Available online at www.sciencedirect.com

ScienceDirect

Geochimicaet
Cosmochimica
Acta

S Sl
ELSEVIER Geochimica et Cosmochimica Acta 73 (2009) 5693-5708

www.elsevier.com/locate/gca

Chlorine variations in the magma of Soufriere Hills Volcano,
Montserrat: Insights from CI in hornblende and melt inclusions

M.C.S. Humphreys **, M. Edmonds®, T. Christopher®, V. Hards®

* Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge CB2 3EQ, UK
® Montserrat Volcano Observatory, Flemmings, Montserrat, West Indies
€ British Geological Survey, Keyworth, Nottingham NGI2 5GG, UK

Received 21 January 2009; accepted in revised form 15 June 2009; available online 23 June 2009

Abstract

The Soufriere Hills Volcano in Montserrat erupts a Cl-rich, porphyritic andesite. HCI degassing accompanies eruption and
is dependent on the growth rate of the lava dome. The magma contains hornblende phenocrysts that show repetitive zoning in
most elements, including Cl. On the basis of the zoning data, (Cl/OH) ratios in the melt, calculated from partitioning data,
increase rimward through each zone, indicating that the phenocrysts formed under conditions of varying (Cl/OH),. An
empirical relationship between A-site occupancy in the hornblende and temperature implies that crystallisation of each zone
is also accompanied by increasing temperature. Each zone ends at a resorption horizon, and crystallisation recommences at
lower temperature and (Cl/OH),,. Melt inclusion H>O and Cl contents for the 8th January 2007 explosive eruption can be
explained by closed-system degassing with Do/ between 5 and 30, or by open-system degassing accompanied by a small
amount of crystallisation. However, neither simple closed-system degassing nor convective circulation of magma can explain
the positive correlation of (CI/OH),, with temperature. We suggest that the zoning can be caused by accumulation of CO,-rich
vapour in the andesite, probably as a result of mafic magma injection into the chamber. Decreasing H,O fugacity and/or
increasing Cly, result in increasing (Cl/OH),, while heat transferred with the volatiles causes the rise in temperature. Intermit-
tently, the accumulated fluid is lost to the surface, possibly as a result of renewed eruptive activity. This model requires the
CO,-rich fluid to be decoupled from the magma, consistent with previous observations of continuous CO, emissions at the
surface.
© 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The behaviour of magmatic volatiles is one of the pri-
mary influences on the eruptive activity of arc volcanoes.
Closed-system degassing leads to the build-up of gas pres-
sure beneath the vent and can result in explosive behaviour.
In contrast, open-system degassing can cause almost com-
plete degassing of the magma and results in the build-up
of a highly viscous lava dome during effusive eruptions. De-
spite its much lower abundance than some volatile species
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(e.g. H,O, CO,; Wallace, 2005), Cl is an important volatile
and a good source of information about the degassing re-
gime. It is incompatible in the melt and is partitioned
strongly into an exsolved vapour phase (e.g. Kilinc and
Burnham, 1972; Webster and Holloway, 1988; Webster,
1992); thus it can help to constrain the nature and extent
of magmatic degassing. Cl is a particularly significant vola-
tile component in arc systems; Cl contents of evolved arc
magmas are high (typically 1500-3000 ppm, Wallace,
2005). The Soufriere Hills Volcano, Montserrat has partic-
ularly high Cl concentrations in both the magma and emit-
ted gas phase (e.g. Hammouya et al., 1998; Oppenheimer
et al., 1998; Edmonds et al., 2001, 2002; Harford et al.,
2003). Higher Cl concentrations have been reported only
for Augustine Volcano (Symonds et al., 1990). Combined
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use of melt inclusion and gas emissions data has previously
allowed interpretation of Cl degassing processes. For Souf-
riere Hills Volcano, experimental and petrological studies
have previously determined that surface HCl emissions
are the result of syn-eruptive degassing of Cl from the
andesite (Edmonds et al., 2001; Signorelli and Carroll,
2001; Edmonds et al., 2002; Villemant et al., 2008) as it
undergoes decompression crystallisation (e.g. Sparks
et al., 2000; Harford et al., 2003; Couch et al., 2003). In
contrast, SO, is thought to originate in the mafic magma;
SO, emissions are therefore related to permeability of the
magma system and changes in SO, supply from the mafic
magma at depth (e.g. Young et al., 1998; Edmonds et al.,
2001; Oppenheimer et al., 2002). The main source of CO,
emissions is also thought to be the deep mafic magma
(Edmonds et al., in review).

ClI can also be taken into some phenocryst phases (e.g.
hornblende, biotite) along with other volatiles (e.g. F, Li,
Rowe et al., 2008). Hornblende is a useful mineral for
tracking magma conditions, because its composition re-
sponds to external parameters including oxygen fugacity
(Scaillet and Evans, 1999), temperature and pressure (e.g.
Holland and Blundy, 1994; Rutherford and Devine, 2003;
Johnson and Rutherford, 1989). Soufriere Hills Volcano
typically erupts a porphyritic andesite with hornblende
phenocrysts that show wide cyclic or repetitive zoning. Sim-
ilar, but finer-scale zoning has been observed in the Unzen
dacite and was interpreted as the result of volatile transfer
from mafic material ponding near the base of the chamber,
and consequent degassing and crystallisation of the andes-
ite (Sato et al., 2005). Rutherford and Devine (2003) studied
zoning in hornblende phenocrysts erupted at Soufriere Hills
Volcano during 1995-2002, and concluded that it repre-
sented major-element change associated with magma mix-
ing; however no Cl data were available. Magma mixing is
an important process at Soufriere Hills Volcano (e.g. Mur-
phy et al., 2000; Couch et al., 2001; Devine et al., 2003), and
recent work has shown that phenocrystic amphiboles and
those from mafic inclusions can be distinguished on the ba-
sis of minor-element compositional differences (Humphreys
et al., 2009).

Here, we report new measurements of H,O and Cl in
matrix glass and plagioclase-hosted melt inclusions from a
small explosive event at Soufriere Hills Volcano in January
2007, as well as major- and minor-element data from zoned
hornblendes erupted between 2001 and 2007. These data
are combined with the H,O/Cl ratio of gases emitted at
the surface, as well as Cl concentrations from the zoned
hornblendes. We present a quantitative degassing model
for the recently erupted magma, and interpret the horn-
blende zoning as a result of transfer of hot, CO,-rich va-
pour from mafic material into the andesite.

