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The andesite lava erupted at the Soufriére Hills Volcano is crystal rich with 33-63% phenocrysts, of
plagioclase (65%); amphibole (28%), orthopyroxene (7%) and minor Fe-Ti oxide and clinopyroxene
microphenocrysts. The andesite hosts mafic enclaves which have similar mineral phases to the andesite.
The enclaves are generally crystal poor but can have up to 27% of inherited phenocrysts from the
andesite, the majority of which are plagioclase. The eruption is defined by discrete periods of extrusion
called phases, separated by pauses. The enclaves exhibit bulk geochemical trends that are consistent with
fractionation. We infer that the intruded mafic liquids of Phases I and II interacted and assimilated
plutonic residue remaining from the multiple prior mafic intrusions, while the basaltic liquids from Phases
III and V assimilated relatively little material. We also infer a change in the basaltic composition coming
from depth. The bulk Fe contents of both magma types are coupled and they both show a systematic inter-
phase variation in Fe content. We interpret the coupled Fe variation to be due to contamination of the
andesite from the intruding basalt via diffusion and advection processes, resulting in the erupted andesite

products bearing the geochemical imprint of the syn-eruptive enclaves.

The Soufriére Hills volcano is an andesitic dome complex located on the island of Montserrat in the
Lesser Antilles arc. The present eruption began on the evening of July 18™ 1995 with ash venting
followed by phreatic explosions over the next weeks and months (Young et al., 1998; Robertson et al.,
2000). Juvenile material arrived at the surface around November 15™ 1995 (Young et al., 1998) building
the first lava dome of the eruption. Lava extrusion and dome growth at Soufriére Hills volcano has not
been continuous during the eruption; dome growth has been defined by distinct periods of extrusion
referred to as ‘phases’ separated by periods of no activity, referred to as ‘pauses’. Each period of
extrusion was volcanologicaly unique, however each of the effusive phases were punctuated by

pyroclastic flows generated by dome collapse or Vulcanian explosions.
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Phase I of dome growth (mid November 1995 to mid March 1998) was characterized by cyclic growth
and frequent collapse of the lava dome, with a mean extrusion rate of 4.5 m’ s (Wadge et al., 2010)
which peaked at about 10 m’ s (Herd et al., 2005). The volcanic activity of Phase I is described in detail
elsewhere (e.g. Aspinall et al., 1998; Young et al., 1998; Miller et al., 1998; Calder et al., 2002; Norton et
al., 2002). The cessation of lava extrusion in March 1998 occurred when a dome with a volume of 113 x

10° m® was present in the crater (Norton et al., 2002).

Phase II (mid November 1999 to mid July 2003), showed a less variable extrusion rate with a mean of 2.9
m’ s (Wadge et al., 2010), peaking at about 4 m® s™ (Herd et al., 2005). This resulted in the construction
of a larger volume dome than any extruded during Phase I. Dome collapses were less frequent than during
Phase I but involved larger volumes, culminating in the largest volume collapse of the eruption to date in
July 2003.This removed almost the entire volume of the dome (~200 x10° m® Edmonds et al., 2006). The
ensuing period of pause lasted 24 months, four months longer than the first pause and to date is the only

prolonged period of the eruption with a relatively dome-free crater.

Phase III (early August 2005 to early April 2007), started slowly and the growth rate for most of August
was slow and steady (0.5-0.7 m’/s). Low extrusion rates continued through December and January (3.2-
3.9 m’/s), but the extrusion rate exceeded 10 m® s in February 2006 and remained high for the rest of the
extrusive episode. The dome collapse event on the morning of May 20™ 2006 involved ~ 100 x10° m® of
dome material and emptied the crater; however an observation flight later that day revealed new extrusion
in the vent area. Subsequent growth continued until extrusive activity stopped in April 2007 leaving a
dome of ~ 200 x10° m” in the crater. This was the largest dome present during any pause for the current
eruption. Phase III was characterized by much less pyroclastic flow activity; to such an extent that the

first flow large enough to reach the sea occurred on the morning of May 20" 2006.
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Phases 1V and V volcanic activity

The first three phases of extrusion were characterized by extended periods (on the order of years) of lava
production separated by pauses of similar lengths. This was not the case for Phases IV and V. Phase IV
was characterized by two separate episodes of extrusion punctuated by explosions, the first episode was in
July-August 2008 and the second in December 2008-January 2009. The first episode of Phase 1V started
with a Vulcanian explosion on July 28" 2008 while the December 2008- January 2009 episode started and
ended with Vulcanian explosions on December 3™ 2008 and Jan 3™ 2009 respectively. An approximate
volume of 39 x10° m’ of andesite was extruded for Phase IV (Wadge et al., 2010). Phase V was also short
lived (early October 2009 till mid February 2010), and extruded ~ 74 x10° m’. As was the case with Phase
IV, Phase V produced a high occurrence of explosive activity (Stinton et al., this volume). The extrusion
was also cyclic and the cycles were characterized by periods of intense pyroclastic flow generation which
would wax and wane on time scales ranging from 4 to 13 hours (Odbert et al., this volume). The textures
present in the Phase IV and Phase V products are similar to that noticed in Phases I, II and III. There
however seems to be an increase in the vesicularity of the andesite products with friable hand specimens
being more commonplace in Phases IV and V. The presence of banded pumice in the July 28" 2008

explosion products was a new occurrence in the eruption.

Aim of Current Work

The initial extrusive episode, Phase I received considerable attention with regards to the petrological and
geochemical characteristics of the eruptive products (e.g. Barclay et al., 1998; Devine et al., 1998a;
1998b; Murphy et al., 1998; Murphy et al., 2000; Higgins & Roberge, 2003; Zellmer et al., 2003a;

2003b). The initial research was focused on constraining pre-eruptive storage conditions of the erupted
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andesite (e.g. Barclay et al., 1998; Couch et al., 2003a; Rutherford & Devine, 2003) as well as
establishing the role of the intruding mafic magma in the onset and fueling of the eruption (e.g. Murphy
et al., 1998; Murphy et al., 2000; Devine et al., 2003). Long lived eruptions (such as the eruption at
Arenal volcano, Reagan et al., 1987) can produce products with temporal variations in chemistry and
mineralogy, which may provide useful data for unlocking processes responsible for driving such

eruptions (e.g. Streck et al., 2002; Bolge et al., 2006; Ryder et al., 2006).

The preliminary research has without doubt provided valuable information about the processes
responsible for triggering and driving the eruption and hence influencing the eruption style. However the
ongoing nature of the eruption now provides an opportunity to address any temporal variations in textures
and chemistry of the minerals as well as the bulk rock compositions that may have occurred as the
eruption proceeded. The aim of this publication is to present a holistic overview of geochemical and
petrological data collected from the enclaves and host andesite throughout the current Soufriére Hills
eruption. The Phase IV and Phase V products are compared to the earlier products, highlighting any
temporal variations present and their bearing on magma chamber and eruption processes. In particular, we
focus on temporal variations in bulk rock FeO, and propose that this is linked to similar compositional
variations in some mineral phases. We also make a brief comparison to the Mt Pelée products where the
processes responsible for generating the andesitic compositions are well constrained (e.g. Dupuy et al.,

1985; Fichaut et al., 1989a; Pichavant et al., 2002).

ANALYTICAL TECHNIQUES

Microprobe Analysis
Samples from Phase IV were analyzed using a Cameca 5-spectrometer SX-100 instrument at the

Department of Earth Sciences University of Cambridge. Minerals were analyzed using a 2 um, 15 kV, 10
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nA beam for major elements and a 100 nA beam for minor and trace elements. Glasses were analyzed
using a 10 pm, 15 kV, 2 nA beam to avoid alkali migration (Devine et al., 1995; Humphreys et al., 2006),
with a 10 nA beam for minor and trace elements (e.g. Cl, Ti, Mg).

The Phase V minerals were probed using a JEOL8600 four spectrometer instrument at the Research
Laboratory for Archaeology & the History of Art, University of Oxford. Minerals were analyzed with a
15 keV, 15 nA, 1 micron beam. Peak analysis count times were 30s, except for Na (20s) and CI (40s).
Glass analysis was carried out with a 15 keV, 6 nA, 10 um diameter beam. Peak count times for all
elements were 30s, except for Na (10s), C1 (40s) and P (60s). Amphibole structural formulae were
recalculated on the basis of 23 O atoms following Schumacher (1997) and oxide minerals using Stormer

(1983).

Bulk Rock Analysis

Andesite and enclave XRF data from Phase II along with some Phase III andesites were obtained by the
MVO with the analyses performed at the University of Leicester labs under MVO contract. This is the
same laboratory that produced the Phase I data presented in Murphy et al. (2000) and Zellmer et al.
(2003a). The remaining andesite bulk rock data from Phase III and all of Phases IV and V were obtained
from the University of East Anglia under MVO contract. Enclave bulk rock data from Phase 111 onwards
was also obtained from the University of East Anglia under MVO contract. Bulk enclave data from Phase
II were from two sources, the first being McGill University in Canada and the second from the British
Geological Survey (BGS) labs in Nottingham England. Detailed information about lab, instrumentation
and samples analyzed by each lab is presented in Table 1. Bulk rock data is unavailable for Phase IV
enclaves due to the limited volume of observed basaltic material (mm size inclusions) extruded and the
lack of extensive deposits available for sampling. Microprobe glass and mineral chemistry data were

however obtained from mafic fragments in some thin sections.
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PREVIOUS WORK

Andesite and enclave bulk rock XRF analyses of Phase I major and trace elements were compiled from
the literature (Devine et al., 1998a; Murphy et al., 1998; Murphy et al., 2000; Zellmer et al., 2003a).
Previous petrological studies on the eruption products of Phases I, Il and III, are present in a variety of
sources including Barclay et al. (1998), Devine et al. (1998b), Murphy et al. (2000), Couch et al. (2003a;
2003b), Zellmer et al. (2003a), Humphreys et al. (2009a; 2009b), Barclay et al. (2010) Humphreys et al.
(2010). Here we summarize the Phase I bulk rock and petrological characteristics of the Phase I, II and

III products from the literature.

