less vis-
cous than the silicic after mixing; (2) the mafic magma
becomes more viscous than the silicic magma after mixing;
and (3) the mafic magma effectively solidifies. Regime (1)
could result in complete mixing or hybridisation, (2) could
result in a variety of fabrics including flow banding, and (3)
could result in quenched mafic inclusions. Taking into
account considerations of thermal equilibration, hybrid-
isation is more likely when the proportion of mafic magma
in the system is relatively large or when the viscosities of
the two liquids are similar, while the formation of solid
inclusions is favoured when the volumetric proportion of
mafic magma is small and/or if the viscosity contrast is
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large (Sparks and Marshall 1986). The amount of mafic
magma should be relatively straightforward to quantify in
regime (3) but would be much harder to quantify if any
degree of hybridisation has occurred, or if any of the
inclusions had broken down into smaller fragments.

Estimating the microscopic proportion of mafic-derived
material in the host magma

Following the previous discussion, an important question for
attempting to quantify the true involvement of mafic magma
is the extent to which microscopic fragments of mafic
inclusions may have been incorporated into the host magma
during hybridisation or mingling. Several studies have iden-
tified mafic-derived material on a range of scales down to
microscopic fragments or individual crystals (e.g. Crater
Lake, Oregon, Nakada et al. 1994; Chaos Crags, Lassen
Volcanic Center, Tepley et al. 1999; Lassen Peak, California,
Clynne 1999; Volcan Tatara San Pedro, Chile, Feeley and
Dungan 1996; Mont Pelée, Martinique, Martel et al. 2006).
Such identifications are typically made on the basis of careful
petrography and geochemical analysis. The implication of
these observations is that a proportion of the larger mafic
inclusions partially disaggregated at some time after min-
gling took place; the true proportion of mafic magma in the
system is therefore much greater than that observed in the
abundance of macroscopic mafic inclusions. Similar obser-
vations have been made at Soufriere Hills Volcano
(Humphreys et al. 2009a), where, as well as the presence of
microscopic crystal clusters and disequilibrium phenocrysts
(Fig. 1f), there is a strong compositional overlap between the
plagioclase, orthopyroxene and clinopyroxene microlites that
are found in the andesite, and the compositions of those
minerals in mafic inclusions. Humphreys et al. (2009a)
interpreted this as evidence for even more significant disag-
gregation of inclusions, probably while still plastic, and dis-
persal of individual microlites into the groundmass of the host
andesite. Given this array of evidence for ‘cryptic’ dispersal
of mafic-derived components into the host magma, we
require additional methods in order to quantify the true
importance of mafic magma in the system. The use of simple
mass balance calculations, following Clynne (1999) and
using end-member bulk rock compositions of 51 wt% SiO,
for the mafic magma and 58.5-61 wt% SiO, for the andesite
(Murphy et al. 2000), suggests approximately 25 % dispersed
mafic material in the andesite. However, this assumes that all
the chemical variation can be ascribed to hybridisation and
that the mafic end-member is not already a hybrid magma.

Abundance of small crystal clusters

As an alternative, we used two simple point-counting
methods to quantify the proportion of mafic-derived

material. The first method involved image analysis to
quantify the abundance of small crystal clusters in the
andesite (Fig. 1f). The crystal clusters were identified by
their texture, which is similar to that observed in the mafic
inclusions; the distinctive yellow, aluminium-rich amphi-
bole that is commonly found in the mafic inclusions
(Murphy et al. 2000) may also be present. The estimate of
the volume fraction of crystal clusters is almost certainly a
minimum since we relied (in part) on the presence of
amphibole, which is present only in a subset of mafic
inclusions (Murphy et al. 2000; Plail et al. 2012). The
margins of the crystal clusters were outlined on high-res-
olution scans of each thin section and the area quantified
using ImageJ (Rasband 1997-2011); the results are repor-
ted in Table 1. The area occupied by these crystal clusters
varied from 0.05 to 2.35 % of the total area of a thin
section; the average (measured across nine samples) was
0.7 %. When we correct for the vesicularity of each sample
(typically 20-40 %), these values increase to 0.1-3.0 %
(Table 1). The samples with the highest values clearly
show mm-sized mafic inclusions in addition to clusters of
1-10 grains.

Relative abundance of disequilibrium textures

The second method we used to get an indication of the
importance of mixing was to quantify the relative abun-
dance of phenocryst disequilibrium textures in the andesite,
where the textures can be identified explicitly as having
resulted from contact with hotter, more mafic magma. In
the Soufriere Hills magma, sieved plagioclase, thermally
decomposed amphiboles, and orthopyroxene and quartz
with clinopyroxene overgrowths are generally agreed to
represent such effects (e.g. Murphy et al. 2000; Devine
et al. 1998; Humphreys et al. 2009a). We therefore quan-
tified the relative proportions of (1) plagioclase pheno-
crysts whose outermost major zone showed sieve texture
followed by a clear rim, (2) amphiboles that had undergone
thermal breakdown, and (3) orthopyroxenes with clinopy-
roxene reaction rims, not including those with a simple
Mg-rich overgrowth rim. We did not include quartz
because it is sufficiently uncommon (typically only 1 or 2
grains per thin section) that the results would not be sig-
nificant or reliable. The thermal breakdown rim for
amphibole is relatively simple to recognise in certain
crystallographic orientations by its cpx-rich nature with
aligned crystals, but can be hard to differentiate from
decompression breakdown rims, particularly when rela-
tively fine-grained. We therefore took a cautious approach,
counting only those crystals with fairly clear thermal
breakdown textures. The results are reported in Table 1.
Sieved plagioclase accounted for 21-37 % of all plagio-
clase phenocrysts (mean ~27 %, n = 2335). Thermally
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decomposed amphiboles accounted for 9-41 % of all
amphibole phenocrysts (mean ~ 22 %, n = 268), and
orthopyroxene crystals with rims of clinopyroxene were
0-29 % of all orthopyroxenes (mean ~ 15 %, n = 161).
These results are similar to the basic mass balance calcu-
lation (see earlier) and suggest that approximately one
quarter of all phenocrysts have at some point interacted
with hotter, more mafic magma, for a sufficient length of
time to allow the crystals to undergo reaction and re-
equilibration with their new surroundings. For comparison,
in the mafic inclusion sample MVO1448, approximately
75 % of all large plagioclase crystals were sieved, 77 % of
all orthopyroxenes had cpx overgrowth rims, and 56 % of
the large amphiboles had unambiguous thermal breakdown
rims (Table 1). This supports the argument that it is
incorporation of crystals into this new disequilibrium
environment that results in these characteristic textures.

The anorthite distribution of groundmass plagioclase

There is a strong compositional correspondence between
plagioclase, orthopyroxene and clinopyroxene in the
andesite groundmass, and the compositions of those min-
erals in the mafic inclusions (Humphreys et al. 2009a). In
particular, for plagioclase, both the microlites and mafic
compositions are typically very An-rich (up to Angs) and
richer in Fe and Mg than the phenocrysts (see Fig. 2 in
Humphreys et al. 2009a). This compositional overlap also
occurs in the andesites of Mt Pelée, Martinique (Martel
et al. 2006), and has been interpreted as an indication that
small, mafic-derived, anomalously An-rich crystals were
transferred into the host andesite during disaggregation of
the mafic inclusions (Clynne 1999; Martel et al. 2006;
Humphreys et al. 2009a), although this argument was

rejected by Couch et al. (2003) on the basis of a lack of
groundmass amphibole, which is observed in some of the
mafic inclusions (Plail et al. 2012).