2. SAMPLES AND METHODS

This study focuses on material from the second and
third phases of dome growth at Soufriere Hills Volcano,
erupted between July 2001 and January 2007. 14 samples
were studied, including 13 samples of hornblende—plagio-
clase andesite and one macroscopic mafic inclusion (see

Table 1 of Humphreys et al., 2009 for samples and modal
compositions). The samples include dome rocks and pumi-
ceous pyroclastic flow material.

2.1. Electron probe microanalysis (EPMA)

Mineral compositions were analysed using a Cameca
SX-100 5-spectrometer electron microprobe at the Univer-
sity of Cambridge. Major elements were analysed with a
15kV, 10 nA beam; a 15kV, 100 nA beam was used for
minor elements. The beam was focused to a 2 pm spot.
Glasses were analysed using a 15 pm, 15kV beam with
2-4 nA beam current for major elements and 10 nA beam
for minor elements. Na and Si were analysed first with
short counting times in order to reduce migration of alka-
lis (following Devine et al., 1995; Blundy and Cashman,
2005; Humphreys et al., 2006). Typical peak counting
times were 20s for major elements and 30s for minor
elements.

2.2. Secondary ion mass spectrometry (SIMS)

Plagioclase crystals containing melt inclusions were
mounted in resin and prepared using diamond polishing
techniques to reveal the inclusions. Following major-ele-
ment analysis, the grain mounts were coated in gold for
SIMS analysis. Matrix glasses and melt inclusions in plagio-
clase were analysed for 'HT, "Lit, 2Na™, 3Clt and “*Ca™
using a Cameca ims-4f ion microprobe at the University of
Edinburgh, controlled by Charles Evans and Associates
PXT interface and software. A 5 nA primary beam of O~
ions was accelerated onto the sample surface with a net im-
pact energy of 14.5 keV. The surface was cleaned using a
2 min pre-sputter with the beam rastered over a 10 pm
square area. The beam size was approximately
14 x 17 um. Counts were collected over 10 cycles. Mass
0.7 was used to monitor the background count rate of the
electron multiplier detector. The mass spectrometer was
calibrated for the secondary ions prior to each analysis.
30g; was used as the internal standard, and the NIST stan-
dard SRM610 was used as the primary calibration stan-
dard. For smaller inclusions, an aperture was introduced
that effectively reduced the beam current to ~1.5nA, and
the beam size to approximately 10 x 13 um. This gave
slightly higher analytical uncertainties, of <4% relative
for Cl and <1% relative for Li (compared with <2% and
<0.6% relative respectively for the larger beam). H,O con-
tents were calculated from a daily working curve of H/Si vs.
H,O (Blundy and Cashman, 2005), which gives a straight
line with R* 0.98 or better for a set of well-characterised
standard glasses, following the procedure described in
Humphreys et al. (2006) and Blundy and Cashman
(2005). This method gave typical errors in determining
H,>O0 of 5-15% relative. For ClI and F, two standards were
used with 1550 ppm Cl and 2230 ppm F, and 530 ppm Cl,
770 ppm F, respectively.

Major-element analyses that had analytical totals out-
side the range 98-102% (when including H,O measured
by SIMS) were discarded, as were those with poor correla-
tion between H>O from SIMS and volatiles by difference
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Volatile contents of melt inclusions and matrix glasses as analysed by SIMS. H,O speciation is calculated using Zhang (1999), assuming a
temperature of 850 °C (see text). (ClI/OH),, is calculated from Cl normalised to molar mass fraction following Sato et al. (2005). Pressure is
calculated assuming pH,O = P,,, (Newman and Lowenstern, 2002). Analyses followed by lowercase ‘s’ were analysed using the small SIMS
aperture in order to reduce SIMS beam size (see text for details). Electronic annex: Hornblende zoning profiles.

Analysis H,O + Cl Li [H,Ot] [H,Om] [OH] Norm CI/OH P MPa
wt% (wt%)  wt% ppm Cl m (no CO,)

MVO1524b 42 Melt inclusion  1.14 0.10 0226 7.0 0.020 0.002 0.037  0.0020  0.0536 11
MVO1524b_112 Melt inclusion ~ 3.37 0.05 0.290 187 0.059 0.014 0.091  0.0025  0.0277 78
MVO1524b 142 Melt inclusion ~ 4.28 0.08 0.396  68.3 0.075 0.020 0.108  0.0034  0.0317 118
MVO1524b_151 Melt inclusion ~ 1.79 0.03 0.298  34.6 0.032 0.005 0.054  0.0026  0.0477 26
MVO1524d 22 Melt inclusion ~ 4.15 0.12 0.461 225 0.072 0.019 0.106 ~ 0.0040  0.0378 112
MVO1524d 31 Melt inclusion ~ 5.16 0.15 0359 313 0.089 0.027 0.124  0.0031  0.0251 161
MVO1524d 41s Melt inclusion ~ 6.24 0.91 0.426  69.2 0.107 0.037 0.141  0.0037  0.0262 216
MVO1524d _81s Melt inclusion ~ 3.17 0.12 0.367  28.8 0.056 0.013 0.086  0.0032  0.0368 71
MVO1524d 91 Melt inclusion ~ 2.06 0.07 0272 218 0.037 0.006 0.061  0.0024  0.0386 33
MVO1524d 93s Melt inclusion ~ 2.03 0.21 0.206 24.8 0.036 0.006 0.060  0.0018  0.0296 32
MVO1524d 101s  Melt inclusion ~ 5.07 0.38 0356 429 0.088 0.027 0.122  0.0031  0.0252 156
MVO1524d 142s  Melt inclusion ~ 5.72 0.24 0.437 369 0.099 0.032 0.133  0.0038  0.0285 189
MVO1524d 151 Melt inclusion ~ 5.07 0.39 0.437 251 0.088 0.027 0.122  0.0038  0.0310 156
MVO1524d 152 Melt inclusion ~ 4.96 0.25 0.430 237 0.086 0.026 0.120  0.0037  0.0310 151
MVO1524d 153s  Melt inclusion  5.50 0.81 0394 322 0.095 0.030 0.129  0.0034  0.0264 178
MVO1524d 162 Melt inclusion ~ 2.24 0.18 0.309 235 0.040 0.007 0.065  0.0027  0.0409 38
MVO1524d 61 Matrix glass 0.18 0.01 0.130  16.7 0.003 0.000 0.006  0.0012  0.1876 0.3
MVO1524d_62 Matrix glass 0.33 0.01 0.159 177 0.006 0.000 0.011  0.0015  0.1274 0.9
MVO1524d _64s Matrix glass 0.17 0.00 0.187 158 0.003 0.000 0.006  0.0017  0.2866 0.3