Andesite Textures

Samples are generally crystal-rich (33-63 vol% phenocrysts), with a phenocryst assemblage dominated by
plagioclase (64-78% of phenocrysts) complemented by lesser amphibole (8-28%), orthopyroxene (3-7%)
and microphenocrysts of Fe-Ti oxides (1.5-3%). Maximum phenocryst sizes are typically ~7 mm for
hornblende, ~3-4 mm for plagioclase and ~5 mm for orthopyroxene. Clinopyroxene microphenocrysts (<
1%) are present, as well as accessory apatite. Quartz is also present as rounded, embayed crystals

sometimes jacketed by clinopyroxene. The variations in modal mineral contents are presented in Table 2.

The andesite groundmass is generally microcrystalline but can contain up to 25% rhyolitic glass in rapidly
erupted samples. Cristobalite is present in slower erupted dense dome samples and can be up to 15 wt% in
the groundmass, or more commonly as a vapor phase precipitate in the vesicles. The glass is commonly
observed to have undergone phase separation and or devitrification in dome samples. Hornblende is
replaced by orthopyroxene and clinopyroxene, thus yielding a groundmass normally comprising
plagioclase, two pyroxenes and Fe-Ti oxides, with wide variations in microlite textures. No systematic
differences in texture modal proportion or mineral composition have been observed within the andesites

of Phases I, II and III (Table 2).
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Enclave Textures

Mafic enclaves have been present in the eruptive products of the Soufriére Hills volcano as far back as
24ka (Wadge & Isaacs, 1988). The enclaves from Phases I, II and III are typically small (< 30cm) with a
maximum reported length of 80 cm (Barclay et al., 2010; Plail et al., this volume); their shapes vary from
ellipsoidal to angular. The ellipsoidal enclaves have smooth or crenulate, chilled contacts with the
andesite. Small mm-scale fragments of enclaves are also observed in the andesite. The enclaves contain
similar mineral phases to that of the andesite; they are however recognized by the higher abundance of
mafic minerals, and a higher abundance of clinopyroxenes relative to orthopyroxene. There are no true
phenocrysts present, but based on chemistry and texture there are andesite-derived xenocrysts of

plagioclase, amphibole and orthopyroxene present in the enclaves.

The xenocryst contents can be up to 5% by volume for Phase I enclaves (Murphy et al., 1998; 2000), and
up to 27% for Phase I1I; two thirds of which are normally plagioclase (Plail et al., this volume). The
enclave groundmass is typically fine grained, consisting of randomly oriented interlocking elongate or
acicular crystals of plagioclase, orthopyroxene, clinopyroxene and amphibole forming a diktytaxitic
framework. About ~10% of residual rhyolitic glass with variable amounts of devitrification is observed in

most thin sections, banded textures are also present in some scoriaceous samples.

Mineral Textures and Composition — (Andesite and Enclave)
Due to their similarities in crystal phases, the initial findings on the mineral compositions of the andesite
and enclaves are both summarized together in this section. A through overview of the mineral chemistry

from the early erupted products is presented in Barclay et al. (1998), Devine et al. (1998a; 1998b) and
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Murphy et al. (1998; 2000) for Phase I and Humphreys et al. (2009a; 2009b) for the products of Phases II

and II1.

Plagioclase

Plagioclase is present as phenocrysts, microphenocrysts and microlites in the andesite with the
phenocrysts showing a variety of zoning textures (Table 3; see also Murphy et al., 2000; Humphreys et
al., 2009a; 2013). Oscillatory and patchy zoning are common in the phenocryst cores, including the cores
of sieved crystals, which are interpreted to have experienced direct contact with melt of a more mafic
nature. The modal proportion of each plagioclase textural type varies between samples. Plagioclase is
present in the enclaves mostly as microlites, with minor inherited phenocryst from the andesite also

present.

Plagioclase phenocrysts in the andesite have sodic cores (typically Angg sg, but with calcic zones up to
Angg) with either normal or reversed zoned rims, while the microlites have more calcic cores Ango.7s and
can be normally, or to a lesser extent, reversed zoned. The plagioclase microlite cores in the enclaves are
calcic up to Ang; and normally zoned. Apart from the differences in anorthite content, the andesite
phenocrysts generally have lower Fe contents than the enclave crystals. Most andesite microlites, some
microphenocrysts and the sieved rims are generally richer in FeO content relative to the phenocryst rims,
their elevated FeO contents are similar to that observed in the enclave plagioclase crystals (Figure le & f,

Table 4).

Amphibole

Amphibole phenocrysts in the andesite show green-brown pleochroism and can show oscillatory zoning
(Rutherford & Devine, 2003; Humphreys et al., 2009b). Amphiboles can have irregular rims (indicating

slight resorption) or pristine rims, but commonly show a variety of breakdown textures, of which three
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end-members can be identified (summarized from Devine et al., 1998a; Murphy et al., 2000; Rutherford

& Devine, 2003; Buckley et al., 2006; Humphreys et al., 2009b; Plechov et al., 2008):

(i)  Fine-grained intergrowths of clinopyroxene, orthopyroxene, Fe-Ti oxides and plagioclase, growing
where the amphibole is in contact with melt. This breakdown texture can pseudomorph the original
crystal and is thought to form as a result of decompression during ascent due to changes in pH,O.
The development of these rims can be used as an indicator of ascent conditions, with the thicker
rims developing during slower ascent. The rim thicknesses observed in the samples represent ascent
rates of > 0.019 m/s (Devine et al., 1998a; Rutherford & Devine, 2003).

(i1)  Coarser-grained reaction rims dominated by clinopyroxene (preferentially aligned parallel to the c-
axis of the amphibole, and commonly in optical continuity). This rim type can also pseudomorph
the entire crystal and is interpreted as a thermal breakdown texture.

(iii) Partial to complete opacitisation, particularly along cleavage and cracks or adjacent to vesicles.

Decompression breakdown rims, thermal breakdown rims and resorbed rims are present in the majority of
analyzed samples; typically a given sample will also show a range of decompression rim thicknesses. In
the mafic enclaves, some amphibole microphenocrysts have undergone partial breakdown or opacitisation
while microlites are normally euhedral and yellowish in appearance. The inherited amphibole phenocrysts
in the enclaves most commonly show thermal breakdown textures. Amphibole compositions in the
andesite range from Mg-hornblende to Mg-hastingsite, with some pargasite present. Amphibole
compositions in the enclaves range from pargasite to Mg-hastingsite. In general, andesite amphibole

phenocrysts have lower Al,O5 (6-8 wt%) relative to the enclave amphibole contents of (12-14.5 wt%).

Pyroxenes

Orthopyroxene phenocrysts are typically euhedral, although some show slight rounding, which may be

followed by reversely zoned euhedral outer rims. The reversed zoned phenocrysts represent a minor



249  fraction of the total orthopyroxene population and are not observed in every thin section. Some crystals
250  have rounded cores with clinopyroxene overgrowths. The reverse zoning is interpreted to occur as a result
251  of heating, with the clinopyroxene overgrowth rims indicating direct contact with mafic melt.

252  Clinopyroxene normally occurs in the andesite as microphenocrysts and microlites as well as overgrowths
253  on orthopyroxene, quartz and sometimes in the thermal breakdown rims of amphibole (Table 3); it can be
254  very common in the groundmass of some thin sections. Clinopyroxene is also common in mafic enclaves,
255  as microlites and microphenocrysts.

256

257  There are three orthopyroxene phenocryst types, identified on the basis of having unzoned rims, reversely
258 zoned rims or clinopyroxene overgrowths, all have similar core compositions (En s¢.79, Fs 26.41, Mg# 63-
259  68) where (Mg# = atomic units Mg/(Mg+Fe”"). Type 1 consists of unzoned or weak normally zoned

260 crystals with rim compositions En s7.¢; and Wo; s,3. Type 2 consists of reversed zoned crystals with rim
261 compositions En ¢.7; and Wo,,.37.Type 3 consists of crystals with clinopyroxene overgrowths.

262  Orthopyroxene microlites have Mg#s in the range 58-74 and display the second most magnesium rich

263  compositions of the orthopyroxenes present in the andesite after the reversed zoned phenocryst rims

264  (Table 6a & 6b). Orthopyroxene in the mafic enclaves have similar Mg#s to the andesite microlites. The
265  clinopyroxenes have Mgf#s in the range 66-74, and they are not in equilibrium with the orthopyroxene
266  phenocrysts of the andesite.

267

268  Fe-Ti Oxides

269  In the andesite, phenocrysts are rare while microphenocrysts (>100 um) are common and can be zoned
270  (Table 3) with rounded irregular cores, resorbed rims and exsolved textures. Fe-Ti oxides also occur as
271  inclusions in the phenocrysts and microphenocrysts of amphibole, pyroxene and plagioclase, where they
272 tend to be subhedral. Enclave microphenocrysts can be euhedral homogeneous crystals or heterogeneous
273 crystals with exsolution textures (Table 3).

274
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Titanomagnetite is the most common oxide in the eruptive products, with minor ilmenite present.
Individual hand specimen samples can show significant inter-crystal compositional variation; the extent
of the variation can be such that Devine et al. (1998a) reported observing reversed zoning in half of the
titanomagnetite crystals analyzed. The oxide compositions have shown little temporal variation for the
first three eruption phases. The andesite titanomagnetite microlites and enclave titanomagnetites generally
have higher titanium contents than the andesite microphenocrysts with the microphenocryst rims being

slightly more titanium rich than the cores.

Bulk Rock Composition

To date only the Phase I bulk chemistry has been published, the products are predominantly andesite
displaying SiO, contents in the range (58-62 wt%), (Murphy et al., 2000; Zellmer et al., 2003a; Barclay et
al., 2010), with an average composition of 59.7 wt% SiO, (Murphy et al., 2000). The enclaves are
reported to have SiO, contents of 51-56 wt% (Murphy et al., 2000) and 49-55.5 wt% (Zellmer et al.,
2003a). Both compositions are low-K with the andesites having a calk-alkaline affinity while the enclaves
are of tholeiitic affinity (Murphy et al., 2000). Bulk geochemical trends are similar in both lava types.
With increasing Si0O,; TiO2, Al,Os, FeO, MgO and CaO all show decreasing trends, while Na,O and K,O
show increasing trends. The Phase I andesites have relatively restricted major element compositions and
the differences in the modal proportions of mineral phases were proposed as a likely source of the

andesite heterogeneity within Phase I (Zellmer et al., 2003a).