To try to quantify the relative abundance of these mafic-
derived microlites, we analysed the anorthite distribution
(or ‘Xa, distribution’) of small plagioclase crystals in the
groundmass of the Soufriere Hills andesite. We developed
a new method using image analysis to assess the volu-
metric proportions of different plagioclase compositions in
the groundmass. We used this method to analyse the X4,
distributions of small plagioclase crystals in the andesite
groundmass, as well as populations of plagioclase in a
mafic inclusion for comparison. In order to test objectively
the accuracy of the fitting procedures, we also produced
some ‘synthetic’ crystals with a bright grey core and darker
grey rim of known intensities using a drawing software
package. For these synthetic crystals, we calibrated the
greyscale intensities of the core and rim to give the desired
range of X4, ratios, added Gaussian noise of a fixed stan-
dard deviation and then analysed the ‘X,,” distributions in
the same way as the natural samples.

Methods
Analytical methods

We used a JEOL-JSM-840 scanning electron microscope at
the University of Oxford to collect back-scattered electron
images of a sample of the andesite and a mafic inclusion
(samples MVO1445 and MVOI1448, see Table 1). The
instrumental setup used a 20-kV accelerating voltage and
15 mm working distance. Back-scattered electron (BSE)
contrast and brightness conditions were optimised in each
image. Images were collected using ‘Kalman’ style
acquisition over 15-20 frames.

Fig. 2 a Typical greyscale 90 CREMIBCNETRE e LT
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content (X,,). Each set of 85 - s 0'?8‘“ SRAI (a)
R R®=0.949
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arbitrary units. b Screen capture o
from ImageJ software (Rasband 54 r
1997-2011) showing the 70
approach of highlighting an g 1
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image. ¢ Imagel histogram or 60 .
X an distribution extracted from
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figure online) $MVO1445- A2 e
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BSE intensity is closely related to the average atomic
number of the sample; regions with higher atomic number
give brighter BSE intensity. Ginibre et al. (2002) demon-
strated that for plagioclase, BSE intensity correlates well
with X4, since the dominant effect on atomic number of
the plagioclase is the CaAl-NaSi variation and the total
wt% of minor elements is very small. Each BSE image was
therefore calibrated for X,, with between 4 and 7 electron
microprobe analyses using a JEOL-JSM-8600 electron
microprobe at the RLAHA, University of Oxford. Oper-
ating conditions were a 15-kV accelerating voltage, 10 nA
beam current, 1-2 pm beam diameter, and typically 30 s
peak counting time. Primary standards used were wollas-
tonite (for Si, Ca), haematite (Fe), albite (Na), periclase
(Mg), orthoclase (K) and rutile (Ti).

Image processing methods

For each image, we used ImageJ (Rasband 1997-2011) to
extract the average BSE intensity for each spot analysed by
electron microprobe. The plagioclase compositions ana-
lysed show good positive linear correlations of X,, with
BSE intensity, with R? typically >0.9 (Table 2; Fig. 2). We
then used the ‘Calibrate Image’ function within ImageJ to
convert the whole image to ‘X,,’. For each calibrated
image, we then used ImageJ to outline the margins of each
plagioclase crystal and analyse its greyscale variation as a
histogram (Fig. 2). For the andesite, between 16 and 43
crystals were analysed in each of 14 images at 170x
magnification, yielding a set of 342 greyscale histograms.
For the mafic inclusion, between 21 and 65 crystals were
analysed in each of 7 images at 90x magnification, giving
276 individual greyscale histograms. These histograms
were processed individually. We also produced 21 ‘bulk’
histograms containing the summed individual histograms
from each image, which were also processed and compared
with the individual fits summed after processing.

Image artefacts

Clearly, calibration of a whole image to anorthite content
will be meaningless for components other than plagioclase
in the image. Bright BSE intensity mineral inclusions (e.g.
pyroxene or oxides) are seen in the histograms as obvious
blips at very high greyscale intensity (typically correlating
to >100 mol% anorthite after calibration) and were there-
fore easily excluded from the histograms. This artefact was
more apparent for the mafic inclusion sample, because
numerous small pyroxene crystals commonly occur near
the margins of plagioclase crystals. Obvious cracks, vesi-
cles or polishing pits (anomalously dark features in BSE
images) resulted in anomalously low greyscale intensity
features. Sometimes these correlated to <0 mol% anorthite

after calibration, in which case they could be easily
excluded from the histograms. More commonly, however,
they corresponded to low anorthite contents at around
Anyo_30. The result of this is to give a slight left-handed
(negative) skew to the histograms. This was less easily
corrected for and cannot in principle be distinguished from
the effect of low-X,, overgrowths, except for the fact that
the most sodic plagioclase microlite reported is ~ Anys, SO
anything more sodic than this is probably an artefact. We
truncated all the X,, distributions at 30 mol% Anorthite
and consider that the overall effect of these artefacts is
small and does not materially affect our conclusions.

Data fitting methods

Each X4, distribution was processed and fitted in the same
way using the IgorPro software package, whether for an
individual crystal, summed crystals (‘bulk histogram’) or
synthetic crystal. We attempted to fit the data with each of
one Gaussian, two Gaussians and a skewed (exponentially
modified Gaussian) distribution. The Gaussian nature of
the curves is derived from the noise in the original BSE
images. Thus, a good single Gaussian fit indicates a crystal
that is essentially unzoned (within the noise of the image),
while a good 2-peak fit indicates a crystal that has a single-
composition core and a different, single-composition rim.
A good fit by the skewed Gaussian, or a single Gaussian
with large standard deviation, could indicate minor com-
positional zoning (e.g. a thin sodic rim could produce a
skewed curve with a slight left-hand, low-X4, tail).

Significance Testing and Fit Quality Checks

After fitting, we calculated two quantities to test for the
significance of the 2-peak fit. Firstly, we calculated the
resolution, R (following peak identification procedures in
gas chromatography studies, e.g., Snyder et al. 1997). This
is a measure of the degree of separation of two normally
distributed (Gaussian) peaks and is proportional to the
distance between the means, relative to the widths of the
distributions:

_ LI8(M, — M)

R, = (1)
Wi+ W,

where M; is the mean (peak) X, value and W; is the full
width at half maximum height (FWHM) of curve i (we
define peak 2 as that with higher X,,). We retained only fits
with R; > 0.4 because errors started to become significant
after this point for the synthetic crystals (see later). Reso-
lution does not take into account variations in relative peak
height; therefore, two sets of peaks with the same M and
W but different relative weightings will not be distin-
guishable using R, (Fig. 3).
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We therefore used an additional constraint: the propor-
tion of one curve overlapped by the other. This was cal-
culated using a simple integration routine written using the
statistical package R (R Development Core Team 2010).
As expected, the % overlap (of the smaller peak) tends to
be smaller for distributions with higher R, (Fig. 3). Fits
with >60 % overlap of the smaller peak were rejected,
even if these still had relatively high R,, again because for
the synthetic X,, distributions, errors started to become
significant for overlaps >60 % (see later). Two-peak fits
where the data were matched equally well or better (within

@ Springer

<5 % of the y* value) by an exponentially modified
(skewed) Gaussian or where the peak X,, was outside
realistic bounds (<Angs or >Angg) were not retained.
Finally, the standard deviation (or width) of a peak can be
greater than that of the original image noise (typically
4-8 mol%) if there is smooth compositional zoning in the
crystal, but should not be significantly less. We therefore
also rejected fits where the standard deviation of either
peak was either <approx 3.5 mol% or >11 mol%; these
were usually clearly spurious on visual inspection. We are
confident that these data quality checks resulted in only
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significant and meaningful 2-peak fits being counted.
Finally, we calculated the area ratio of the two peaks,
Aj/A,, in order to obtain an estimate of the relative
importance of each of the two overlapping Gaussian curves
to the total distribution.