(VBD) from the electron microprobe. The degree of corre-
lation between Ca(SIMS) and CaO (EPMA) and between
ClI (SIMS) and Cl (EPMA) was also checked, for indica-
tions that the analyses might be contaminated by the host
plagioclase. Post-entrapment crystallisation, which can be
recognised on back-scattered electron images as a thin rind
of plagioclase deposited on the walls of the inclusion, was
absent in these inclusions.

3. GEOLOGICAL BACKGROUND

The Soufriere Hills Volcano erupts porphyritic andesite
with abundant basaltic to basaltic andesite inclusions. The
phenocryst assemblage in the andesite is hornblende + pla-
gioclase + orthopyroxene + quartz + magnetite + ilmenite,
although quartz is commonly resorbed and may only be
stable in the cooler margins of the magma reservoir (Bar-
clay et al., 1998; Devine et al., 2003; Humphreys et al.,
2009). Inclusions of plagioclase in hornblende are common,
indicating co-crystallisation. Microphenocrysts of apatite
are commonly observed. The groundmass comprises pla-
gioclase + clinopyroxene + orthopyroxene + Fe-Ti oxides;
some of these microlites originated in mafic inclusions that
disaggregated during ascent (Humphreys et al., 2009).
Dome rocks typically show vesicular textures filled in with
cristobalite. Mafic inclusions are vesicular, with elongate
crystals of plagioclase + clinopyroxene + orthopyroxene +
Fe-Ti oxides. The larger inclusions tend to contain
hornblende instead of clinopyroxene (Murphy et al., 2000).

Phenocryst zoning has been described in detail by sev-
eral authors (e.g. Murphy et al., 2000; Rutherford and
Devine, 2003; Zellmer et al., 2003; Humphreys et al.,
2009). There is abundant evidence for chemical disequilib-

rium in plagioclase, orthopyroxene and quartz, with tex-
tures attributed either to heating or interaction with
hotter, mafic magma (e.g. Murphy et al.,, 2000; Devine
et al.,, 2003; Humphreys et al., 2009). Hornblende also
shows different reaction and breakdown textures
(Fig. 1). Where they are fresh, hornblende phenocrysts
show a relatively homogeneous core and a zoned rim
(Fig. 1a). Each new zone boundary is sharp, and associ-
ated with slight rounding or resorption. Interaction with
hotter, more mafic magma causes crystallisation of a
coarse-grained, clinopyroxene-rich reaction rim, with the
new crystals typically aligned parallel to the c-axis of
the original grain (Rutherford and Devine, 2003; Humph-
reys et al., 2009; Fig. 1b). Resorption and the formation
of fine-grained decompression breakdown rims may occur
if ascent is slow (e.g. Rutherford and Hill, 1993; Ruther-
ford and Devine, 2003; Browne and Gardner, 2006;
Fig. 1c). Finally, oxidation during shallow storage in the
dome causes replacement of the whole grain by a fine-
grained aggregate dominated by opaque minerals (e.g.
Garcia and Jacobson, 1979; Murphy et al., 2000; Plechov
et al., 2008; Fig. 1d).

Pre-eruptive storage conditions for the andesite have
been determined from experimental phase petrology and
thermobarometry, and are relatively oxidising (NNO +
0.5) with pressures of at least 115-130 MPa (Barclay
et al., 1998). Temperatures were ~800-840 °C with local
heating to ~900 °C or more due to injection of mafic mag-
ma (Barclay et al., 1998; Devine et al., 1998; Murphy et al.,
2000; Devine et al., 2003; Humphreys et al., 2009). Glassy
crystal clots give cooler temperatures and more oxidising
conditions (780 °C, NNO + 1.5) that may represent condi-
tions on the margin of the storage region.
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Fig. 1. Typical hornblende textures from the Soufriere Hills andesite. (a) and (b) Oscillatory zoned margins of euhedral hornblende
phenocrysts. Each zone (white arrow) has a sharp onset and is associated with slight rounding or resorption. (c) Coarse-grained,
clinopyroxene-rich reaction rim formed through interaction with more mafic magma. (d) Hornblende with narrow, fine-grained
decompression break-down rim. The grains in (c) and (d) are also partially opacitised (blackened regions).

4. HORNBLENDE COMPOSITIONS

Amphibole compositions are described by Humphreys
et al. (2009) and summarised here. Structural formulae were
calculated on the basis of 23 oxygen atoms, following
Schumacher (1997), and assuming a stoichiometric number
of anions (OH + Cl + F = 2). The amphiboles range from
Mg-hornblende to Mg-hastingsite (Leake et al., 1997). The
compositions of phenocrysts from the andesite reflect con-
trol by the edenite substitution (SiT +[ ]= Al" + (Na +
K)*) but indicate little effect of the Tschermak substitutions
SiT + Mg"i = AI" + Al" and Si* + Mn" = A" + Ti*'. Fol-
lowing Bachmann and Dungan (2002), approximately 50%
of the phenocryst compositional variation can be explained
by the edenite exchange, ~20% by the Ti-Tschermak ex-
change and ~15-20% by the Tschermak exchange. Mafic
amphiboles, microphenocrysts and microlites cover a much
wider range of compositions than the phenocrysts. In partic-
ular they show higher (Na + K)* and AI" (Fig. 2a) and also
show a good correlation between AlT and AI'%. In contrast
to the phenocrysts, only ~20% of the compositional varia-
tion can be attributed to the edenite exchange. However,
the good correlation between AIT and Al'' in microlites,
microphenocrysts and mafic amphiboles cannot be ex-
plained by the Tschermak substitution, because AIT lacks
the good negative correlation with Mg shown by the
phenocrysts (Fig. 2b). The mafic amphiboles, microlites
and microphenocrysts also have higher Mg# (calculated as
Mg/(Mg + Fe)) than the phenocrysts. Within each textural
group, there are no systematic differences in hornblende

composition between samples. However, hornblende pheno-
crysts from the andesite can easily be distinguished from
amphiboles that originated in the mafic inclusions, on the
basis of their minor-element compositions.