Initial Conclusions

The experiments of Barclay et al. (1998) showed that the andesites were stored at a minimum pressure of
115-130 MPa at temperatures (820-840) °C before being erupted, with measured water contents in the
range (4.27 £0.54) wt% H,O (Barclay et al., 1998), 4.7 wt% (Devine et al., 1998a) or up to 6.2 wt% H,O

(Humphreys et al., 2009b). Textural characteristics of the amphibole phenocrysts such as coarser grain
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reaction rims dominated by clinopyroxene are thought to represent thermal breakdown during reheating
events, while partial to complete opacitisation, particularly along cleavage and cracks or adjacent to
vesicles is thought to develop during shallow dome storage with passive gas fluxing (e.g. Garcia &

Jacobson, 1979; Devine et al., 1998b; Humphreys et al., 2009b).

Couch et al. (2003b) proposed that the textural variations observed in the andesitic groundmass can be
attributed to variations in ascent rates in a system undergoing open system degassing. The presence of
enclaves in the erupted lavas (Murphy et al., 1998), the reverse zoning in the orthopyroxene and
plagioclase phenocrysts (Murphy et al., 1998; 2000) along with the higher temperature groundmass
assemblage (Humphreys et al., 2009a) were used as evidence that the eruption was triggered by an
intruding mafic magma, heating and remobilizing the andesite. It was also demonstrated that amphibole

fractionation is important in driving the enclave compositions (Zellmer et al., 2003a).

Reheated textures are fairly localized in the andesite (Murphy et al., 1998; 2000), which is evident in
the low modal abundance of reversed zoned plagioclase and orthopyroxene phenocrysts. Based on the
absence of amphibole microlites in the Phase I andesite, Murphy et al. (1998) had initially suggested that
enclave disaggregation was minor if at all present. More recently, Humphreys et al. (2009a) have shown
that the physical destruction and dispersion of some enclaves also contributes to the mafic nature of the
microlite assemblage in the Phase II and Phase III andesite groundmass, while Genareau & Clarke (2010)
showed that basaltic melt microscopically intrudes the margins of the andesite. Based on the thickness of
amphibole thermal breakdown rims, extrusion occurs after reheating on time scales of hours to months

(Devine et al., 2003; Rutherford & Devine, 2003; Devine & Rutherford, this volume).

Zellmer et al. (2003a) showed that the currently erupting Soufriére Hills andesite can be generated by
fractional crystallization of plagioclase and amphibole from the South Soufriére Hills (SSH) basalts. In

contrast, while the SSH lavas are compositionally similar to the mafic enclaves of the current Soufriére
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Hills eruption (Figures 9 & 10), incompatible trace element ratios demonstrate that neither the current
andesite nor the SSH lavas can be derived from the mafic enclaves (Zellmer et al., 2003a).

RESULTS
Phases IV and V

The textures of andesite samples erupted in Phases IV and V vary from the banded pumice produced
during the July 28" 2008 explosion to the dome rock produced throughout both phases. We have already
discussed how the volcanic activity of Phases IV and V differed to the first three extrusion phases; we

now present the results of petrological and geochemical analysis from Phases IV and V.

Textures

The mineral phases present in the respective andesite and enclave lavas have remained consistent
throughout the five eruption phases. Mineral textures associated with disequilibrium in Phases I, II and III
andesites e.g. reversely zoned orthopyroxene phenocrysts, sieve textured plagioclase and embayed quartz
are all observed in the andesites of Phases IV and V. Similarly to Phases I, II and III, amphibole is absent
from the andesite microlite assemblage. Dome samples from Phases IV and V are generally crystal rich
(~30-46% porphyritic) with phenocrysts and microphenocrysts of plagioclase, amphibole and
orthopyroxene present along with microphenocrysts of clinopyroxene and Fe-Ti oxides (Figure 2). The
groundmass in dome samples can be coarsely crystalline and vesicular (up to 35%) with microlites and

glass present.

The enclave textures observed in Phases IV and V are also similar to those observed in the previous three
phases. Plail et al. (this volume) categorizes the enclaves using parameters such as the volume of crystals
inherited from the host andesite. They have identified three distinct enclave textures: a diktytaxitic
framework dominated by plagioclase and pargasitic amphibole (Figure 3a); a diktytaxitic framework

dominated by plagioclase and clinopyroxene (Figure 3b) and a composite (mixed enclave) of the above
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two textures (Figure 3c). Xenocrysts (plagioclase, hornblende and orthopyroxene) are present in all
enclave types (Plail et al., this volume).

The inter-phase differences between andesites of the eruption may be subtle. For example, some of the
dome rock samples from Phases IV and V tend to be less dense and friable; their groundmass tends to be
finer grained than the denser dome blocks. The feature seems more common in Phases IV and V relative
to the earlier phases. Secondly, while the mafic enclaves are ubiquitous throughout the eruption, there is
an apparent increase in enclave abundance over time (see discussion in Plail et al, this volume). The
average macroscopic modal abundance of enclaves in the andesite products ranges from 1-2% in the
Phase I products (Murphy et al., 1998; 2000) to up to 8% in the products of Phase III (Barclay et al.,
2010) and 8.5 % in Phase V (Plail et al., this volume), while Komorowski et al. (2010) report a mafic
content of 12% in the tephra generated from explosions during Phase IV activity (although these three

sets of values were determined using different methods).

Banded Pumice

The banded sample from the July 28™ 2008 explosion (sample number MVO1532d) is atypical of
previously erupted samples. The sample shows clear textural heterogeneity in the form of whitish and
dark grey streaks dissimilar to the chilled margins displayed by the mafic inclusions and resembles
banded pumice. The sample comprises of a silicic part with pale brown to colourless glass, very few
microlites and relatively low vesicularity, as well as a more mafic part which is dark brown with a
crystalline groundmass and no obvious clear glass. Clearly mixed patches containing brownish glass are
evident. The ‘mixed’ and mafic parts occur together spatially in patches hundreds of um across, while the

silicic parts form larger patches.

The mixed and mafic parts contain the typical assemblage present in the andesite such as phenocrysts of
plagioclase with oscillatory and sieve textures, hornblendes, orthopyroxenes with clear rims or overgrown

by clinopyroxene, and microlites of plagioclase + 2 pyroxenes + magnetite. In contrast, the silicic part



377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

contains hornblende, no sieved plagioclase, only pristine orthopyroxene and few small microlites (~5-10
um) of plagioclase, orthopyroxene and titanomagnetite; clinopyroxene is absent. Hornblende phenocrysts
are commonly either pristine or have a very thin incipient reaction rims (5-8 pm). The silicic matrix also
contains numerous larger (50-200 um) broken fragments of plagioclase phenocrysts. Euhedral, prismatic
quartz microlites are common; these are normally ~50 um (£20) in size and are not typical of the
Soufriére Hills andesite. They do not replace the typical rounded, embayed quartz phenocrysts, which are

present as usual.

Plagioclase Composition

The Phase IV and Phase V andesite plagioclase phenocryst cores and rims exhibit a wide range of
compositions (Angs to >Angg, Table 4) which overlaps with phenocryst compositions from the previous
phases (Figure 1a). The oscillatory plagioclase cores are generally more calcic than the cores of
phenocrysts with other textures (Figure 1d). The mean An content for both Phase IV and Phase V
phenocryst rims is ~ Anse, within error of the mean An contents from phenocryst rims of the previous
phases (Table 4, Figure 1a). As with the first three extrusion phases, the microlite rims of Phases IV and
V are more calcic than their respective phenocryst rims (Figure 1a & b, Table 4), and the enclave
microlites are generally more calcic than the andesite microlites (Figure 1b). There is inter-phase

variation of Fe contents in the andesite hosted microlite crystals, it is however non-systematic.

Amphibole Composition

Phase IV and Phase V andesite amphiboles are predominantly magnesio-hornblende, the same as the
andesite amphiboles from Phases I to III (Figure 4a) with minor amounts of tschermakite. Mg-numbers
are in the range 0.44-0.55. There is a systematic change in enclave amphibole FeO content (Figure 4d)
from Phases I to III (unfortunately, no data from Phase IV enclave amphibole is available since no

enclave products from Phase IV were collected). The enclave amphiboles from Phases I to III display a
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steady increase in magnesium numbers (0.5 to 0.59), and the SiO, content also decreases from Phases I to
III (Table 5b, Figure 4c &d). The absence of Phase IV enclave amphibole data produces an undesired gap
in the dataset however, it can be seen that the Phase V enclave amphibole have higher mean contents of
wt% Al,O3, MgO, CaO, TiO, and Na,O relative to the amphibole in the enclaves of the first three
eruption phases (Table 5b). Apart from having the highest FeO and SiO, contents, the Phase I enclave

amphiboles are lowest in wt% Al,O;, MgO and TiO,.

Orthopyroxene Composition

Andesite orthopyroxene phenocryst core compositions have been relatively homogeneous throughout the
eruption (En s¢.70, Fs 26.41) with a mean magnesium number of 0.6 (Table 6a). The normally zoned rims
(Mg# 0.58-0.65 mean ~ 0.61) and reversed zoned rims (Mg# 0.68-0.75 mean ~ 0.7) have been fairly
unchanged during the eruption (Figure 5a). The andesite microlites generally have higher magnesium
numbers, as well as higher CaO and Al,O; contents, than the phenocryst cores throughout the eruption
(Figure 5b). Microlites from Phases I, 11, III and IV have the same mean magnesium number of 0.67
(Figure 5b). However, the microlites of Phase V have a slightly lower mean magnesium number of 0.63

(Table 6a, Figure 5b).

Clinopyroxene Composition

The clinopyroxene composition has varied little throughout the eruption; they are mostly augites, calcic-
augites and diopsides with cores and rims in the compositional range Ensg_49, W0 31.47and mean
compositions of En 4544, W0 40.43. Kushiro (1960) has demonstrated that it is the SiO, wt% content of a
magma and not temperature that is the major control of the Si0,/Al,0Os5 ratio of the crystallizing
clinopyroxenes and that the ratio increases with increasing magma SiO, content. The andesite
clinopyroxenes show distinct SiO,/Al,05 ratios by eruption phase (Table 6¢). The enclave clinopyroxenes

also show a similar inter-phase trend in FeO from Phase I to III like the enclave amphiboles.
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Oxide Composition

As was the case in the first three eruptive phases, titanomagnetite is the most common oxide in the
products of Phases IV and V with only minor ilmenite present. The andesite microphenocryst
titanomagnetite cores and rims from the five extrusion phases have overlapping compositions (21-30
mol% Usp), with no systematic variation between phases. The Phase IV microlites have higher TiO,
contents (up to 16 wt%) than the microphenocrysts (7-10 wt%), as is the case with the titanomagnetites
from Phases I, II and III. However, this is not the case for Phase V where the microlites have similar TiO,

wt% contents to the microphenocrysts from Phase V (Table 7a).