Results—synthetic X4, distributions

We produced and analysed three synthetic crystal geome-
tries, all with an An-rich core and An-poor rim, and each
with a range of compositional contrast between core and
rim (Fig. 4): (A) large core (79.7 % area); (B) intermediate
core (40 % area); (C) small core (8.2 % area). For each, we
tested high-noise examples (standard deviation of applied
noise = 8 mol%) and low-noise examples (standard devi-
ation = 4 mol%). In each example, the core is varied in
composition from Angg to An;, and the rim from Ansg to
Ang, such that the total compositional contrast between
core and rim (denoted AX) varies by up to 4-22 mol% Xa,,.
The full data set is given in Appendix 1 in ESM.

In all cases, the peak XA, and the relative areas of the
two peaks were retrieved very well until AX is approxi-
mately <1-2 times the standard deviation of the noise, but
this depends on the relative size variation of the core and
rim (see below). At smaller AX, errors increase and can
become very significant (Figs. 5, 6). However, as a rule of
thumb, errors are very small for AX > 1.5 ¢. For an
example with core An;q and rim Ansg (typical values for
the andesite microlites; AX = 14), deviations between
known and calculated relative peak area for the cores are
0.1-4 % relative (case A), 0.1-37 % relative (case C) and
1.4-10 % relative (case B), with the larger value for the
high-noise version in each case. Equivalent deviations for
the rims are 0-1.1 % relative (case A), 0-0.4 % relative
(case B), and 0-0.3 % relative (case C; see Table 3 for
details). The ratio of the deviations between known and
calculated core and rim areas is equivalent to the ratios of
the areas—in other words, the error on the calculated area
would be identical for cores and rims that were the same
size and is most significant for a very small core or rim.
Errors therefore increase with decreasing AX, decreasing
relative peak area and increasing image noise. Peak Xa,
values were generally retrieved most successfully, with
errors typically <1 % relative.

Results—andesite X,, distributions
Individual crystal Xy,, distributions
Individual Xy, distributions were extracted and fitted from
342 plagioclase crystals in the andesite groundmass. Many

of the distributions are approximately symmetrical or have
a slight left-hand skew, but several clearly have two

underlying components (see examples in Fig. 7). 54 of the
distributions resulted in significant 2-peak fits (as quanti-
fied using the resolution and % overlap indicators, see
earlier). The remainder had a better fit to either a single
Gaussian (indicating an essentially unzoned or only very
weakly zoned crystal) or, less commonly, to an exponen-
tially modified Gaussian.

Of the single Gaussian fits, the average peak X,, value
was Ang; 3 (16 = 5.8 mol% An) with average FWHM of
20.8 mol% X, (n = 288; Tables 2, 3). This is consistent
with the compositions of plagioclase microlites as deter-
mined in previous studies (e.g. Murphy et al. 2000; Couch
et al. 2003). There is a weak positive relationship between
crystal size (as determined by pixel count) and peak loca-
tion, with the largest crystals tending to have relatively An-
rich peak positions at around Angy—Angs (Fig. 8).

Of the 2-peak fits, the average peak X,, values were
Ansg (1 0 4.3 mol% An; average FWHM 17.7 mol% An)
and An;; ¢ (1 0 4.4 mol% An; average FWHM 15.4 mol%
An; n = 54; see Tables 2, 3). The average area ratio of
peak 1 (sodic) to peak 2 (calcic) is ~ 1.8, but this value is
highly variable (1 ¢ 1.7; min 0.1; max 4.6). The amount of
overlap with the smaller peak in these retained fits is
14-60 % (average 40 %). Average resolution (R;) is 0.52.
Between 8 and 61 % of all the crystals analysed were fit
equally well or better by a skewed Gaussian (average
34 %).

The proportion of 2-peak fits retained is 15.8 %, but this
proportion is highly variable between images (minimum
3.2 %, maximum 34.8 %). We used the proportion of 2-
peak fits retained in each image, together with the average
area ratio of peak 1:peak 2, to calculate the total area
contribution of the An-rich component (peak 2) to each
plagioclase population (where A = area):

Apio
(Apk2 + Apkl)
x % of 2-peak fits retained

Total pk2 contribution =

For example, an image may contain 20 % 2-peak fits. Of
these, the average area proportion of the An-rich peak is
30 %. Therefore, the total contribution of those An-rich
peaks to the plagioclase population in that image is
0.2 x 0.3 = 6 %. Using this method, we calculated the
total contribution of the An-rich component to be
0.7-18.9 % of the plagioclase population in each image
(average 8.0 %).

Summated bulk X,,, distributions
The bulk histograms produced by summing all the indi-
vidual X, distributions were also processed and analysed.

The bulk histograms range from subtle two-component
distributions to  apparently = symmetric, unimodal
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Fig. 4 Synthetic ‘crystals’ used to evaluate the likely uncertainties of
the method. a Intermediate sized core (40 % of total area), with low
noise (standard deviation, ¢ = 4 mol%). b IgorPro fitting results from
(a) showing the two individual peaks relating to the core and rim,
fitted profile and residuals. ¢, d As in (a, b) but for the high-noise case

distributions (Fig. 9). Consequently, only three of the
fourteen images examined gave bulk distributions with
significant 2-peak fits with R; > 0.4 and with <60 %
overlap. For the retained fits, the peak X,, values are
retrieved fairly well (by comparison with the average peak

@ Springer

(6 = 8 mol%). e, f Low- and high-noise images showing the large
core crystal (80 % of total area). g, h Low- and high-noise images
showing the small core crystal (8 % of total area). In all examples
AX = 16 mol%

locations for all the individual histograms). However, the
total contribution of the An-rich component does not cor-
relate well with the average of the individual results and
results in bulk distributions with approximately twice the
estimate of total peak 2 contribution.
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Fig. 5 Results of greyscale distribution analysis for three synthetic
crystal cases as described in the text. Grey diamonds: low-noise case
(6 = 4 mol%); open diamonds: high-noise case (¢ = 8 mol%). The
left-hand panels show the % overlap of the smaller peak, and the

Results—mafic inclusion X4, distributions
Individual crystal Xy, distributions

Individual Xy, distributions were extracted and fitted from
276 plagioclase crystals in the mafic inclusion sample.
Typically, these histograms appear approximately sym-
metrical or have a slight left-hand skew (long left-hand tail,
see Fig. 10). Only 20 distributions resulted in significant
2-peak fits. The remainder were fit better either by a single
Gaussian or commonly by an exponentially modified
Gaussian. Of the single Gaussian fits, the average peak X,
value was Ansg; (lo = 4.4 mol% An) with average
FWHM of 21.8 mol% X4, (n = 256). This is consistent
with the compositions of mafic inclusion plagioclase as
determined in previous studies (e.g. Murphy et al. 2000;
Humphreys et al. 2009a). For crystals over ~3000 pixels
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right-hand panels show the resolution, as a function of the separation
of the two peaks (M, — M;). The limits for retaining a good fit were
max overlap <60 % and R; > 0.4; therefore points within the greyed-
out boxes would not be retained. Area ratios quoted are core: rim

in size (~55 pum side length), there is a slight positive
correlation between peak location and crystal size, with the
largest crystals giving fitted peak compositions of ~ Ang,
(Fig. 8).