4.1. Chlorine contents of hornblendes

In phenocrysts in the andesite, typical chlorine concen-
trations range from 0.08 wt% to 0.17 wt% CIl, with a few
analyses showing very high CI contents of >0.2 wt%. Cl
concentration decreases with increasing Mg# (Fig. 3). This
reflects in part the decrease in the partition coefficient for
chlorine with decreasing Fe content, which occurs because
the large Cl ion can substitute more easily for Fe’t than
for Mngr (Volfinger et al., 1985; Oberti et al., 1993; Sato
et al., 2005). F concentrations are low, typically 0.04—
0.06 wt%, show no systematic variation with Mg# or other
compositional parameters, and are not considered further.
The correlation between Mg# and Cl is qualitatively consis-
tent with hornblende compositions from Unzen Volcano
(Sato et al., 2005); however hornblende from Soufriere Hills
Volcano has much higher Cl contents than in comparable
systems (Fig. 3; e.g. Unzen, Japan, Sato et al., 1999, 2005;
Pinatubo, Philippines, Matthews et al., 1992; Mount St.
Helens, USA, Rowe et al., 2008).

Amphiboles from the mafic inclusions have much lower
Cl contents than the phenocrysts, typically <0.03 wt% CI
(Fig. 3). The mafic amphiboles also have significantly high-
er Mg# than the phenocrysts (Mg# 77-88 cf. Mg# 61-70),
and fall on a shallower CI-Mg# gradient (Fig. 3).



Chlorine variations in the Soufriere Hills magma 5697

Al (pfu)
e

Phenocrysts o
Mafic amphibole T
Microphenocrysts/ microlites X 1

0.5 0.6 0.7 0.8

(Na+K)A (pfu)

b3.6----l....l....l...

3.4

3.2 1

3.0 1

Mg" (pfu)

2.8 1

2.6 1

2.4 4

22 e

Fig. 2. Amphibole compositions from Soufriere Hills, after Humphreys et al. (2009). (a) Phenocrysts and mafic amphiboles both show a good
correlation of AIT with (Na + K)?, but mafic amphiboles have higher AlT and (Na + K)*. (b) Phenocrysts show a negative correlation of
Mg with AIT, while mafic amphibole compositions are more scattered and lack the good negative correlation. This can be ascribed to reduced

silica activity in a more mafic melt (Sato et al., 2005).

4.2. Phenocryst traverses

Compositional traverses were obtained across the mar-
gins of several phenocrysts with clear repetitive zonation
(electronic annex). Each zone is defined by a sharp increase
in Mg and Si, and decrease in Al, Na, K, Cl, Fe and Ti. This
is followed by a rimward recovery towards the original val-
ues (Fig. 4). The traverses show the same correlations be-
tween minor elements as the main phenocryst population,
including a good negative correlation between Mg" and
AI". This is significantly different to that seen for the mafic

amphiboles (Fig. 2) and indicates that the zoning is not pro-
duced by mixing with mafic material.

5. MELT INCLUSIONS AND MATRIX GLASSES

Matrix glasses and quartz- and plagioclase-hosted melt
inclusions from previous phases of dome growth at Souf-
riere Hills Volcano have been reported by several authors
(Barclay et al., 1998; Edmonds et al., 2001; Harford et al.,
2003; Buckley et al., 2006; Rutherford and Devine, 2003).
We studied the matrix glass and plagioclase-hosted melt
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Fig. 3. Cl content and Mg# of amphiboles from Montserrat, with data from other arc volcanoes for comparison. Lines indicate amphibole
compositions calculated for constant temperature and (ClI/OH) ratio in the melt (see text, later, for details of calculation). Data sources:
Unzen, Japan: Sato et al. (1999, 2005); Mount St. Helens, USA: Rowe et al. (2008); Mt Pinatubo, Philippines: Matthews et al. (1992).

inclusions in two samples of a pumiceous pyroclastic flow
deposit that was emplaced into the Belham Valley on 8th
January 2007. The flow was emplaced during an explosive
event that produced a number of minor pyroclastic flows
accompanied by ash venting. Hornblende phenocrysts from
the same samples were also studied. The melt inclusions are
dominantly rhyolitic (69-79 wt% SiO, on an anhydrous ba-
sis) and similar in composition to previously reported anal-
yses. Their compositions will be described fully in a
separate study. The inclusions were analysed by SIMS for
volatile elements including H,O, Li and Cl (Table 1). They
contain up to 6.2 wt% H,O, while matrix glasses have up to
0.33 wt% H,O. Cl and Li contents are high and variable,
and show a positive correlation with H,O contents
(Fig. 5). The H,O contents recorded are much higher than
previously observed in melt inclusions from Montserrat
(4.5 wt% H,0, Barclay et al., 1998) and indicate magma
storage at high pressures (at least 220 MPa; higher if there
is CO; in the system; Newman and Lowenstern, 2002).
Measured Cl concentrations are very high compared with
similar volcanic systems worldwide (Fig. 5a) but are similar
to those previously reported for the Soufriere Hills Volcano
(e.g. Devine et al., 1998; Edmonds et al., 2001, 2002). The
melt inclusions contain 1500-4500 ppm Cl and 20-70 ppm
Li, while matrix glasses have much lower concentrations
(1200-1600 ppm CI and 11-18 ppm Li). The Li concentra-
tions are typical of other silicic arc volcanoes (Fig. Sb).