Glass composition

The andesite and enclave glass compositions for the products of Phases IV and V have shown little
variation relative to the previous phases, glass compositions have been consistently rhyolitic in both
magma types (70-82 wt% SiO;) throughout the eruption (Table 8). Some authors have shown that the
glass present in both magma types are essentially indistinguishable (e.g. Murphy et al., 1998; 2000),
while others (e.g. Humphreys et al., 2010) have shown evidence indicating subtle differences between
enclave and andesite glass. The K,O content shows a bimodal distribution of high and low K,O glass

samples with some intermediate compositions observed (Figure 6).

Humphreys et al. (2010) interpreted the glass compositions enriched only in K,0, as an indication of
diffusive contamination by high-K mafic inclusion glass; some samples are also enriched in TiO,,
suggesting physical mixing of remnant glass. In general with increasing SiO,, there is a decreasing trend
of Al,O3, while K,O increases (Figure 6). There are a few samples with SiO, contents of 80-82 wt% that

have high Na,0O, high CaO, low FeO and low K,O, which are likely due to post extrusion phase
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separation of two types of glasses of differing chemistry as described by Cashman (1992) for the Mt St

Helens lava dome and indicated by Humphreys et al. (2009a) for the products of Phases II and III.

Bulk Rock Composition

The andesites of Phases IV and V have a similar range in bulk rock SiO, (56-62 wt%) to the products of
the previous phases (Table 9). The trends of decreasing TiO,, Al,O3, FeO, MgO and CaO and increasing
Na,O and K,0 with evolution reported for the Phase I products are present in the products of the later
eruptive phases (Figure 7). There is considerable inter-phase compositional overlap for most elements at
similar SiO, contents. As is the case with the andesite, the enclave products of the later phases show

compositional overlap and similar trends to the Phase I enclave products.

Whole Eruption

Trends and Variations in Bulk Rock Composition

There are some clear differences between the eruption phases in terms of bulk rock composition. Firstly,
the FeO contents show systematic inter-phase variation with the mean FeO contents showing a clear
decrease during the first three phases. The andesite products of Phase I have a mean FeO content of (7.32
wt%), while the Phase II and Phase III products have mean values of 7.14 and 6.6 wt% FeO respectively
(Table 9). There is a relative increase in mean FeO to 7.4 wt%, for samples erupted during Phase IV
followed by a subsequent decrease in Phase V to 7.08 wt% FeO (Figure 8a, Table 9). Although not as

systematic as FeO, MgO contents also show some variation in the andesite (Table 9).

The enclave bulk rock FeO trend behaves in a similar way to the andesite bulk FeO trend (Figure 8a).
The inter-phase contrast in FeO content is however more pronounced in the enclaves than in the
andesites, thus at approximately 50 wt% SiO, there is a bulk rock compositional difference of up to 2
wt% FeO between the enclave products of Phases I and III (Figure 7). One observation of note is that the

difference between the mean bulk enclave FeO content and their syn-eruptive host andesites shows a
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steady decrease with a change of ~ 1% over the eruption, from 2.3 wt% in Phase [ to1.4 wt% in Phase
V, this is outside the error of the FeO contents. In other words, the difference between enclave and host
FeO contents has been narrowing with time. There are also subtle differences in MgO and CaO that are

outside analytical error.

Also of note is that the Phase I and Phase II andesite compositions are more scattered than those of Phases
III, IV and V (Figures 7 & 10). This results in better defined linear trends of (for example) Al,O;, CaO,
Ti0O, and Sc with increasing FeO/MgO for the andesite products from Phases III, IV and V; linear trends
are also present in the enclave products of Phases Il and V (Figure 10). There is a bit of scatter at higher
ratios ( >2.2 FeO/MgO) in the Phase III and Phase V enclaves in all of the plots. The enclave products of
Phases III and V define a different slope to the Phase I and Phase II products on the SiO; vs. FeO plot
(Figure 7) and thus together seem distinct from the products of Phases I and II. Phase IV enclave data are
not available, but given the behaviour of the Phase IV andesite products and the apparently coupled FeO
variation of both magmas, we anticipate that the bulk chemistry of the Phase IV enclaves would quite
likely show well defined trends with little scatter similar to that observed in the enclaves of Phases III and
V. It must be noted that the inter-phase variation in plagioclase microlite FeO content (Figure 8d) does

not mirror bulk rock inter-phase FeO variation (Figure 8a).

Generally, the Phase V andesites have the highest SiO, contents while the Phase I and Phase IV andesites
have the lowest SiO, contents. The Phase V enclaves are also the most SiO,-rich (Plail et al., this
volume); regardless to this the SiO, contents of the enclaves and host andesites are not coupled. This is
highlighted by the Phase II enclaves being more SiO,-rich than the Phase I and Phase III enclaves (Table
9). The Phase V andesites also show elevated total alkali contents, relative to Phases I, III and IV
andesites (Figure 5c) as well as lower wt% TiO,, Al,03;, MgO and CaO (Table 9). Phase IV andesites
have the highest wt% FeO, MgO and Al,O; while the Phase Il andesites are richer in CaO wt%. The

Phase V enclaves are richer in total alkalis.
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Due to its amalgamated nature, the integrity of the bulk rock data set needs be examined in order to verify
whether the observed variations in FeO are real or an artifact of using different laboratories over several
years. This is addressed in Appendix I where we show that the observed variations are independent of

laboratory bias and are indeed real.

Estimates of temperature, pressure, water content and log fO2

A number of different methods have been used to estimate the pre eruption temperatures of the andesites
and mafic enclaves, including estimates obtained from orthopyroxene (using QUILF, Anderson et al.,
1993) in single pyroxene mode, following Murphy et al. (2000), use of magnetite-ilmenite pairs (e.g.
Devine et al., 2003), the hornblende-plagioclase geothermometer of (Blundy & Holland, 1990), the 2-
pyroxene geothermometer of Lindsley (1983), the plagioclase-liquid thermometer of (Putirka, 2005), and
clinopyroxene-melt equilibria of Armienti et al. (2007), after Putirka et al. (1996; 2003) and Putirka
(1999) which also produces pressure estimates. Pressures were also estimated with VolatileCalc

(Newman & Lowenstern, 2002) by measuring glass volatile contents and assuming H,O saturation.

For Phase I, these approaches generated values of 785-980 °C for the andesite orthopyroxene phenocryst
cores with an average of 851 +20 °C (Murphy et al., 1998; 2000), a similar temperature range of 834-850
°C was obtained by Devine et al. (1998a), and 820-840 °C by Devine et al. (2003) both using magnetite-
ilmenite phenocryst pairs. This is consistent with the experiments of Barclay et al. (1998) which showed
that the andesites were stored at temperatures 820-840 °C before being erupted. The reversed zoned
orthopyroxene rims give higher temperatures up to1100 °C (Murphy et al., 1998; 2000). Enclave hosted
orthopyroxene cores give temperatures in the range 1020-1050 °C (Murphy et al., 1998). New data
obtained by MVO for Phases ILIILLIV and V (some Phase II and Phase III data reported in Humphreys et

al., 2009a) are reported below and presented in Table 11.
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Pyroxene: Orthopyroxene phenocryst cores in the andesite give temperatures of 824-965 °C (mean 866
°C), with unzoned rims at 845-895 °C (mean 869 °C) and reversely zoned rims at 1018-1032 °C (mean
1025 °C). Orthopyroxene inclusions in other minerals or in crystal clots also gave low temperatures791-
809 °C. Orthopyroxene microlites in the andesite gave temperatures of 958-1017 °C, while orthopyroxene
in mafic enclaves gave 903-1305 °C (mean 1070 °C), with 1074-1196 °C for the two-pyroxene
geothermometer. These two-pyroxene temperatures may not reflect equilibrium conditions.
Plagioclase-liquid: the plagioclase-liquid thermometer produced a wide range of temperatures from 821
°C (for melt inclusions trapped in plagioclase phenocrysts) to 1100 °C (for matrix glasses paired with
microlite rims); with increasing temperatures correlating with decreasing melt H,O content. This is
similar to the style of variation reported in Blundy et al. (2006) but given the huge range in temperature

we suggest that many of the higher groundmass temperatures may reflect disequilibrium.

Hornblende-plagioclase: Inclusions of plagioclase in andesite hornblende phenocrysts give temperatures
in the range 804-890 °C (mean 833 °C). Paired analyses from crystal clusters, interpreted as fragments of

disaggregated mafic enclaves, give temperatures of 849-947 °C (mean 894 °C).

Clinopyroxene-melt: The clinopyroxene-melt thermometer gave temperatures in the range 1097-1145 °C
(mean 1110 °C) for microlites/matrix glass and microphenocrysts/matrix glass in the mafic enclaves. As

with the two-pyroxene and plagioclase-melt temperatures, these may not reflect equilibrium conditions.

Pressure and water estimates: Pressure estimates obtained from the Cpx-melt equilibrium for crystals
from both enclaves and andesite range from 10-280 MPa with a mode of 50-100 MPa. Previous
measurements of melt H,O contents from melt inclusions are in the range 4.27 + 0.54 wt% H,O (Barclay
et al., 1998), ~4.7 wt% (Devine et al., 1998a) and 1.1-6.2 wt% (Humphreys et al., 2009b). Assuming
water saturation in the absence of CO, (Newman & Lowenstern, 2002), these estimates equate to

pressures up to 214 MPa which is consistent with the estimates from the Cpx-melt equilibrium.
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Temperature variation

Different methods tend to produce distinct temperature ranges and this is probably because they are
recording temperatures from different parts of the reservoir or localized equilibrium at differing times.
Taken together, the hb-plag temperatures, single-orthopyroxene core temperatures, 2-oxide temperatures
and plagioclase-liquid temperatures from melt inclusions are probably representative of phenocryst
crystallization and hence the ambient temperature within the andesite storage region. These temperatures
are typically in the range 785-900 °C with an average at the lower end of that range and are consistent

with the experiments of Barclay et al. (1998) on Phase I products.