Of the 2-peak fits, the average peak X,, values were
Angp, (1 6 6.0 mol% An; average FWHM 17.2 mol% An)
and Ansg, (1 0 5.8 mol% An; average FWHM 16.5 mol%
An; n = 20; see Tables 2, 4). The average area ratio of peak
1 (sodic) to peak 2 (calcic) is ~0.7, that is, much smaller
than for the andesite crystals, but this value is again quite
variable (1 ¢ 0.6; min 0.2; max 2.9). The amount of overlap
with the smaller peak in these retained fits is 20-56 %
(average 37 %). The total contribution of the more An-rich
component in the mafic inclusion plagioclases is 65 %.
Average resolution (R,) = 0.57, and 48-66 % of the crys-
tals in each image were fit equally well or better by a
skewed Gaussian (average 53 %, Tables 2, 4).
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Fig. 6 Results of greyscale distribution analysis for three synthetic
crystal cases as described in the text. Each plot shows the error on the
calculated peak area relative to the known value. Dark symbols show
the high-noise case; open symbols show the low-noise case

Summated bulk X,,, distributions

The bulk X4, distributions for mafic inclusion plagioclase
are typically left-hand skewed curves with the main peak at
~ An;o—Anys, and without any clear second (An-poor)
component (Fig. 11). R, values range from 0.26 to 0.31,
with maximum overlaps of 62-98 %; hence, none of the
two-peak fits was retained.

Melts modelling

As an independent check on the shape of the X4, distri-
bution produced under known conditions, we used MELTS
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(Ghiorso and Sack, 1995) to predict the variation of Xy,
during crystallisation of a mafic liquid. We assumed that
the bulk compositions of mafic inclusions represent true
magmatic liquids (i.e. only minimal hybridisation has
occurred; for a discussion see Plail et al. 2012) and that
crystallisation occurs by closed-system, isobaric fractional
crystallisation within the andesite storage region. We used
the most mafic composition of the Phase III mafic inclu-
sions presented by Barclay et al. (2010) as the initial melt
and assumed P = 200 MPa (based on H,O contents of
melt inclusions in the andesite, Humphreys et al. 2009b)
and an oxygen fugacity of QFM + 2 (see Table 5). We
simulated fractional crystallisation from the liquidus with a
range of volatile contents (0—4 wt% H,O and 0-1 wt%
CO;) and attempted to match the natural observations
(plagioclase  Angp—Anss; clinopyroxene =+ orthopyrox-
ene + magnetite £ ilmenite; 10-30 % SiO,-rich residual
glass; maximum crystallisation temperatures of approxi-
mately 1,150 °C, based on the upper estimates of magmatic
temperatures derived from 2-pyroxene geothermometry,
Humphreys et al. 2009a, although these temperatures may
represent disequilibrium conditions).

The anhydrous run (A) was unable to match the most
An-rich plagioclase compositions observed, reaching
~ Ang, at the liquidus and requiring extremely high tem-
peratures (>1,250 °C). This is unreasonable given tem-
perature estimates of ~ 1,150 °C, and in any case, the
mafic inclusions are invariably vesicular. The magma has
only 4.5 % melt remaining at 850 °C, with almost pure
albite (An;s) predicted to be in equilibrium with the
remaining liquid (Table 5). The modal assemblage was
plag + opx + mt + cpx + qz; at 850 °C, the residual
liquid had 79 wt% SiO,. In comparison, runs with
increasing amounts of H,O in the starting melt produced
higher initial anorthite contents and reduced the extent to
which the plagioclase became more sodic with fractional
crystallisation. For example, with 2 wt% H,O in the initial
melt, the initial composition is Angg at 1,150 °C, reaching
Any; at 850 °C (Table 5) with 26 % liquid remaining at 67
wt% SiO,; the crystallisation products are plag + cp-
X + opx + mt. With 4 wt% H,O in the initial liquid, the
plagioclase composition is Angy at 1,062 °C (clinopyrox-
ene crystallises first from the liquidus at 1,096 °C),
reaching Ansg at 850 °C (with 30 % liquid still remaining),
but plagioclase crystallises late, after clinopyroxene and
magnetite (Table 5) and the residual liquid has only 64
wt% SiO,. The absence of predicted stable amphibole from
the modelling contrasts with its occurrence in some of the
inclusions; this may be related to changes in crystallisation
sequences due to rapid undercooling (Blundy and Sparks
1992).

In comparison with fractional crystallisation, the effect
of equilibrium crystallisation is to reduce the degree of X4,
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(Anss ). Ry = 0.69, maximum overlap = 15.2 %. (2) and (4) Single-
component distributions with Ansss and Ang;;, respectively. (3)
Two-component distribution with core An;;3 and rim Ang,s, but
doesn’t pass both criteria for being retained (R, = 0.59 but maximum
overlap = 83.7 %)

variation, to decrease the amount of melt remaining at
850 °C, and to produce less evolved residual liquids. The
addition of modest amounts of CO, appears to have little
effect on the plagioclase composition or amount of glass
remaining (Table 5). We therefore suggest that the mafic
inclusions may have contained ~ 2 wt% H,O prior to mixing
and cannot rule out that the inclusions also contained up to
~1 wt% CO,. We also infer that, because intruding mafic
magmas with the highest volatile contents are likely to have a
lot of residual melt when they cool to the ambient temperature
of the host magma, these magmas are least likely to be pre-
served as mafic inclusions. The abundance of residual melt
would mean that these melts have lower viscosity (e.g. Costa
2005) and this would make disaggregation of these inclusions
easier (Clynne 1999), as might the internal pressure produced
by strong vesiculation.

Bulk anorthite distributions for the run with 2 wt% H,O
were produced by dividing the MELTS output into bins of
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Table 2 Calibrations used for conversion of BSE images to X,, and the number of crystals identified with good 2-component X4, distributions

Andesite image Image calibration R’ No. crystals 2-peak fit 1-peak fit % 2-peak fits % porosity
name analysed in image
MVO1445-A1 Xan = 0.685x — 48.645 0.98 29 6 23 20.7 14.1
MVO01445-A2 Xan = 0.784x — 27.676 0.95 24 4 20 16.7 13.5
MVO1445-A3 Xan = 0.697x — 55.760 0.94 21 5 16 23.8 16.3
MVO1445-B1 Xan = 0.750x — 58.214 0.90 20 2 18 10.0 11.9
MVO1445-B2 Xan = 1.619x — 219.15 0.86 24 3 21 12.5 233
MVO01445-B3 Xan = 0.774x — 61.662 0.98 20 6 14 30.0 134
MVO1445-B4 Xan = 0.752x — 50.526 0.92 23 8 15 34.8 124
MVO1445-C2 Xan = 2.441x — 206.18 0.94 35 3 32 8.6 14.5
MVO01445-C3 Xan = 2.372x — 180.63 0.95 20 2 18 10.0 12.8
MVO01445-C4 Xan = 1.596x — 86.036 0.94 43 2 41 4.7 6.7
MVO01445-C6 Xan = 2.330x — 137.37 0.92 17 3 14 17.6 17.2
MVO01445-D1 Xan = 1.939x — 187.11 0.99 31 1 30 32 9.5
MVO1445-D2 Xan = 1.684x — 147.74 0.95 19 5 14 26.3 104
MVO01445-D3 Xan = 1.112x — 117.49 0.88 16 4 12 25.0 12.2
Total 342 54 288 17.4

Mafic inclusion Image calibration R’ No. crystals 2-peak fit 1-peak fit % 2-peak fits

image name analysed

MVO1448-Al Xan = 1.180x — 86.615 0.89 33 1 32 3.0

MVO1448-A3 Xan = 1.665x — 112.87 0.99 30 2 28 6.7

MVO1448-B1 Xan = 1.409x — 100.18 0.90 36 3 33 8.3

MVO01448-D2 Xan = 2.246x — 234.79 0.94 21 0 21 0.0

MVO01448-D3 Xan = 1.483x — 122.19 0.72 45 5 40 11.1

MVO01448-D4 Xan = 1.323x — 108.5 0.77 46 2 44 43

MVO01448-D5 Xan = 1.738x — 148.67 0.995 65 7 58 10.8

Total 276 20 256 7.8

‘x” = BSE greyscale intensity. % porosity in each image is estimated by thresholding using ImageJ

2.5-5 % anorthite and calculating the total amount of
plagioclase crystallisation that occurred while the equilib-
rium X, was within each bin. The result is a unimodal
histogram with a long tail to low X, and peak at ~ Angg_og
(Fig. 12). This corresponds reasonably well with the shape
of the bulk anorthite distributions produced from the BSE
images of the mafic inclusion. In comparison, equilibrium
crystallisation led to approximately constant amounts of
crystallisation in each bin.