6. Cl/IOH PARTITIONING BETWEEN HORNBLENDE
AND MELT

Zoning of Cl in hornblende may be related to changes in
the major-element composition of the amphibole, the distri-
bution coefficient, or the melt ClI/OH ratio. The distribution
coefficient for Cl and OH between hornblende and melt,
Kp, depends on the Mg# of the hornblende and the temper-
ature (Sato et al., 2005):

hb
Kp= % = exp[8.62 — 3.46Mg# — 0.00627T] (1)
Kp decreases as Mg# increases and as temperature de-
creases; the primary control on Kp is the major-element
composition of the hornblende (Sato et al., 2005). However,
an estimate of 7 is required to make an accurate assessment
of K, D-

6.1. Temperature constraints

Experimental studies have shown that the AIT and
(Na + K)* contents of hornblende are dependent on tem-
perature (e.g. Scaillet and Evans, 1999; Rutherford and De-
vine, 2003; Costa et al, 2004). The Al'-(Na+K)*
correlation is very good for the Soufriere Hills hornblende
data (R*>=0.85, see Fig. 2) which indicates that tempera-
ture changes are important. In order to quantify the
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Fig. 4. Two examples of oscillatory zoning profiles from hornblende phenocrysts. Cations are plotted per formula unit. (ClI/OH),, is

calculated from (CI/OH) in hornblende (see text for details).

temperature effects on Kp, we analysed 41 plagioclase—
hornblende inclusion pairs, and obtained 7 estimates using
the hornblende-plagioclase thermometer (Holland and
Blundy, 1994). The calculated temperatures range from
777 °C to 867 °C, consistent with previous estimates (e.g.
Murphy et al., 2000). Compositional data from the host
hornblende phenocrysts show a positive relationship be-
tween (Na + K)* and temperature (Fig. 6):

T =479.8 (Na+K)" +643.5 R> = 0.63 (2)

The uncertainty of the hornblende—plagioclase thermome-
ter is approximately 35-40°C (Holland and Blundy,
1994). Of the calculated hornblende-plagioclase tempera-
tures, 95% lie within +24 °C of the temperatures calculated
on the basis of hornblende (Na + K)* using equation [2].
Applying equation [2] to the phenocryst traverses pro-
duces a range of temperatures from 767-872 °C, consistent
with previous estimates of the initial storage conditions in
the Soufriere Hills magma (e.g. Barclay et al., 1998;

Murphy et al., 2000; Devine et al., 2003). These tempera-
tures are also consistent with temperatures estimated from
orthopyroxene core compositions, which are typically
~850 °C but range from 785 °C to 938 °C (Murphy et al.,
2000; Humphreys et al., 2009). Using equation [2], any indi-
vidual hornblende traverse typically records a temperature
range of ~70 °C, the largest variation being 90 °C. The
compositional change at the beginning of each zone is
equivalent to a temperature decrease of up to ~60 °C.

6.2. Calculating (CUOH),, and (CUOH),,

Assuming a stoichiometric number of anions (OH +
Cl+ F =2), we used equation [1], combined with the tem-
perature estimated from (Na + K)* and Mg# from EPMA,
to calculate Kp, and thus (ClI/OH),,, at every point in the
compositional traverses. This allows us to assess how much
of the Cl zoning is due to changes in Kp, and how much is
related to real changes in melt composition. Using the same
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approach, contours of ClI-Mg# in hornblende were con-
structed for constant (Cl/OH),, and temperature (Fig. 3).

Values of (CI/OH),, calculated in this way for the pheno-

crysts

range from 0.015-0.037

(average = 0.024,



Chlorine variations in the Soufriere Hills magma 5701

16 =0.0048, n=324). In contrast, mafic inclusion
hornblende gives (CI/OH),, in the range 0.0068-0.0128
(average = 0.0095, 16 =0.0016, n=15). In other words,
the mafic hornblendes crystallised under conditions of low,
but constant (ClI/OH),,,, while the phenocrysts crystallised
from a melt that experienced strong changes in (CI/OH),,
(Fig. 3). In a typical traverse of a zoned hornblende crystal,
each new zone is associated with a (Cl/OH),, decrease of
~30% relative (typically an absolute decrease of 0.01—
0.015). Thus crystallisation of each new hornblende zone
is associated with a decrease in temperature and in the
CI/OH ratio of the melt.

(CI/OH),, was also calculated for the melt inclusions
and matrix glasses following Sato et al. (2005). The expres-
sions of Zhang (1999), combined with the temperature-
dependent equilibrium constant for H,O speciation
(Nowak and Behrens, 2001, described as “K,” in Sato
et al., 2005), were used to calculated the mole fractions
[H,0.,] and [OH], given the total H,O concentrations ana-
lysed by SIMS.

Values of (CI/OH),, calculated from the melt inclusions
are consistently low, ranging from 0.020 to 0.053 with one
outlier at 0.221. Matrix glasses have much higher
(ClI/OH),,, 0.127-0.281. Most of the melt inclusions have
(ClI/OH),, <0.05 as a result of high H,O concentrations
(>2 wt%, Fig. 7a); strong changes in (ClI/OH),, due to
degassing therefore do not occur until very low pressures.

7. MODELLING DEGASSING RECORDED BY MELT
INCLUSIONS

The distribution of Cl, H,O and other volatiles (e.g.
CO,) between the melt and co-existing fluid varies depend-
ing on the composition of the melt, the pressure, and the
fluid-melt distribution coefficient, D”". Once the melt is
saturated in volatiles, ascent or crystallisation results in
exsolution of a fluid phase. For halogens, D" > 1 50 exso-
lution of H,O results in halogens being extracted from the
melt (e.g. Kilinc and Burnham, 1972; Webster and Hollo-
way, 1988; Shinohara et al., 1989; Webster, 1992; Kravchuk
and Keppler, 1994). However, the resulting behaviour of
the fluid phase depends on whether the system is closed
or open to volatiles (i.e. whether the exsolving fluid phase
remains with the melt or can escape the system), how much
crystallisation takes place during degassing (Villemant and
Boudon, 1999; Edmonds et al., 2001; Harford et al., 2003;
Villemant et al., 2008), the extent of re-equilibration be-
tween fluid and melt during ascent (e.g. Burgisser and Scail-
let, 2007), and whether a brine phase exsolves (e.g.
Shinohara et al., 1989; Webster, 1997). Villemant et al.
(2008) summarised open-system and closed-system behav-
iour, and gave the following relationships:

For a closed system (fluid remains with the magma) with
no crystallisation:

x="/[1+ D" " (XY 0 — Xin0)] (3)

where 7 is an element partitioned between melt (m1) and fluid
(fl), D is the partition coefficient, X is the mass fraction of
H,O in the melt (superscript ‘0’ denotes initial contents)
and Xx; is the concentration of i in the melt (ppm).