Higher temperature estimates are obtained from the disequilibrium features outlined above, e.g. 826-1101
° C from reverse zoned orthopyroxene rims (Table 11). This is consistent with the very An-rich
compositions observed in sieved plagioclase crystals, which requires very high temperatures and a more
mafic melt (Couch et al., 2003a). These temperatures are inferred to be recording the reheating of the
andesite crystals by the basalt intruding into the base of the reservoir. The estimates from the enclaves are
expectedly higher, 903-1305 °C for the single orthopyroxene method, 1074-1196 °C using the 2 pyroxene
method and 1097-1145 °C using the clinopyroxene-melt equilibrium, although some of these

temperatures may also reflect disequilibrium mineral compositions.

The variability within these estimates may be due to heterogeneities within the andesite storage region,
and/or due to the localized nature of the basaltic intrusion and thus equilibrium at higher temperatures
(e.g. Pichavant et al., 2007). The temperature estimates obtained using the various methods all show a
range of values with the smallest difference between maximum and minimum temperatures being 14°C
for any given method. There is no evidence in our data to suggest systematic changes in temperature as
the eruption proceeds. However Devine & Rutherford (this volume) used oxide thermometry to show that
the mean ambient temperature of the andesite before being reheated shows a 10 °C increase from Phase I

(825 °C) to Phase V (835 °C).
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Estimates of log fO2

Log fO2 values calculated from andesite hosted ilmenite-magnetite pairs are presented in Table 8. The
inter-phase values show some overlap with no clear trend. The Mg-Fe exchange coefficient Kd, (Putirka
et al., 2003) is used to establish mineral melt equilibrium of clinopryroxenes where Kd cpx-lig = [(X MgO
lig/ X FeO Cpx) / (X MgO Cpx/ X FeO liq)]. Suitable mineral-melt equilibrium is thought to be attained
when a Kd value of 0.27+0.03 is obtained for clinopyroxene. Bédard (2010) showed that clinopyroxene
Kd values will vary as a function of temperature, pressure, log fO, as well as melt SiO, and, total alkalis.
Box plots of clinopyroxene microlite Kd values by eruption phase are presented in Figure 5d, the Kd
value for the clinopyroxene microlites varies by eruption phase with Phase I1I having the highest median
values while Phases V and Il have the lowest median values. The data obtained from the Cpx-melt
equilibria showed no systematic variation in pressure and temperature with eruption phase. The total
alkali contents display a negative correlation with the clinopyroxene Kd values, hence it seems the Cpx

Kd values are responding to changes in total alkali content and not log fO,.

DISCUSSION

Although the andesitic rocks erupted since 1995 at Soufriére Hills are fundamentally similar in terms of
textures and mineral compositions, there are some key systematic variations over time that may reveal
details about the nature of the plumbing system at depth. In particular, the key observation is that the bulk
rock FeO content of both andesite and enclave appear to be coupled. Both andesites and enclaves from
Phases I and II show higher major element oxide contents apart from SiO, and more scatter at similar
FeO/MgO ratios compared with the later phases (Figure 10), they also have higher CaO/Al,O; ratios at
similar FeO/MgO ratios. Here we review the overall relationships between the andesite and enclave

magmas and hence interpret the possible causes of these compositional variations.
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Mt Pelée Martinique has produced a spectrum of products ranging from basaltic-andesites to dacites;
some compositions were only erupted at certain periods in the volcano’s history due to the changing
nature of volcano’s plumbing system with time (Fichaut et al., 1989a). Andesites are however ubiquitous
in the Mt Pelée deposits and have been of a similar composition for the past 100,000 years (Dupuy et al.,
1985). The Mt Pelée andesites also contain microlites inherited from intruding basalts (Martel et al.,

2006) as do the Soufri¢re Hills andesites (Humphreys et al., 2009a).

The volcanic stratigraphy and petrology of Mt Pelée, is well constrained and the physical evolution of the
plumbing system through time has been modeled (Fichaut et al., 1989a). It has been established that the
current shallow reservoir is zoned (Dupuy et al., 1985, Pichavant et al., 2002) and is relatively small (<
1km?) at about 10km bsl (Fichaut et al., 1989a). It has also been established that the basaltic magmas are

parental to the andesites via magma mixing and fractional crystallization (Fichaut et al., 1989b).

Magma mixing occurs in relation to basaltic intrusions which generate eruptions with heterogeneous
magma compositions (e.g. Fichaut et al., 1989a; Gourgaud et al., 1989), they are normally larger in
volume than the homogeneous eruptions since lower parts of the reservoir gets tapped (Dupuy et al.,
1985). Fractional crystallization of the hybrid magmas created by the mixing events produces fairly
homogeneous magmas which tend to evolve towards more acid compositions; these are the magmas that
feed the smaller volume homogeneous eruptions (Fichaut et al., 1989a; Pichavant et al., 2002). Thus

andesite generation at Mt Pelée is fairly well understood.

Andesite phenocryst-groundmass relationship

In the current Soufriére Hills eruption, microlite rims and some cores are generally more mafic than
phenocryst rims (in the case of plagioclase) or both cores and rims (in the case of orthopyroxene). This is

contrary to what is expected from closed-system crystallization and cooling, and demonstrates the effects



630  of mafic magma input and the short time scale between heating and eruption. The nature and extent of
631  physical interaction between the andesites and basalts is also evidenced in the ubiquitous presence of
632  mafic enclaves within the andesite, as well as rarer macroscopic features such as the banded pumice. The
633  contrasting temperatures of the intruding mafic magma and the silicic host also leads to heat transfer
634  (Snyder, 2000), resulting in remobilization of the andesite (Murphy et al., 2000).

635

636  The andesite contains various disequilibrium textures which provide evidence of reheating driven by
637  mafic magma, including reverse zoned orthopyroxene (Barclay et al., 1998; Murphy et al., 1998; 2000);
638  sieve textures and calcic overgrowth rims on plagioclase phenocrysts (Couch et al., 2003a); two oxide
639  disequilibrium (Devine et al., 1998a; 2003); resorbed quartz with clinopyroxene mantles; thermal

640  breakdown of amphiboles (Humphreys et al., 2009b); and clinopyroxene overgrowths on orthopyroxene
641  (Murphy et al., 1998; Humphreys et al., 2009a). These observations are consistent with the higher range
642  of temperatures obtained from the andesite by some of the thermometry methods employed.

643

644  Other Disequilibrium Features

645  The andesite microlite assemblage generally consists of normally zoned plagioclase with euhedral to

646  hopper or skeletal textures (suggesting rapid growth, Hammer & Rutherford, 2002), normally zoned

647  orthopyroxenes, and normally zoned clinopyroxenes with a skeletal appearance. Although all

648  orthopyroxene microlites are typically more mafic than phenocryst rims, they are not always

649  compositionally identical to the enclave microlites, but can sometimes exhibit intermediate or even more
650  mafic compositions relative to some enclave microlites (Figure 5b).

651

652  The absence of groundmass amphibole in the Phase I andesite and the proposed compositional differences
653  between the plagioclase groundmass in the Phase I andesite and the enclave plagioclase were used as

654  evidence against enclave disaggregation being a significant process (Murphy et al., 2000), the absence of

655  groundmass amphibole in the andesite was also used by Couch et al. (2003a) as evidence against magma
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mixing. More recently (Humphreys et al., 2009a; Genareau & Clarke, 2010; Humphreys et al., 2010)
proposed enclave disaggregation and mixing as significant processes to support chemical and textural

observations in the products of Phases II, IIl and IV.

We have also shown that the Phase I andesite plagioclase microlite population has elevated Fe contents
similar to the enclave plagioclase and the andesite microlites from subsequent phases (Table 4, Figure
le), which suggests that disaggregation probably did occur during Phase I. We have also highlighted the
dominance of normally zoned plagioclase microlites in the andesite. These additional observations
suggest that the mafic signature of the Soufriére Hills andesite groundmass may not be due to a simple
case of crystal transfer due to enclave disaggregation, and that reheating and recrystallization of resident
crystals might also be an important process in generating the hotter groundmass assemblage. The lack of
change in modal abundance of reverse zoned plagioclase and orthopyroxene phenocryst indicates that the
heating is still ongoing on a scale that has remained relatively unchanged. Finally, we suggest that the
dominance of normally zoned plagioclase microlites reflects decompression-driven crystallization

continuing after enclave disaggregation.

The microprobe SiO,/Al,O; ratio of crystallizing clinopyroxene is heavily dependent on the bulk wt%
Si0; content of the host magma (Kushiro, 1960); with increasing bulk rock SiO, favouring increased
Si0,/Al,05 ratios in the cpx crystals. Thus the higher SiO,/Al,0; values of the Phase V microphenocrysts
(Table 6¢) suggests that the clinopyroxene microphenocrysts found in Phase V andesites crystallized in a
more SiO,-rich melt relative to the microphenocrysts from the first three phases. There are a number of
other observations for the Phase V andesites such as the elevated total bulk rock alkali contents relative to
Phases I, III and IV andesites (Figure 5c); lower TiO, wt% contents in the oxide microlites (Table 7a) and
the slightly lower magnesium numbers of the orthopyroxene microlites (0.63) (Table 6a, Figure 5b) that

are all consistent with the Phase V andesite products being more evolved.
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Bulk Rock Variation

Enclave Compositions

The fundamental trends in the enclaves are related to fractional crystallization. The enclave products of
Phases I and II are much more scattered compositionally (Figure 10). We interpret the scatter in the Phase
I and Phase II enclaves as an indication of assimilation of plutonic residues remaining from previous
mafic injections. There is a bit of scatter in the more evolved samples (>2.2 FeO/MgO) of the Phase III
and Phase V enclaves in all of the plots; the linear trends observed in the enclave products of Phases 111
and V could be consistent with fractional crystallization, less affected by assimilation processes. Hence
the minimal scatter in the Phase III and Phase V enclaves indicates they may have erupted through a

relatively residue-free pathway.

Irrespective of the scatter present in the products of Phases I and II there are still discrepancies in
compositions of the enclave products that need to be accounted for. The ratios of incompatible trace
elements should not be affected by shallow crustal process therefore; incompatible trace element ratios
should be representative of the source region. The near constant ratio of Zr/Rb in the mafic enclaves
(Table 10) indicates a fairly homogeneous source composition and suggests that the observed major
element differences are likely due to differentiation rather than heterogeneities in the source region. There
are a number of possible processes that might cause the enclave compositions to change and to better

constrain why, we address the following relevant questions.

i.  Are the discrepancies purely due to the effects of contamination, thus are Phase I and Phase 11
enclaves more hybridized products of the same magma, parental to the products of Phases I1I and
V?

ii.  Are the enclave compositions representing localized compositions in a chemically heterogeneous

basaltic system?
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iii. Do the enclaves of each phase represent discrete chemically distinct batches of basalt magma

from depth?