The key differences between the modelled and analysed
Xan distributions are the degree of skewness (greater in the
modelled distribution) and the peak Xj,, value, which is
slightly higher for the modelled distribution. The possible
causes of these discrepancies are (a) the presence of noise in
the processed distributions, (b) small mismatches in the
starting conditions or melt composition for the modelled
distributions, (c) the possibility of strong disequilibrium
during crystallisation of the natural samples, and (d) that the
calculated X, distribution is based on relative volume cal-
culations while those from image processing are based on
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relative area (see later for more discussion of area-volume
issues). The key point is that a left-hand skewed distribution is
produced in both cases, with similar peak X,, values.

Interpretation of Xy, distributions

Previous studies have shown that the very anorthite-rich
plagioclase microlite compositions that are commonly
observed in andesite from Soufriere Hills Volcano cannot
have crystallised in equilibrium with the relatively cool,
silicic melt (~850 °C, ~78 wt% SiO,). Although it is
possible to produce fairly high X, by crystallising at high
temperatures and pH,O (e.g. Couch et al. 2003), Humph-
reys et al. (2009a) argued that the high FeO and MgO
contents of such microlites could be achieved by crystall-
ising from a melt that was also enriched in Fe and Mg,
although strong disequilibrium growth would also be
expected to enhance Fe and Mg partitioning. Given the
good compositional correspondence between the microlites
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Table 3 Results of 2-component fits to andesite groundmass plagioclase

Image Crystal M1 SDI Al w1 M2 SD2 A2 W2 Area Max % Total area Resolution M2-Ml1
ratio  overlap (pixels) (Rs)
MVO1445-A1 B 553  7.03 369 16.6 68.7 590 122 139 30 515 491 0.490 13.4
K 550 7.67 2912 181 754 630 3295 148 09 152 6,207 0.694 20.4
L 542  7.37 454 174 170.2  5.38 140 127 32 395 595 0.597 16.0
N 55,5 512 140 12.1 68.6 7.00 372 165 04 472 512 0.513 13.1
w 56.6 870 2953 205 720 657 1,582 155 1.9 443 4,535 0.477 15.3
AD 53.6 747 434 17.6 702 451 42 10.6 104 599 476 0.657 16.6
MVO1445-A2 B 62.7  6.17 484 145 753  5.69 365 134 1.3 333 848 0.504 12.6
D 64.6  6.79 822 160 77.1  6.00 667 14.1 1.2 365 1,488 0.465 12.5
K 612 770 2,234 181 76.8 5.80 2,227 13.7 1.0 245 4,461 0.549 15.6
Q 653 7.66 5268 18.0 76.5 523 4,773 123 1.1 39.9 10,041 0.412 11.2
MVO1445-A3 C 62.5  6.67 740 157 763  5.85 412 13.8 1.8 363 1,153 0.524 13.8
J 55.7 6.81 383 16.0 72.1 493 111 11.6 34 320 494 0.661 16.3
N 534  6.78 285 16.0 69.1  6.15 583 145 05 307 868 0.575 15.6
Q 50.7  5.62 886 132 647 733 1492 173 0.6 37.1 2,377 0.513 14.0
\Y 58.1 821 663 193 750 497 137 117 48 485 800 0.611 17.0
MVO1445-B1 H 573  6.28 1,617 148 689 5.17 979 122 1.7 429 2,596 0.480 11.6
T 61.1 740 3,026 174 73.1 591 1455 139 21 53.9 4,481 0.427 12.0
MVO1445-B2 K 553 933 5446 220 742 759 1,315 179 4.1 52.9 6,760 0.529 18.9
o 50.3  8.80 356 20.7 66.5 6.28 163 148 22 435 519 0.509 16.2
R 512 9.81 2375 231 702 677 1,623 159 15 313 3,998 0.542 18.9
MVO1445-B3 B 577  8.13 1,511 192 720 555 637 13.1 24 482 2,148 0.494 14.2
D 583  7.67 1,076 18.1 745 922 1,192 21.7 09 357 2,267 0.454 16.1
E 628 880 5917 207 78.0 675 5987 159 1.0 325 11,903 0.465 15.2
Q 547 852 5362 20.1 703 7.66 5287 18.0 1.0 335 10,649 0.459 15.7
R 547  8.00 678 18.8 732 642 262 15.1 26 327 939 0.610 18.5
T 53.0 7.90 322 18.6 76.1 8.09 895 19.0 04 241 1,217 0.685 23.1
MVO1445-B4 A 53.6 8.65 4,053 204 750 7.3 4241 1638 1.0 177 8,294 0.644 21.4
G 544 836 1,007 197 723 752 792 17.7 1.3 295 1,799 0.534 17.9
H 536 807 2,747 190 769 737 2442 174 1.1 13.8 5,189 0.719 234
I 542  9.28 1,314 21.8 757 6.33 283 149 46 392 1,597 0.652 21.4
L 499  8.10 777 19.1 675 864 2225 203 03 473 3,002 0.500 17.6
M 553 7.90 754 18.6 73.8 7.57 568 17.8 1.3 268 1,321 0.567 18.5
R 495  7.85 1,055 185 66.76 954 3827 225 03 59.6 4,882 0.471 17.3
\% 519 6.16 516 145 712 888 2,796 209 02 485 3,311 0.612 194
MVO1445-C2  AC 53.0 8.73 154 206 782 794 2,153 187 0.07 352 2,307 0.720 253
S 533  6.71 399 158 66.6  6.06 358 143 1.1 317 756 0.492 13.3
L 558 5.72 475 135 669  6.53 803 154 06 476 1,278 0.431 11.1
MVO1445-C3 E 523  6.88 2,049 162 67.5 9.12 5200 21.5 04 56.1 7,248 0.450 15.2
Q 61.7 857 5602 202 745 654 5339 154 1.0 403 10,941 0.402 12.8
MVO1445-C4 A 663 546 11986 129 757 376 7,290 89 1.6 407 19,276 0.483 9.4
AQ 60.0 3.87 470 9.1 698 471 2,133 11.1 02 520 2,603 0.545 9.8
MVO1445-C6 F 51.6  7.03 1,997 165 639 670 2386 158 0.8 55.6 4,383 0.427 124
L 49.7 476 989 11.2 582  3.85 344 9.1 29 400 1,334 0.464 8.4
A 60.9 7.80 4383 184 732 575 2469 135 1.8 497 6,851 0.432 12.3
MVO1445-D1 A 533 11.09 1,857 26.1 715 920 2384 21.7 08 40.6 4,240 0.426 18.2
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Table 3 continued

Image Crystal M1 SD1 Al Wl M2 SD2 A2 W2 Area Max % Total area Resolution M2-M1
ratio  overlap (pixels) (Rs)

MVO1445-D2 A 58.0 9.81 10,363 23.1 739 738 6,811 174 1.5 444 17,174 0.440 15.9
D 58.7  6.60 1,005 155 69.3 4.18 385 9.8 28 585 1,480 0.467 10.6
G 49.7 593 632 14.0 60.0 4.67 395 11.0 1.6 423 1,027 0.464 10.4
I 515  8.69 1,238 20.5 66.6 898 773 21.1 1.6 4838 2,011 0.403 15.0
T 56.7 833 2,893 19.6 70.0 7.34 2,099 173 14 46.6 4,992 0.404 13.3

MVO1445-D3 A 58.6 8.14 5849 192 71.8 589 5740 139 1.0 341 11,589 0.449 13.3
C 570  6.71 1,947 158 754 585 523 138 3.7 271 2,470 0.697 18.4
K 62.8 7.74 468 182 7677 440 133 104 35 529 601 0.542 13.8
P 558  5.83 369 13.7 723 879 481 207 0.8 29.6 850 0.537 16.5

Average 56.1 71.6 1.8

SD 4.3 44 1.7

M X, location of peak, SD standard deviation of peak, A area under peak, W full width at half maximum, Area ratio = A1/A2

and plagioclase from mafic inclusions, the implication is
that the very An-rich microlites are probably scattered into
the andesite by mechanical disaggregation of mafic inclu-
sions (Humphreys et al. 2009a). It is this mafic-derived
component that we interpret to form the An-rich compo-
nent of the two-peak fits in the andesite plagioclase.