For an open system where there is no crystallisation in
the melt:

X = x)f™ 4)

where /=1 — (X&zo —Xn,0), 0;= D/ — 1 and the frac-
tion of exsolved fluid is 1-f.

For an open system where crystallisation occurs in re-
sponse to exsolution of H,O from the melt:
x; = xXVFA (5)
where F~1— (X} o —Xuo0)(1 +knp), Ai=(Di/""/
(1 +ky_p)) — 1, kypg is the mass ratio of crystallising melt
to exsolving vapour, and F is the mass fraction of residual
melt. In addition, based on experimental data, an exponen-
tial dependence of D/ is assumed for open-system degas-
sing (Villemant et al., 2008), so that:

D™ = Dy exp(Kx) (6)

where K is a constant whose value is ~ 107°-10~* (Ville-
mant et al., 2008).

Because D¢/ > 1, closed-system degassing of H,O re-
sults in a decrease in the melt Cl concentration as Cl is par-
titioned preferentially into the fluid. Previous studies have
typically used relatively high D/ ~ 10-20 derived from
experimental studies (Webster, 1992; Shinohara et al.,
1989) although there is some evidence that D /""" decreases
with pressure (Shinohara et al., 1989; Webster, 1992; Ed-
monds et al., 2002). In this study we tried a range of
D¢/™" from 5-30, with initial melt composition X7
= 6.4 wt% and Cl = 4500 ppm, estimated on the basis of
melt inclusion compositions.

We attempted to fit the melt inclusion compositions
using the closed-system degassing (CSD, eq. [4]) or open-
system degassing (OSD, eq. [6]) models, and using Df™" ~
5-30 (CSD) or Dy ~ 15-20 (OSD). For H,O-rich rhyolites
ks 18 relatively large, and should increase as crystallisation
and degassing continue (Villemant et al., 2003, 2008), but
its absolute value will depend on eruption dynamics; k.4
was observed to be approximately constant during isother-
mal decompression simulations (Villemant et al., 2003). For
OSD we therefore used a constant value of k,, ;=12 as
determined from experimental decompression data (Ville-
mant et al., 2008), consistent with the relatively rapid ascent
rate of the January 2007 eruption. For the open-system
degassing model, the visually closest fit to the data is given
when Dy is between 5 and 25 with K ~2 x 1074 x 10~%,
whereas for closed-system degassing, a range of D¢/
from 5-30 can fit the data (Fig. 7). This set of values is
not unique but represents an envelope of possible values
that give fits that enclose the data. The exponential form
of D¢/™™ from equation [6] results in a variation from
D ~75 at 6.5 wt% H,0 to D™ ~25 for the fully de-
gassed magma, assuming D, =15. The main effect of
increasing D/ is to decrease the pressure at which the ra-
pid change in (CI/OH),, is observed, and to increase (Cl/
OH),, at low pressure (Fig. 7a,b). The differences between
the two models are relatively small for the parameters used;
however there are differences in the fluid composition pro-
duced (Fig. 7d). There is only one previously published
measurement of the H,O/Cl mass ratio in the gas. Gas
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Fig. 7. Results of CI-H,O degassing models as a function of melt H,O content. Open circles are melt inclusions, black circles are matrix glass
compositions. Solid lines: closed-system degassing. Dashed lines: open-system degassing accompanied by crystallisation. Thin red lines
indicate Do/ = 30 (CSD) or D, =25 (OSD), bold black lines indicate D=5 (CSD) or Dy =5 (OSD). (a) (CI/OH),, calculated for the
melt, with expanded scale in (b). Grey box indicates the range of (Cl/OH),, calculated from hornblende compositions. (c) H,O vs wt% CL. (d)

Calculated H,O/Cl ratio in the exsolved vapour.

was measured from the lava dome in 1996 and gave a value
of H,O/Cl=2.9 (Hammouya et al., 1998). This is lower
than predicted by the OSD or CSD models (Fig. 7d), pos-
sibly as a result of the very high H,O contents of this explo-
sive event compared with previous dome rocks, or perhaps
precipitation of a brine phase within the fluid during ascent
(e.g. Shmulovich and Churakov, 1998; Webster and
Mandeville, 2007).

8. ORIGIN OF HORNBLENDE ZONING

The mafic amphiboles are compositionally very distinct
from the phenocrysts in the andesite, primarily in that they
lack the clear negative correlation between Mg"' and Al",
and have low Cl contents, presumably reflecting a low CI
content in the mafic magma entering the system. However,
although the zoning in the phenocrysts shows a decrease in
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Cl content at each resorption event, this is not likely to be
related to recharge by a low Cl, mafic magma, because the
phenocryst compositions do not adjust towards the high
Mg"“Al" composition of the mafic hornblendes (see
Fig. 2). Based on the compositional data, the rim zonation
also appears to be associated with a decrease in tempera-
ture; this is the opposite of what would be expected during
magma recharge. More likely causes of zonation involve
variations in the volatile composition of the melt and coex-
isting fluid, including degassing, gas fluxing or convective
movements. In the following sections we investigate the re-
sult of changes to the volatile content of the melt phase by:
(1) degassing processes, (ii) convection and (iii) CO, fluxing.

8.1. Degassing processes

The range of (CI/OH),, found in the melt inclusions, and
predicted by the degassing model (Fig. 7), agree well with
the (CI/OH),, predicted by hornblende compositions and
the partitioning model of Sato et al. (2005). The highest va-
lue of (Cl/OH),, calculated from hornblende compositions
is 0.038, consistent with crystallisation from a magma with
>2 wt% H,0 according to the melt inclusion compositions
(pH,0O ~ 30 MPa). This is considerably lower than with the
known stability limit of hornblende in H,O-saturated silicic
melt (e.g. ~100 MPa at 800-900 °C, Rutherford et al., 1985;
Blundy and Cashman, 2001; ~75 MPa at 850 °C, Holtz
et al., 2005). Closed-system exsolution of H,O from the
melt to the vapour phase will result in decreasing H,O
and increasing (Cl/OH),,, while OSD could result initially
in a small decrease in (Cl/OH),,, dependent on the amount
of concurrent crystallisation and the value of Dc/™"
(Fig. 7b). However, even for OSD, a very large fraction
of gas, and wide pressure variations (of the order
100 MPa or more) would be required to achieve the neces-
sary decrease in (Cl/OH),, predicted by the hornblende zon-
ing (c.f. Sato et al., 2005). We therefore conclude that
degassing processes alone cannot explain the observed
repetitive hornblende zoning.