Assimilation of plutonic residue

Earthquake swarms in the century leading up to the current eruption were considered to represent the
intrusion of basalt into the andesite storage area (Shepherd et al., 1971). The mafic magma interacting
with the andesite will over time cool and crystallize, resulting in crystals accumulating at the base of the
reservoir. Subsequent intrusions of basalt may therefore interact with any crystal mush or plutonic residue
present, assimilating crystals and creating hybridized liquid compositions. Thus it is possible that the
primary magma composition intruding into the andesite reservoir has not changed with time, but the
compositions of the early erupted products of Phases I and II are driven by contamination from residue
left from previous basaltic intrusions into the andesite reservoir. If this were the case, then the bulk
chemistry for enclave products from Phases 111 and V should be generally more basic than the products of
Phases I and II, and the bulk enclave compositions of the Phases I and II should be reproducible by

addition of crystals to the bulk enclave compositions of Phases III and V.

There are a number of observations inconsistent with this model. First is that most recent enclave
products of Phase V are more evolved than the earlier enclave products (Plail et al this volume).
Secondly, crystal accumulation would increase the SiO, contents of the Phase I and Phase II enclave
products and drive them towards the compositions of the Phase III and Phase V enclave products on the
Si0; vs. FeO/MgO plot (Figure 10). Thus there is therefore no evidence to suggest that the enclave
compositions of Phases III and V represent less hybridized liquids of the same magma batch that
produced the enclaves of Phases I and II and we therefore reject this theory. This however indicates that
there are other processes influencing the enclave compositions other than simple crystal assimilation and

fractional crystallization.
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Stratified reservoir

Chemical heterogeneity within a magma reservoir could be characterized by vertical compositional
stratification due to the relationships between magma density and chemistry, with the less evolved, denser
magmas residing in the lower regions of the reservoir (e.g. Trail and Spera, 1990), as is the case in the
present day reservoir of Mt Pelée (e.g. Dupuy et al., 1985, Pichavant et al., 2002). Continuous or periodic
tapping of a vertically heterogeneous reservoir is thus expected to produce a compositional variation
towards lesser evolved lavas as the deeper reservoir is tapped, but this is inconsistent with the more
evolved nature of the Phase V enclaves (Plail et al this volume); therefore we do not accept this model for

explaining the inter-phase enclave and andesite compositional variations.

Distinct chemical pulses

The nickel contents of the enclaves are all <20 ppm and they are hence not representative of primary
compositions, which would be expected to have 200-300 ppm nickel (Rhodes & Dungan, 1977). The
absence of modal olivine and the presence of modal plagioclase are also consistent with the parental
compositions of the enclaves not being primary. Therefore the magma injected into the base of the
andesite reservoir must have previously undergone differentiation, most recently in the deeper reservoir of
the Soufriére Hills magma system at 10-13km (e.g. Elsworth et al., 2008; Foroozan et al., 2010; 2011).
This is consistent with the fractional crystallization trends present in the Phase III and Phase V enclaves.
However, the nature of basalt delivery into the base of the Soufriére Hills andesite reservoir is still a
matter of discussion. A scenario of continuous recharge is proposed by Wadge et al. (2010) and Foroozan
et al. (2011) due to the patterns observed in the GPS deformation signal. Contrary to this, Humphreys et
al. (2009b) showed that the amphibole phenocrysts in the andesites have variations in their molar (CI/OH)
ratios and temperatures attributed to non-continuous volatile release which likely coincide with basalt

recharge episodes.
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If the basalt input into the base of the andesite reservoir is pulsed, then the enclaves from each eruption
phase may represent chemically distinct magma pulses entering the andesite reservoir. The liquids likely
represent melts from the same reservoir whose compositions are being driven by differentiation processes
occurring on timescales shorter than that of the eruption. Edwards & Russell (1998) have demonstrated
that AFC processes in basalts can occur on the time scale of weeks to years, a timescale which is
consistent with the timescale of the first three extrusion phases and intermediate pauses. This model of
periodic basalt delivery is also consistent with the observations of periodic heating Zellmer et al. (2003b),
periodic volatile release Humphreys et al. (2009b) and the short time scales of hours to months between
reheating, mixing and eruption of the hybrid material (e.g. Snyder, 2000; Devine et al., 2003; Humphreys
et al., 2010; Devine & Rutherford, this volume ). This model is thus consistent with the petrological and

geochemical data and is therefore accepted as a possible cause for the basalt compositional variation.

Enclave Amphibole

We have demonstrated that the inter-phase variation of FeO content in enclave amphibole mirrors FeO
variation in the bulk rock for the first three extrusion phases (Figure 4d, Figure 8a), and that there is a
systematic inter-phase increase in the enclave amphibole Mg# (Figure 4c, Table 5b), and an inter-phase

trend of increasing Mg and Al with falling Si from Phases I to III (Table 5b).

The composition of amphibole is heavily influenced by the composition of the liquid from which they
crystallize. In particular, the Al content is related to crystallization pressure (Hammarstrom & Zen, 1986;
Hollister et al., 1987; Johnson & Rutherford, 1989; Rutter et al., 1989; Blundy & Holland, 1990; Schmidt,
1992; Devine et al., 1998a; Ernst & Liu, 1998; Ridolfi et al., 2010). This is consistent with the
experimental data of Barclay et al. (1998) which showed that higher pressure crystallization runs on the
Soufriére Hills andesite products produced amphiboles with higher Al contents than the amphiboles
which occurred naturally in the lavas. Variations in amphibole Al content can also be influenced by

temperature and fO, (Bachmann & Dungan, 2002; Anderson & Smith, 1995). In general for calcic
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amphiboles, increasing P and T leads to increases in MgO, Mg# and Al, while decreases in Si along with

total (Fe + Mn + Ca) can also expected.

There are no independent crystallization temperature estimates for the enclave amphiboles and hence no
way to assess how much influence the temperature or pressure has on the enclave amphibole Al contents.
The increasing Mg#s in the enclave amphiboles from Phases I to III are consistent with the parental
magmas becoming increasingly mafic from Phase I to Phase III. This would also explain the decreasing
Si and increasing Al, and would be consistent with increasing crystallization temperatures. We do note
however that the high Al and Ca contents coupled with high Mg#s of the Phase V enclave amphiboles
(Table 5b) is inconsistent with the more evolved nature of the host magmas as indicated by Plail et al.
(this volume). We also note that the lack of systematic inter-phase variation in the andesite-derived

amphiboles is consistent with fairly stable crystallization conditions.

To summarize, the pattern of varying bulk rock enclave compositions is consistent with temporal
variations in the composition of the parental mafic magma entering the volcanic system at depth. This can
also explain the coupled changes in enclave amphibole composition, which is consistent with

crystallization from an increasingly more mafic melt for the first three extrusion phases.

Andesite Compositions

The observed chemical heterogeneities in the Phase I andesitic products are attributed by Murphy et al.
(2000) to the proposed mode of formation, which is mainly the disaggregation and remobilization of
multiple previously intruded andesitic bodies. The scatter present in the Phase I andesite is similar to that
observed in the Phase I enclaves; and lessening of the scatter as the eruption proceeds is also present in
the andesite as well as the enclaves. The behaviour of FeO in both lava types suggests that the
composition of both is coupled to some extent, but the reason for this is not clear. We suggest that the

bulk andesite compositions may be dependent on the composition of the syn-erupted basalt with which it
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interacts, inheriting the geochemical imprint of the mafic magma. Below we consider the possible

mechanisms for transferring such a geochemical signature from the mafic magma to the andesite.

Andesite Hybridization

Hybridization requires mass transfer which has been shown to occur at the Soufriére Hills with the
proposed processes ranging from simple crystal transfer, (Murphy et al., 1998; 2000) to the physical
destruction of the enclaves by varying mechanisms (e.g. Humphreys et al., 2009a; Edmonds et al., this
volume; Plail et al, this volume), to localized mixing, percolation and incorporation of melt into the host
andesite margins (Genareau & Clarke, 2010). It must be noted that although not systematic and coupled
like FeO, inter-phase variation is still observed in all of the major elements of both lava types. The
elevated Ca, Al and Mg contents of the groundmass assemblage makes it apparent that Fe is being
systematically transferred from the enclaves to the host andesite while the other major elements are
transferred on a more irregular basis. Therefore the process/processes responsible for transferring the Fe

signature from enclave to andesite must be examined.

Enclave disaggregation

Variations in the FeO contents of enclave clinopyroxene and amphibole are similar to the observed bulk
rock variations, while no systematic variation in FeO is observed for any of the other enclave mineral
phases. We therefore suggest that a possible explanation for the bulk rock compositional variation is the
physical destruction of mafic enclaves, and incorporation of clinopyroxene and amphibole crystal
fragments into the andesite. The presence of high-Al amphibole fragments in the groundmass of Phase 11

and Phase III andesite supports such a process.

This model was tested by performing mass balance calculations on the andesite compositions using FeO
content as the index for choosing end members, which are the low FeO and high FeO samples within each

eruption phase. We use the enclave mineral compositions present in each respective phase for the
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calculations. If enclave destruction is responsible for the Fe signature in the andesite then the mass
balance results should be consistent with the low modal occurrence of high Al amphibole fragments in the
groundmass. However, the goodness of fit (reflected by R* values) for our modeled results is rather low,
and the results show that the required mass of crystals to be added is inconsistent with the observed

modes (Table 12). Therefore this model for Fe transfer is rejected.

Diffusion/advection from enclaves

Grasset & Albarede (1994), propose a mechanism whereby diffusion and buoyancy-driven convection are
responsible for the chemical exchange between mafic enclaves and their hosts. They propose that the
density difference between the enclave and host will induce relative motion which entrains the enclave-
host interface thus generating a flow pattern inside the enclave. Thermal equilibrium occurs on much
shorter time scales than chemical equilibrium via diffusion (Sparks & Marshall, 1996) thus hybridization
by chemical diffusion requires both magmas be liquid and the presence of mobile fluids for transporting

the chemical species.