To summarise our results: approximately 16 % of small
plagioclase crystals from the andesite groundmass have
Xan distributions with two significant components, one at
~Ansg and one at ~Any,. The An-poor peak (Ml) is
dominant in area relative to the An-rich peak (M2), with a
ratio of 0.1-4.6 (M1:M2; average 1.8). For those crystals
that show only one component, this is typically at Anse_g7.
Of the mafic inclusion plagioclase, only 7 % of crystals
have X, distributions with two components: one at ~ Angy
and one at ~ Anyg. This time, the An-rich peak (M2) is
dominant in area relative to M1, with a ratio of ~0.7. The
majority of mafic inclusion plagioclase crystals are fitted
best by a single Gaussian with peak value at Angy_g3,
representing the main bulk of plagioclase crystallisation
from the mafic liquid.

For the andesite plagioclase with 2-peak fits, we inter-
pret the subordinate An-rich peak to have crystallised in a
more mafic melt, as outlined above. The dominant, An-
poor peak is present as the crystal rim and reflects sodic
overgrowth, in one of two mechanisms:

1. Due to fractional crystallisation within the mafic
inclusion, as reproduced in the MELTS modelling.
This would require these mafic-derived crystals to be
transferred relatively late into the andesite, perhaps
during ascent in the conduit, in order not to have
formed an overgrowth rim during decompression
crystallisation of the andesite. Alternatively, nucle-
ation of new microlites might be more energetically
favourable than overgrowth of existing grains.
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2. As a result of decompression-induced groundmass
crystallisation within the andesite. This would require
the crystals to be transferred into the andesite early,
before complete crystallisation of the mafic inclusions,
to give ‘seed’ crystals that could be overgrown during
ascent.

These two possibilities should be distinguishable by
study of pumice that has ascended rapidly from the magma
chamber without time for significant groundmass crystal-
lisation. Preliminary data collected from Phase I pumices
show that plagioclase microlites compositions range from
Ang; to Angy (average Any3). The presence of predomi-
nantly high-X,, compositions therefore suggests that (2)
may be the correct interpretation, but more work is needed.

Discussion
Methodological issues

We propose that the method presented here represents a
robust means of estimating the amount of disaggregated
material in the groundmass of the andesite. However, there
are some potential artefacts and sources of uncertainty, in
addition to the errors in the fits as outlined above. Probably,
the most important source of uncertainty stems from the
fact that the thin sections used in the study are 2D slices
through populations of 3D crystals. There are two factors
that contribute to the uncertainty, and their effects act in
opposing directions.

Firstly, we are counting the number of grains whose 2D
intersections typically have distinct An-rich cores (since
very few crystals are reversely zoned in the andesite). The
most favourable intersection would cut through the centre
of the core, while the least favourable would intersect only
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Fig. 9 Summated (bulk) X,, distributions for whole images,
MVO1445-A2 (a) and MVO1445-A3 (b). MVO1445-A2 shows two
resolvable components with peak positions at Angq and An;es. Two
components cannot be successfully resolved in (b)

the outer rim of the crystal—in this instance, the crystal
would not be counted even if the An-rich core is present.
Clearly, the likelihood of intersecting the core depends on
the relative size of the core and rim. However, in general,
the use of 2D crystal populations means that we are likely
to underestimate the number of crystals with An-rich cores.
Converting the data set from 2D to 3D is beyond the scope
of this study, and in any case, this is critically dependent on
choice of the correct crystal shape or aspect ratio (Higgins
1994; Jerram and Higgins 2007). This probably varies with
degree of undercooling and hence crystal size and could
therefore introduce more uncertainties than it solves.
Secondly, we are measuring the relative area contribu-
tion of the An-rich core in those cases where it is identified.
The relative 2D area occupied by the core is high relative
to its 3D volumetric importance. For example, a crystal
with a 10 x 20 x 50 um core and a 2-um-thick outer rim
has a core volume of 1 x 10* pm?® and a rim volume of
8,144 um3: the core represents 55 % of the total volume of
the crystal. In contrast, the same crystal sectioned parallel
to its axes has a core area of 200-1,000 pmz and rim of
136-296 um?, depending on the exact orientation of the
section: the core represents 59—77 % of the total area of the
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Fig. 10 Typical X4, distributions and fitted profiles for individual
crystals from the mafic inclusion sample MVO1448. a Two clear
components in MVO1448-D3-B, with peak locations at Ang;, and
Angpe. Ry, = 0.55 and the maximum overlap = 45.7 %. b Two
components cannot be resolved in MVO1448-D3-A; the fit doesn’t
pass the criteria for being retained (R; = 0.25 and maximum
overlap = 85.4 %). ¢ The same Xy, distribution from (b) is matched
equally well or better by an exponentially modified Gaussian curve

crystal. Thus, a 2D section that cuts through the centre of a
crystal is likely to overestimate the volumetric significance
of an An-rich core. This effect is probably less significant
than the effect of slices that do not intersect the crystal
centre or do not intersect the core at all. This implies that
we are producing minimum estimates of the significance of
the mafic component in the crystals. There is no easy
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Fig. 11 Summated (bulk) X,, distributions for whole images,
MVO1448-B1 (a) and MVO1448-D3 (b). Two components cannot
be successfully resolved in either case, with R; < 0.31 and overlaps
>61 %

answer to these two issues, but the large number of indi-
vidual crystals measured in this study should significantly
help to mitigate the effects of both the under-estimate of
the number of An-rich cores and the over-estimate of the
core volumes.

Additional uncertainties include the presence of cracks
and mineral inclusions (which typically represent relatively
small total area and in some cases can be excluded from the
area analysed), the accuracy of calibrations, and issues
around crystals with common boundaries (e.g. where two
crystals have grown into one another). In general, the
greyscale calibrations presented here are good (typically
with R? > 0.90) but this relies on high-quality images as
well as reliable electron-probe analyses. Image quality in
turn depends strongly on sample preparation (in particular
on the quality of the polish) as well as resolution and signal
to noise ratio. We would recommend stacking multiple
images in order to improve the latter (as suggested by
Ginibre et al. 2002).

The total contribution of mafic magma to the SH
volcanic system

We have demonstrated that there is a greater amount of
mafic magma in the volcanic system at Montserrat than can
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be seen in the total number of macroscopic mafic inclu-
sions. In order to estimate the true total contribution of
mafic magma, we need to account for the following com-
ponents, assuming 40 % phenocrysts and 60 % matrix
from point counting:

e Macroscopic mafic inclusions: these represent approx
5-8 % by area on 2D surfaces in Phases III and V
(Barclay et al. 2010; Plail et al. 2012).