8.2. Magma convection

Convection in silicic magma chambers has been pre-
dicted in numerous studies (e.g. Turner and Campbell,
1986; Martin et al., 1987; Jellinek and Kerr, 1999). Couch
et al. (2001) considered convection to be likely at the Souf-
riere Hills Volcano, on the basis of estimates of the thermal
Rayleigh number, which suggested that the critical Ray-
leigh number will be exceeded for a heated boundary layer
greater than a few metres thick. Injection of mafic material
could provide the heat source necessary for the formation
of a thermal boundary layer near the base of the chamber
(Couch et al., 2001). Convection could also provide an
explanation for the cyclic nature of the zoning, and the in-
ferred temperature changes.

Because of heat loss from the walls, the magma storage
region is likely to be zoned in terms of temperature, crystal-
linity and gas content, which means that a convecting par-
cel of material could experience a range of conditions, from
cool temperatures and low dissolved volatile contents near

the margins, to warmer temperatures and higher dissolved
volatile contents (less exsolved vapour) in the interior of
the chamber (Fig. 8). We calculated the variation of
(CI/OH),, as a function of temperature, pressure and crys-
tallinity, to see whether the observed range of (ClI/OH),,
could be produced in a zoned magma chamber. H,O solu-
bilities in the melt were calculated using the expression of
Tamic et al. (2001) for a fluid with X{; , =1 (i.e. pH,0 = P-
w0 10 CO, present). The crystallinity of the magma was
estimated as a function of 7"and P using an approximation
based on published experimental studies of intermediate
magma compositions (Blundy and Cashman, 2008):

325—P+900—T )
1000 300

where P is in MPa, and 7 is in °C. For the range of condi-
tions studied (pressures between 160 and 220 MPa and tem-
peratures of 775-875°C), equation [7] gives reasonable
crystallinities of 20-50%, consistent with the observed phe-
nocryst contents (e.g. Murphy et al., 2000).

The dissolved Cl content of a melt with initial composi-
tion X 2,20 = 6.4 wt% H,0 and Cl, = 4000 ppm was calcu-
lated assuming closed-system degassing with an
intermediate partition coefficient (D¢ = 15, c.f. Fig. 7),
incorporating the effects of crystallisation as described in
Edmonds et al. (2002):

Cl,

Crystal fraction =

Cl, = P (8)
SfI1+De; " (X0 — X1,0)]
170
| |
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Fig. 8. Contours of (ClI/OH),, composition as a function of
pressure and temperature, at a range of conditions likely to be
present within the magma chamber at Soufriere Hills. Curved
arrow segments schematically represent the passage of a convecting
magma parcel in P-T space. See text for details.
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In the zoned system, crystallinity increases with decreas-
ing temperature and melt H,O content. Cl,, increases
slightly with decreasing pressure but strongly with decreas-
ing temperature due to the increase in crystallinity. The cal-
culated variation of (CI/OH), with pressure and
temperature is shown in Fig. 8. Similar calculations were
also performed for ngo = 0.8. The results are similar, the
difference being slightly higher (Cl/OH),, values as a result
of lower H,O concentrations in the melt.

The calculated (CI/OH),, are in agreement with the
higher estimates from hornblende compositions, but the
lowest hornblende values (~0.02) are not reproduced. How-
ever, Fig. 8 illustrates that the positive correlation of
(Cl/OH),, with temperature, inferred from hornblende
compositions, cannot be produced by plausible convective
motions. Hot material will rise towards the upper parts of
the chamber, experiencing decreasing pressure and cooling.
Lateral motion towards the chamber walls would result in
strong crystallisation with increasing (CI/OH), but
decreasing 7, with little change in pressure. Downward mo-
tion parallel to the walls would result in increasing pressure
and temperature, and therefore resorption (Fig. 8). Thus
although convective motion could induce the required zon-
ing of (ClI/OH),,, the temperature changes accompanying it
would be the opposite of those inferred from hornblende
compositions. We therefore reject this explanation.

8.3. CO, influx from external source

Another possible explanation for the changes in melt
(CI/OH) ratio is influx of CO,-rich vapour, perhaps due
to degassing of more mafic magma at depth. The effect of
this on the melt volatile composition depends on the parti-
tioning behaviour of the mixed H,O-CIl-CO, fluid.

The solubility of Cl and H,O in rhyolite melt has been
examined in several previous experimental studies. At low
pressures, an immiscible brine and vapour forms from the
fluid at a given Cl,;, concentration, at which point Cly in-
creases with no change in Cl, (see Fig. 3, Lowenstern,
2000). For simplicity, this point will be referred to as the
Cl solubility limit. At higher pressures (e.g. 200 MPa,
depending on the melt composition), a brine phase does
not form but mixing remains strongly non-ideal (Shinohara
et al., 1989; Carroll and Webster, 1994; Lowenstern, 2000;
Webster et al., 1999). At higher pressures, the non-ideality
of mixing is reduced (Shinohara et al., 1989). Webster
and Holloway (1988) and Metrich and Rutherford (1992)
measured a maximum Cl concentration in rhyolite melt at
~0.28 wt%, which occurred with approximately 14 wt%
Cl in the coexisting fluid. The CI solubility limit also de-
pends on composition, increasing with molar (Al + Na +
Ca+ Mg)/Si ratio (ANCM/S) of the melt and with
(Na + K)/Al (Metrich and Rutherford, 1992; Webster,
1997; Webster et al., 1999). The Cl solubility limit increases
slightly with increasing temperature and with decreasing
pressure (Metrich and Rutherford, 1992; Webster, 1997).

More recent experimental studies for Mount Unzen and
Soufriere Hills melt compositions at 200 MPa give a solu-
bility limit of ~0.7-0.8 wt% CI (Botcharnikov et al., 2004)
or ~0.65 wt% CI (Signorelli and Carroll, 2001) depending

on the composition of the melt (e.g. Webster, 1997). This
indicates that very high melt Cl concentrations are possible.
The melt inclusions analysed in this study typically contain
<0.45 wt% CIl (one has 0.55 wt% Cl) so we assume that the
Soufriere Hills magma is well below the Cl solubility limit.
The inclusions contain up to 6.2 wt% H,O, equivalent to a
pressure of ~215MPa, or approximately 245 MPa if
only 200 ppm CO, were present (Newman & Lowenstern
2002).