The chilled margins and abundant interstitial voids in the enclaves (Murphy et al., 1998), suggest that the
enclaves were intruded into the andesite as liquid blobs (e.g. Bacon, 1986; Clynne, 1999; Saito et al.,
2003). These textures however also indicate fairly rapid heat transfer and quenching, their high
vesicularity suggest that they may be permeable to gas flow and melt percolation. The small size of the
enclaves and short timescales (days to months) between reheating, mixing and eruption (Snyder, 2000;
Devine et al., 2003; Humphreys et al., 2010) will greatly restrict the volume of andesite that could be
contaminated by diffusion or advection from enclaves, and we reject this model based on time and

surface area constraints.
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Diffusion/advection from basal flow

Due to the difference in density between the two magmas, basaltic injections into silicic chambers may
tend to occupy the base of the reservoir. Here the intricacies of the mixing could result in significant
hybridization of small volumes of silicic magma, trapped beneath the intruding mafic magma (e.g. Snyder
& Tait, 1995; 1998a; 1998b). Snyder & Tait (1998b) propose that isotopic and trace element signatures
can be transferred from basalt to andesite without significant effect on the major element chemistry apart
from FeO. This is achieved through a combination of diffusion and advection via the large surface area of
the fingered morphology created by the trapped andesite rising up through the overriding basalt due to

differences in density (Snyder & Tait, 1995; 1998a; Perugini & Poli, 2005).

Contamination of the andesite will increase its density due to water loss to the basalt and the migration of
FeO from the basalt to the andesite. The contaminated liquid thus forms a layer between the basalt and
uncontaminated andesite, in the same region where enclave formation is thought to occur (e.g.
Eichelberger, 1980; Thomas et al., 1993). The relatively higher temperature of the contaminated andesite
layer should delay quenching, thus giving more time for diffusion from the upper layer of the basalt.

The relatively higher density of the contaminated andesite liquid should make it easier for the basaltic
liquids to physically interact with and generate vesiculated blobs as enclaves into the contaminated
andesite (e.g. Thomas & Tait, 1997). Both compositions are subsequently erupted together as enclaves
and host andesite. Such a process would be consistent with the FeO content of the enclaves and their host

andesite lavas being coupled.

For a series of injections closely spaced in time, the process is repeated and any remnant contaminated
andesite liquids are further contaminated by the new influx. Subsequent basalt intrusions would create a
step like dispersal of the contaminants upwards via double diffusive convection. Rather than a rapid
dispersal via convection, trace element and isotopic gradients will be set up in the andesite as a function

of the number of injections encountered.
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However if each injection leads to total extrusion of the contaminated liquid, the extruded andesite should
have an imprint that is only controlled by the relative chemistry and volume of the basalt it encounters.
There is no robust trace element and isotopic dataset for products erupted after Phase I, so we cannot test
this model conclusively. However the migration of FeO from the basalt to the andesite as predicted by the
model is consistent with our observations of the coupled FeO behaviour in both magmas and this

therefore seems a good way to explain the behaviour of Fe in both magmas.

We previously highlighted a steady decrease in the gap between the Fe content of the andesite and the
syn-erupted enclaves as the eruption progresses. This could be due to Fe-diffusion becoming more
efficient with time. A second more plausible possibility is that residual liquids are being further
contaminated over time by subsequent basalt influxes, and hence more efficient mixing may be occurring
as the eruption proceeds due to the converging chemistries of the contaminated residue and the intruding
basalt. We interpret the closing gap in relative bulk Fe contents as an indicator of further contamination of
un-erupted previously contaminated andesite. This observation is consistent with a periodic basalt

delivery into the andesite reservoir rather than a continuous trickle.

Gas fluxing

It has been demonstrated that the intruding basalt is the primary source of the SO, that is emitted from the
Soufri¢re Hills volcano (Edmonds et al., 2001). The volcano has exhibited a type of behaviour termed as
persistent degassing (Shinohara, 2008). Thus there has been a constant influx of volatiles into the andesite
reservoir from the intruding basalt. The SO, flux through the andesite reservoir varies on timescales
ranging from weeks to years and in most cases is independent of magma extrusion (Christopher et al.,
2010). There is no evidence to indicate that the fluxing of volatiles through the andesitic system has a

major influence on the andesitic groundmass composition.
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Expected Future Trends and Behaviour

The changes in magma composition from Phase III onwards, coincide with an increase in the violence of
activity during the extrusion phases. To date there is no strong evidence linking eruption style to magma
composition during the eruption. However we expect subsequent extrusion phases during the present
eruption to produce andesite and enclaves showing coupled Fe contents with both compositions showing
similar inter-phase Fe trends. The Fe content of both magma types is further expected to converge due to
the continued Fe enrichment from the repeated contamination of previously contaminated un-erupted
andesite residue. We also expect the products of subsequent phases to show linear trends with little

scatter.

Future Research

The variation in FeO content observed in the enclaves indicates significant changes in the basalt
composition. It would be therefore useful to constrain the nature of basalt delivery into the andesite
reservoir. Several petrogenetic processes are occurring contemporaneously during this eruption such as
magma mixing, fractional crystallization, mafic recharge and possibly crustal contamination; all of which
influence the magma compositions. The effects of each are poorly constrained and need to be deciphered
by robust analysis of the trace element and isotopic geochemistry. The current trace element dataset is
sparse and thus needs supplementing. Trace element and isotope data of the crystal cargo would also help
better constrain the interaction between the basalt and andesite as well as any recharge episodes that

would have occurred (e.g. Tonarini et al,. 1995; Browne et al., 2006; Davi et al., 2009).
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Conclusions

1.

il.

iil.

1v.

Basaltic intrusion and the subsequent formation of mafic enclaves have played an integral role in
eruptions at the Soufriére Hills volcano for millennia. The intruding basalt has been providing
heat to the surrounding host andesite magma and hence energy for remobilizing the andesite

throughout the current eruption.

The early intruded basalt erupted in Phases I and II assimilated plutonic residue left over from
previous basalt intrusions, while the basalt products of Phases III, IV and V encountered a

relatively residue free reservoir floor.

There are genuine inter-phase changes in the composition of the basalt arriving from depth,

especially in the FeO content.

Crystal fractionation of the basalt and subsequent mixing/mingling and diffusion produces a
whole suite of hybrid magmas which are erupted as enclaves and host andesites; hence we are

unable to sample the true composition of the intruded basalt or the pre intrusion andesite.

The andesites are likely hybridized by the basalt due to trapping of ambient andesite liquid
beneath the basal intrusion which allows for diffusion and transfer of the basalt Fe signature to
the andesite while it percolates upward through then resides on the basalt sheet. Transfer of

elements such as Ca, Al and Mg are controlled predominantly by mixing and enclave destruction.
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Appendix I - Possible inter-laboratory variability

The majority of bulk rock geochemical data collected and presented here for the first three phases of
extrusion are from two main labs, Brown University (Joe Devine) and University of Leicester (Murphy
and Sparks, 1999; Murphy et al., 2000; Zellmer et al., 2003a; MVO contract), with additional data from
the labs at Bristol University, McGill University, British Geological Survey and University of East
Anglia. To rule out laboratory bias as a source of the inter-phase FeO variation, we generated plots of
FeO vs. SiO; for products from Phases I, II and III (Figure 11) demarcated by data source and eruption

phase.

Despite some scatter, andesite analyses from a given eruptive phase overlap within error regardless of the
laboratory used. For example, Phase II andesites clearly show reduced FeO contents relative to Phase I
andesites while the Phase III andesites generally have lower FeO contents than Phase II andesites at
similar SiO, (Figure 11a). The same pattern is true for the mafic enclaves where the Phase I1I products
from two different labs have distinctly lower FeO contents (Figure 11b). To further investigate this,
andesite and enclave splits from Phase I products were recently analyzed at the UEA lab and are included
on the plot (Figure 11a & b). They show similar FeO contents to Phase I analyses from other labs (Figure
11a & b). We are therefore confident that the variations in Fe content are real and not a function of source
laboratory. In addition, the correlation of FeO contents with other geochemical variables (e.g. trace
elements such as Sc, Ba and V) indicates that these distinct FeO compositions are related to real

differences in bulk rock compositions and not related to laboratory analysis.
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Figure captions

Figure 1 Box plots showing relative plagioclase An contents by eruption phase for andesite phenocryst
rims A, andesite microlites B, sieved rims, oscillatory rims and enclave crystals C, phenocryst cores by
texture D. Microlite Fe content vs An content by phase E, Fe content vs An content for sieve and enclave

crystals F.

Figure 2 Typical andesite whole rock texture found in Phases IV and V. pl — plagioclase, px-

orthopyroxene, cpx- clinopyroxene, ox- Fe-Ti oxide.

Figure 3 Examples of enclave textures described by Plail et al (this volume). P- plagioclase, Px —

clinopyroxene, Hbl — hornblende, Ox — Fe-Ti oxides, V — vesicles

Figure 4 Amphibole compositions in andesite and enclaves by phase A, box plots for mg#’s of amphibole
phenocryst rims in the andesite B, enclaves by phase and mg# C, enclaves by phase and Fe content D. an-
andesite, en- enclaves. The number of analyses used is given in each box, horizontal line represents

median values.

Figure 5 Box plots of mg# for andesite orthopyroxene unzoned rims (by phase) and rev-zoned rims A,
andesite orthopyroxene microlites (by phase) and enclave microlites B, bulk rock total alkali by eruption
phase C, andesite hosted clinopyroxene microlite Kd values by phase D. The number of analyses used is

given in each box, horizontal line represents median values. an — andesites, en- enclaves.

Figure 6 Abundances of major elements in andesite and enclave glass from microprobe analyses,

andesites- An, enclaves- En. High K,O > 3wt%, low K,0 < 3wt%.

Figure 7 Bulk andesite and enclave major element abundances by phase, vertical dashed line demarcates

boundary between silica content of the andesite- An, enclave- En.

Figure 8 Box plots showing inter-phase bulk rock contents of FeO, V, Ba and plagioclase microlite Fe
content throughout the eruption. The number of analyses used is given in each box, horizontal line

represents median values, mic- microlite, an — andesites, en- enclaves.
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Figure 9 Selected trace element plots for bulk rock andesite and enclave products. Symbols and labels are

the same as Figure 7, vertical line demarcates boundary between andesite and enclave silica content.

Figure 10 Major element behaviour with changing FeO/MgO showing changes as function of crystal
control. Arrows indicate removal of particular mineral phase. An- andesite, En — enclaves. Fractionation

and assimilation vectors for the other oxides are same as in Al,Os.