Total contribution : 5—8 % of the magma (2)

e Disequilibrium growth or reactive overgrowth on
phenocrysts occurs while they are incorporated in the
mafic inclusions. This affects ~25 % of all plagioclase,
amphibole and orthopyroxene phenocrysts in the andesite
(see Table 1). We make the conservative estimate that the
amount of these crystals that crystallised in the presence
of mafic melt is on average ~20 % of the crystal. This
takes into account the fact that some of the disequilibrium
growth may include partially reacted phenocryst material
(e.g. for sieved plagioclase).

Total contribution : 40 % phenocrysts x 0.25
x 0.20 = 2% of the magma (3)

e Crystal clusters formed by disaggregating mafic
inclusions: 0-2.4 % by area of the sample over nine
samples, quantified by point counting as described
earlier and summarised in Table 1. Normalising for
sample vesicularity (approximately 16-59 %), this
equates to 0.1-3.0 % by area of the sample.

Total contribution : 0.1—3 % of the magma (4)

e Microlites derived from disaggregation of mafic
inclusions: 15.8 % of all plagioclase microlites on
average (of which an average of ~45 % is represented
by the An-rich cores), as quantified using the new X4,
distribution method. We assume that the modal
abundance of plagioclase in the phenocrysts (~70 %
plagioclase) is also representative of the microlites and
that the typical andesite retains ~30 % matrix glass
(i.e. the initial 60 % matrix has crystallised by 50 % to
form a groundmass).

Total contribution : 60 % matrix x 50
% groundmass crystallisation x 70 %
plagioclase in the groundmass x 15.8 %
of plagioclase microlites x cores representing 45 %

of those microlites = 1.5 % of the magma (5)

If we assume that groundmass clinopyroxene, ortho-
pyroxene and oxide are affected in a similar way, this
value becomes ~2.1 %.
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Table 4 Results of 2-component fits to mafic inclusion plagioclase

Image Crystal M1 SD1 Al W1 M2 SD2 A2 W2  Area Max overlap Total area Resolution M2-M1
ratio (%) (pixels) (Rs)
MVO1448-A1 AD 64.7 6.13 1,763 144 76.7 536 2,676 126 0.7 314 4,440 0.52 12.0
MVO1448-A3 W 653 7.05 698 166 782 554 1,886 13.1 0.4 43.0 2,584 0.51 12.9
AC 494 554 227 130 67.6 8.13 1,050 192 0.2 42.2 1,276 0.67 18.2
MVO1448-B1 X 577 752 689 17.7 703 7.07 1,058 16.6 0.7 46.8 1,746 0.43 12.6
AH 653 4.05 310 95 772 574 768 13,5 0.4 37.3 1,078 0.61 11.8
Al 579 8.66 1,709 204 71.8 6.81 3921 160 04 48.6 5,630 0.45 14.0
MVO1448-D3 B 61.2 8.57 641 202 80.6 9.17 1975 216 03 45.7 2,615 0.55 19.4
E 65.0 8.79 980 20.7 81.7 8.09 2,160 19.1 0.5 447 3,140 0.50 16.7
S 573 9.98 551 235 752 7.14 721 16.8 0.8 31.7 1,272 0.53 18.0
AM 53.7 5.39 612 127 66.1 6.72 2,132 158 0.3 56.2 2,744 0.52 12.5
AN 60.5 9.74 1,603 229 765 729 1,616 172 1.0 342 3,220 0.47 16.0
MVO1448-D4 ] 49.7 4.18 92 9.8 645 545 352 128 03 252 444 0.77 14.8
Z 59.2 439 121 103 724 4.77 427 112 03 27.2 548 0.72 13.2
MVO1448-D5 L 727 5.74 294 135 857 5.59 264 132 1.1 26.4 558 0.58 13.0
AE 63.5 6.53 273 154 80.1 5.68 199 134 14 20.4 472 0.68 16.6
Al 599 8.28 909 195 79.0 899 2,502 212 0.4 43.4 3,411 0.55 19.0
AM 68.3 7.61 467 179 834 587 162 138 29 453 629 0.56 15.1
AO 634 9.09 1,890 214 820 820 1,575 193 1.2 30.9 3,465 0.54 18.7
AT 535 8.80 140 20.7 75.1 941 379 222 04 374 519 0.60 21.6
BD 55.8 9.68 623 228 793 9.16 1,033 21.6 0.6 26.9 1,656 0.62 234
Average 60.2 76.2 0.70
SD 6.0 5.8 0.6

M XA, location of peak, SD standard deviation of peak, A area under peak, W full width at half maximum, Area ratio = A1/A2

Thus, the total ‘cryptic’ contribution of mafic magma in
the Soufriere Hills magmatic system is probably ~6 %, in
addition to the macroscopic mafic inclusions, which are
reported as ~5-8 % in Phase III (see earlier). In addition
to this, there must be a melt component as the inclusions
were not 100 % crystallised after magma mixing. A melt
component may be difficult to recognise, particularly if
there is time for extensive diffusive homogenisation, but
high-K,O glass compositions have been suggested as a
signature of incompletely mixed, mafic-derived melt at
Soufriere Hills Volcano (Humphreys et al. 2010). Thus, the
total amount of mafic magma is far greater than would
normally be recognised by simply recording the proportion
of macroscopic mafic inclusions. This in itself may be a
conservative estimate, because we have only included the
contribution of the high-Xa, plagioclase cores in the cal-
culation above. This approach assumes that the low-X4,
overgrowths formed in the andesite during decompression-
driven crystallisation (scenario 2 as outlined earlier) and
that disaggregation occurs during mingling in the magma
chamber. The alternative (scenario 1) is that disaggregation
occurs after mingling and in periods of high shear during
magma ascent from the chamber. If this were the case, the

whole crystal including the rim should be accounted for,
since many of the mafic-derived plagioclase are already
normally zoned, and there would be less opportunity for
decompression-driven overgrowth.

Groundmass heterogeneity

Individual images from a single sample of the andesite,
showing regions of groundmass approximately of
0.6 x 0.6 mm, have wide variations of the total number of
microlites identified as having a mafic origin (from ~3 to
>30 %, Table 2). We consider that this heterogeneity may
be significant. The groundmass texture is commonly het-
erogeneous on the scale of a few tenths of a millimetre.
This heterogeneity is most obviously identified as a vari-
able vesicularity or ‘density’ in BSE images; however, the
optically ‘high-density’ groundmass tends also to have a
higher abundance of pyroxenes and oxides than the ‘low-
density’ groundmass (Fig. 13). We suggest that the origin
of this heterogeneity may be either (1) the disaggregating
remnants of mafic inclusions or possibly (2) the products of
hybridisation: in situ crystallisation of mafic magma that is
more thoroughly mixed into the andesite than could be

@ Springer
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Table 5 Results of MELTS modelling of fractional crystallisation of mafic inclusion composition at 200 MPa, QFM + 2

Run Initial Initial Liquidus Xan at Xan at % melt at Exsolved SiO, of residual Crystallising
H,O CO, T °C liquidus 850 °C 850 °C H,0? liquid at 850 °C assemblage
A 0 0 1,272.3 72.2 1.5 4.5 No 79.2 fsp, opx, cpx, mt, ilm, qz
B 0.5 0 1,236.9 84.0 26.2 14.8 No 74.3 fsp, opx, cpx, mt, ilm
C 1 0 1,204.9 85.5 359 20.1 No 70.5 fsp, cpx, opx, mt
D 1.0 0.5 1,201.4 85.5 34.6 20.1 No 69.0 fsp, cpx, opx, mt
E 1.0 1.0 1,197.5 85.4 332 20.3 No 67.5 fsp, cpx, (ol), opx, mt
F 2.0 0 1,149.8 87.9 40.5 26.0 Yes 67.1 fsp, cpx, mt, opx
G 2.0 0.5 1,147.1 87.8 46.7 28.0 Yes 64.8 fsp, cpx, mt, opx
H 4.0 0 1,096.1 89.9% 37.8 30.0 Yes 64.2 cpx, mt, fsp, opx