There is very little experimental data on the behaviour of
mixed H,O-Cl-CO, fluids in evolved magmas. However,
previous studies show that addition of CO, to the H,O-
Cl system causes an expansion of the immiscibility region
where vapour and brine coexist (e.g. Joyce and Holloway,
1993; Shmulovich and Graham, 1999; Lowenstern, 2000;
Botcharnikov et al., 2007), and the size of this field in-
creases with increasing temperature (Joyce and Holloway,
1993). For relatively Cl-poor fluids, addition of CO, lowers
the H,O fugacity of the fluid, leading to decreased H,O,,
(e.g. Botcharnikov et al., 2007); however there is little effect
on the Cl content of the melt (Botcharnikov et al., 2007).
For Cl-rich fluids, the activities of H,O and Cl are in-
creased, leading to lower D¢/™™ and higher Cl concentra-
tions in the melt (Webster & Holloway 1988;
Botcharnikov et al., 2007). Therefore, addition of CO, to
the andesite magma, perhaps due to degassing of more ma-
fic magma at depth, is a plausible mechanism for increasing
(Cl/OH) in the melt, either by reducing [OH] or by increas-
ing Cl,.

On the basis of these observations, we suggest that CO,-
bearing vapour passes into the andesite as a result of basalt
injection near the base of the magma chamber. In the
andesite, CO, addition results in increasing (ClI/OH),,
and the observed temperature increase results from heat
transfer by the gas phase. This has previously been pro-
posed for Soufriere Hills Volcano (e.g. gas sparging, Bach-
mann and Bergantz, 2003). The effects of CO, addition on
the crystallising phases are unclear, but experiments run at
controlled H,O-CO, fluid composition suggest that a dilu-
tion of the fluid by CO, at constant temperature can result
in decreased modal abundance of hornblende (compared
with plagioclase) as well as an increase in total crystallinity
(Costa et al., 2004). Therefore accumulation of CO, in the
magma could eventually result in resorption of hornblende,
although heating by the gas phase would also cause resorp-
tion as observed at the outer margin of each zone.

On the basis of (Na + K)* composition, each new horn-
blende zone starts at lower temperature than that at which
resorption occurred. In addition, (CI/OH) ratios return to
approximately their original values and crystallisation re-
sumes. This mechanism therefore requires the gas phase
to be fractionated from the melt. This is consistent with
the observation that high CO, emissions are observed dur-
ing eruptive pauses as well as during active dome growth,
suggesting efficient gas-melt segregation at depth (Ed-
monds et al., 2008). It is possible that periods of eruption
create permeable pathways along which gas can migrate
to the surface, while gas accumulates in the magma during
periods of repose. The suggestion that transfer of gas from
mafic magma into the andesite is supported by the highly
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vesicular nature of the mafic inclusions, which formed
during quenching against the andesite. Bubbly plumes con-
taining vapour and residual melt may propagate from the
mafic-felsic interface during quenching (e.g. Bacon, 1986;
Phillips and Woods, 2002).

Extension of the model to include the effects of SO, in
mixed H,O-CO,—Cl-SO, fluids is beyond the scope of this
study, but it is likely that the mafic magma would also con-
tribute SO, gas to the andesite. Experimental work suggests
that SO, increases D/ (Webster and Holloway, 1988;
Botcharnikov et al., 2004; Webster et al., 2009), in contrast
to CO,, but there is a lack of data for H,O-CO»,-CIl-SO,
fluids. We recognise the need for further experimental work
in order to constrain a multi-component degassing model
for intermediate magma compositions. Further melt inclu-
sion work (in progress) will also attempt to quantify CO,
concentrations in the melt, in order to provide more con-
straints on degassing processes.

If gas transfer is the cause of rim zonation in hornblen-
des from the Soufriere Hills magma, then this has implica-
tions for the workings of the magmatic system on
Montserrat. Firstly, it suggests that volatile release from
the system is not continuous — each zone reflects a single
episode of gas accumulation and release from the andesite.
This may coincide with episodes of chamber refilling by ma-
fic material, and release during eruption. Secondly, the vol-
atile transfer mechanism provides a means of reheating the
magma shortly before eruption. Reheating has been in-
ferred for Soufriere Hills on the basis of reversed mineral
compositions (e.g. Murphy et al., 2000) and Ti-rich diffu-
sional margins of oxide grains (Devine et al., 2003). The
transfer of hot gas from mafic to silicic material is consis-
tent with models of gas sparging, by which relatively immo-
bile, mushy material is rejuvenated prior to eruption (e.g.
Bachmann and Bergantz, 2003). Finally, efficient gas—melt
segregation at depth would mean that the source of CO,
measured at the surface includes the mafic part of the sys-
tem, as previously described for SO,. Surface gas ratios
and concentrations therefore do not provide simple infor-
mation about degassing of the andesite.

9. CONCLUSIONS

Zoned hornblende phenocrysts from Soufriere Hills Vol-
cano, Montserrat crystallised in a melt that experienced
variations in CI/OH ratio together with temperature
changes. The range of (CI/OH),, ratios calculated from
hornblende compositions is consistent with (Cl/OH),, cal-
culated from the compositions of plagioclase-hosted melt
inclusions in pumice blocks erupted on January 8th 2007.
The melt inclusions contain high volatile contents, includ-
ing up to 6.2 wt% H,O and 0.44 wt% CIl, implying maxi-
mum storage pressures >220 MPa. The data can be
described by a closed-system degassing model, or by
open-system degassing with a small amount of crystallisa-
tion accompanying exsolution. However, the changes in
(Cl/OH),, during decompression and degassing cannot eas-
ily explain the Cl zoning in the hornblende phenocrysts.
The zoning is consistent with the effects of accumulation
of a hot, CO,-rich volatile phase in the andesite, following

injection of mafic magma into the chamber. The significant
Cl content of the Soufriere Hills magma, which is at the
upper end of the range for arc volcanoes in general, means
that a multi-phase volatile model, incorporating the effects
of Cl and CO,, would give the best estimates of pressure
from melt volatile contents.
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