* When plagioclase starts to crystallise at 1,062 °C

Starting composition: 49.07 wt% SiO,, 0.90 TiO,, 20.18 Al,O3, 8.95 wt% Fe,03(T), 0.17 wt% MnO, 5.46 wt% MgO, 10.50 wt% CaO, 2.52 wt%

Na,0, 0.42 wt% K,O

")
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Fig. 12 X, distribution produced by MELTS modelling of frac-
tional crystallisation of a mafic inclusion bulk composition with 2
wt% H,0. The starting composition is that of the most mafic inclusion
from Barclay et al. (2010). The shape of the distribution corresponds
well with the left-hand skewed distributions extracted from plagio-
clase in the mafic inclusion (see text for discussion)

achieved by forming a mafic inclusion. In either case, more
detailed textural study of mixed magmas would be
worthwhile.

Steady state and the lack of systematic bulk rock
chemical signature

The identification of a substantial component of mafic
magma cryptically dispersed into the andesite raises an
important question regarding the long-term evolution of the
magmatic system. For fifteen years in the current eruption
(and over the last c. 170 ka, Harford et al. 2002), mafic
magma is thought to have been intruding the volcanic
system, reheating and mixing with the andesite, and caus-
ing it to erupt at the surface. At least in the current eruption
products, samples show evidence of recent reheating (e.g.
Ti-rich oxide phenocryst rims and microlites, Devine et al.
1998); inferred timescales are typically short (a few weeks;
Devine et al. 2003). If we assume that most samples of the
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Fig. 13 Back-scattered electron image illustrating the typical heter-
ogeneity observed in the groundmass of the andesite. The heteroge-
neity is clearest as ‘high-density’ and ‘low-density’ patches of
groundmass; the high-density patches appear richer in pyroxenes and
oxide crystals

andesite include the ~6 vol% mafic material identified in
this study, then the current eruption of ~1 km® (Wadge
et al. 2010) has involved cryptic input of 60 million m® of
mafic magma in addition to the 10-120 million m® of mafic
inclusions, that is, a total of ~0.07-0.18 km>. Yet there is
no clearly observable, systematic change of the bulk
andesite geochemistry towards more mafic compositions,
to indicate progressive contamination of resident andesite
with mafic components. A long-term change to the tem-
perature of the resident magma might also be anticipated
(Devine et al. 2003; Devine et al. in press). One possible
explanation for this lack of systematic geochemical sig-
nature may lie in the almost co-linear geochemical sys-
tematics of mafic inclusion and andesite compositions (e.g.
Zellmer et al. 2003), such that the bulk mafic inclusion
composition is very similar to the andesite; a small amount
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of two-component mixing may not yet be observable.
However, the andesite storage region would need to be
large, and well mixed, in order for such a long-term sig-
nature not to be identified. Alternatively, could the mafic
contribution to the magmatic system have varied over time,
and if so, how would this affect the eruptive behaviour?
This could be tested by quantifying the cryptic mafic
component in the andesite, using the methods outlined
here, in samples from the full 15 years of the eruption. We
suggest that careful monitoring of geochemical variables
that are likely to pick up long-term trends (e.g. La/Yb,
based on analyses by Zellmer et al. 2003, or isotope sys-
tematics) would be valuable.

Alternative explanations for the lack of a systematic
change to bulk rock compositions include that only small
amounts of andesite are being remobilised and erupted at
any given time. This would require frequent input of mafic
magma into the shallow crust in order to remobilise these
small batches of andesitic magma, but the short reheating
timescales and lack of systematic bulk rock signature could
be explained by this mechanism (Devine et al. 2003).

Finally, it is also possible that the hybridised, cryptic
component could be derived from slow disaggregation of
old inclusions that are unrelated to the present eruption, in
which case one might only expect to see temporal varia-
tions over very long timescales (e.g. of order 10 ka). We
can place some constraints on the amount of time elapsed
since disaggregation of the mafic inclusions, because of the
observation that although scattered, plagioclase microlite
cores have high MgO relative to rims. Mg diffuses rela-
tively quickly through the plagioclase structure, with dif-
fusivity values of 2.25 x 107> to 5.16 x 107’ pm?/s at
850 °C, for Anyg to Ang, respectively, (Costa et al. 2003).
The characteristic diffusion lengthscale (the distance at
which the concentration reaches the midpoint between
maximum and minimum at a given time) is x. = \/ (4Dy),
where D is the diffusivity and t is the time. For 850 °C and
lengthscales appropriate for typical microlites, ~ 100 pm,
the diffusion time is of the order 7-307 years for Anyg to
Ang. This suggests that most of the disaggregated cryptic
component from the mafic magma is transferred into the
andesite within the last one or two eruptive episodes.

Mingling, hybridisation and mass transfer

A surprising result of this study is that nearly a quarter of
all the phenocrysts in the andesite have spent long enough
within the mafic magma for disequilibrium to manifest
itself by the formation of reaction rims, sieve textures or
new growth. These crystals are transferred from the
andesite into the mafic magma during mingling, while the
two magmas are still fluid (e.g. Clynne 1999; Browne et al.

2006). The textures of the mafic inclusions imply that they
crystallise rapidly and comprise rigid frameworks of
interlocking small crystals, but the inclusions are also
highly vesicular and may still be permeable to gas flow and
melt percolation. The inherited phenocrysts can be trans-
ferred back into the andesite either while the mafic magma
is still liquid (giving a very short time window for incor-
poration, reaction, overgrowth and transfer back to the
andesite) or while it is solid. We suggest that the latter is
more likely and that this could occur either by disaggre-
gation of still plastic inclusions as a result of shearing due
to magma flow or possibly by bursting of mafic inclusions
(‘auto-fragmentation’) due to volatile overpressure result-
ing from second boiling. This raises the question of why
pargasitic amphibole microlites are not observed in the
groundmass of the andesite, as at Unzen (Sato et al. 1999),
when approximately one-third of the mafic inclusions
contain appreciable amphibole (Plail et al. 2012); this was
commented on by both Murphy et al. (2000) and Couch
et al. (2003). We suggest that differences in the initial
volatile content, and/or the strength of the mush framework
between amphibole-bearing and px-plag mafic inclusions
might explain this apparent difference in preservation. The
amphibole-bearing inclusions may represent different ini-
tial melts (Plail et al. 2012) and tend to have strongly
chilled margins, which would increase the strength of the
inclusions and decrease the likelihood of disaggregation.

Conclusions

1. Approximately 25 % of all phenocrysts in the Souf-
riere Hills andesite have undergone significant inter-
action with mafic magma. This points to very
significant mass transfer between the resident and
recharging magmas.

2. Xa, distributions retrieved from back-scattered elec-
tron images of plagioclase can be used to identify and
quantify groundmass crystals that originated in mafic
inclusions

3. The total amount of cryptic, disaggregated mafic
material in the andesite is significant, at least 6 % by
area in a sample of andesite from Phase III.

4. This method could be used in future to determine
whether the amount of mafic material has changed
with time and as a consequence will allow assessment
of the significance of mafic magma supply for the
volatile budget and for monitoring data sets.

5. The presence of cryptic mafic-derived material may be
linked to strong sub-mm scale heterogeneity in the
andesite groundmass; detailed textural studies of the
andesite groundmass would be worthwhile.

@ Springer
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