Figure 11 Harker plots of SiO; vs FeO for phases 1, II and III by lab showing an absence of any
systematic inter-lab variation in the data for andesites- A and enclaves-B. L-leciester, JD- Joe Devine, SS-
(Murphy et al., 1998), BGS- British geological survey, UEA- University of East Anglia, MGU- Mc Gill

University.

Table captions

Table 1 Laboratory and sample information for the XRF data used in this study; An-andesite, En- enclave.

Table 2 Published modal mineral contents for the first three extrusion phases. Arbitrary distinction
between microlites and microphenocryst defined by 100um, *Recalculated from point counts in

Humphreys et al., 2009a, range shown.

Table 3 Mineral phases and associated textures in the andesite and enclave lavas of the current eruption.

Table 4 Averaged andesite plagioclase phenocryst and microlite microprobe data, comparing
compositions from Phases IV and V with the published compositions of Phases I, II and III. pc-
phenocryst core, pr - phenocryst rim, mc- microlite core, mr- microlite rim, mpc- microphenocryst core,

mpr — microphenocryst rim, An- andesite, En — enclave.

Table 5a Averaged andesite amphibole compositions by texture and eruption phase.

Table 5b Averaged enclave amphibole compositions from eruption Phases I, II, III and V along side high
aluminum andesite hosted microphenocrysts and groundmass fragments. Mphx — microphenocrysts, Frag

— groundmass fragments. Phase V data from Plail et al. (this volume)
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Table 6a Averaged Orthopyroxene phenocryst and microlite compositions comparing the andesite
crystals of phase IV and V with crystals from phases I, II and III , errors are = 16, mic — microlites, phx-

phenocrysts.

Table 6b Averaged compositions of andesite hosted reverse zoned orthopyroxene phenocryst rims along

with andesite and enclave microphenocrysts, errors are £ 16, Mphx- microphenocrysts, Phx- phenocrysts

Table 6¢ Averaged compositions of clinopyroxene microphenocrysts, microlites and overgrowths, errors

are + 1o, mic — microlites, mphx- microphenocrysts.

Table 7a Averaged andesite titanomagnetite compositions, sorted by eruptive phase and textural type.

Usp/Ilm mol% after Stormer (1983), mic — microlites.

Table 7b Averaged compositions of enclave oxides along with andesite derived ilmenite.

Table 8 Averaged microprobe glass compositions for andesites and enclaves, along with log f02 values

from touching ilmenite—magnetite pairs.

Table 9 Averaged bulk rock major element compositions for the andesite and enclaves of the different
eruption phases.

Table 10 Averaged bulk rock trace element for andesites and enclaves of the different eruption phases.

Table 11 Temperature and Pressure estimates for the eruptive products obtained using a number of

different techniques.
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Table 12 Intra-phase andesite mass balance calculations for addition of enclave crystals, weight % values

are relative to initial magma compositions.
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Figure 2 Typical andesite whole rock texture found in Phases IV and V.

pl — plagioclase, px- orthopyroxene, cpx- clinopyroxene, ox- Fe-Ti oxide.



a : diktytaxitic plag-pargasitic amph
b : diktytaxitic plag-cpx
c : composite (hand specimen)

Figure 3 Examples of enclave textures described by Plail et al (this volume). P- plagioclase, Px — clinopyroxene, Hbl —
horneblende, Ox — Fe-Ti oxides, V — vesicles
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Figure 6 Abundances of major elements in andesite and enclave glass from microprobe analyses, andesites- An, enclaves- En.
High K,0 > 3wt%, low K,0 < 3wt%.
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Figure 7 Bulk andesite and enclave major element abundances by phase, vertical dashed line demarcates boundary between silica
content of the andesite- An, enclave- En.
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Figure 9 Selected trace element plots for bulk rock andesite and enclave products. Symbols and labels are the same as Figure 7,
vertical line demarcates boundary between andesite and enclave silica content.
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Figure 10 Major element behaviour with changing FeO/MgO showing changes as function of crystal control. Arrows indicate
removal of particular mineral phase. An- andesite, En — enclaves. Fractionation and assimilation vectors for the other oxides are
same as in Al,Os.
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Figure 11 Harker plots of SiO, vs FeO for phases 1, II and III by lab showing an absence of any systematic inter-lab variation in
the data for andesites- A and enclaves-B. L-leciester, JD- Joe Devine, SS- (Murphy et al., 1998), BGS- British geological survey,
UEA- University of East Anglia, MGU- Mc Gill University.



Lab/Location Instrument Samples analyzed by Phase Total
Lab Number of
An En samples
University of East Anglia | Brucker-AXS S4 Pioneer 1523,1524 MO001& M002 I An-4
FluorescenceS spectrometer MO003, M010 MO004 to M009 En-17
MO11 to MO19
1532,1535 v An -7
1537 to 1544 1542, 1566 (ato e) \" An-12
1587 to 1593
McGill University, Philips PW2440 4 kW automated CM 36 to 38 1 En-3
Canada XRF
CM 11 En-13
(26,28,41,51,52,56,58,62,64,65,66,75
A,77)
BGS labs Spectron X-LAB 2000 ED-XRF 1247/AND (1 to 3) MVO 1247/MI (1 to 8b) 11 An-3
En-9
University of Leicester PANalytical Axios Advanced 40,45 to 57,174 to 242,244 to 36,49,60 to 63,107 to 115, 663, 675, I An —46
PW4400 XRF 332,665 to 725,1003 to 1091 679, 682, 1133 En-11
1151,1209 to 1217 11 An-21
1323,1330,1350,1387,1445 to 1448 111 An -7
Brown University 94 ,160,171,243 60 to 63, 163 to 165, 488, 530 to 532, 1 An -9
545,551,558, 560 to 564,570 to 572, En - 41
580,589
1151A, 1175, 1206, 1208 to1218 11 An-19
1323 to 1325, 1327, 1350,1387 1325 (a & b), 1326 (a & b) 111 An-9
En4

Table 1 Laboratory and sample information for the XRF data used in this study; An-andesite, En- enclave.




Phase

Total

Plagioclase

Amphibole

Opx

Ti-mag

Qtz

cpx

Murphy et
al., 2000
Phase 1

45-55

30-35

6-10

2-5

2-4

<0.5

0.5

Murphy et
al., 2000
Phase I
enclaves

1-5% +
Xenos

‘xenos’

‘xenos’

‘xenos’

Devine et al,
1998
Phase |

~40

~30

<6.5

<5

<2

rare

g.mass

Humphreys
et al.,
2009a*,
Phase I11

55-63

20-32

3-9.2

1.5-3

0.57-2.58

0-0.76

0.27-1.46

Humphreys
et al.,2009a
Phase 11

33-42

26-32

5-7.5

1.5-3

0.76-1.39

0.05-0.4

0.5-0.66

Table 2 Published modal mineral contents for the first three extrusion phases. Arbitrary distinction between microlites and

microphenocryst defined by 100pm, *Recalculated from point counts in Humphreys et al.,2009a, range shown.




Mineral Phase

Crystal Textures Present

Andesite Enclave
Plagioclase subhedral —euhedral phenocrysts, zoning subhedral-euhedral phenocrysts
(sieved, normal, reverse, patchy and
oscillatory) zoning (sieved, normal, reverse and
oscillatory); interpreted as inherited
normally zoned microlites phenocrysts from the andesite
euhedral, hopper shaped or skeletal euhedral microphenocrysts
microlites (euhedral, dendritic, acicular
or hopper shaped)
Amphibole anhedral —euhedral phenocrysts euhedral-subhedral microphenocrysts
rims (decompression, thermal and euhedral microlites
resorbed)
Large inherited phenocrysts typically
rare microlites present in phase 11 have thermal breakdown textures
Orthopyroxene | euhedral-subhedral phenocrysts euhedral-anhedral microphenocrysts
zoning (normal, reverse) Large inherited phenocrysts typically
have cpx overgrowth rims
skeletal microlites
Clinopyroxene | cuhedral-subhedral microphenocrysts, subhedral-euhedral microphenocrysts

zoning (normal; rare oscillatory and
sector)

skeletal, normally zoned microlites

overgrowths on amphibole rims

Fe-Ti oxides

euhedral-subhedral, unzoned phenocryst

anhedral —subhedral, zoned
microphenocrysts

euhedral microlites

euhedral microphenocrysts

euhedral-subhedral microlites

Quartz

Rounded and embayed, sometimes with
cpx overgrowth rim

Rounded and embayed with cpx
overgrowth rim

Table 3 Mineral phases and associated textures in the andesite and enclave lavas of the current eruption.




PI-PIII PV PI-PIII PIV PV PI-PIII PIV PV PI-PIII PIV
Description | pc pc pr pr pr mc mc mc mr mr mpc mpr mr

Host An An An An An An An An An An En En En

n 35 20 71 64 14 89 35 38 32 19 23 26 25
Si02 53.15 55.28 53.54 53.5 54.5 51.12 51.04 49.62 52.9 51.21 47.94 51.65 49.26
TiO2 0.01 0.02 0.02 0.02 0.01 0.02 0.03 0.03 0.02 0.03 0.02 0.03 0.02
Al203 29.4 28.8 28.5 28.9 29 30 30.8 31.62 28.7 30.24 31.92 29.51 31.2
FeO 0.4 0.28 0.5 0.5 0.3 0.64 0.7 0.7 0.6 0.7 0.64 0.66 0.68
MgO 0.04 0.02 0.07 0.08 0.02 0.08 0.08 0.18 0.09 0.07 1.47 0.08 0.08
Ca0 12.63 11.27 12 11.8 11.41 13.6 13.8 14.73 12.19 13.6 14.85 13.26 15.1
Na20 4.4 4.94 4.47 4.72 4.9 3.64 3.6 3 4.42 3.7 2.13 3.87 291
K20 0.14 0.12 0.16 0.15 0.11 0.11 0.12 0.07 0.12 0.18 0.05 0.12 0.09
Total 100.18 100.72 99.21 99.62 100.18 99.17 100.08 99.86 98.99 99.73 99.02 99.18 99.34
Mean XAn 60.5 55 58.8 57.1 55.6 66.6 67.1 72.71 59.63 66.11 79 64.7 74.2

t1lc 11 4 10 8 5 8 10 9 7 9 9 9 11

Table 4 Averaged andesite plagioclase phenocryst and microlite microprobe data, comparing compositions from Phases IV and V with the published compositions of Phases I, I

and III. pc- phenocryst core, pr - phenocryst rim, mc- microlite core, mr- microlite rim, mpc- microphenocryst core, mpr — microphenocryst rim, An- andesite, En — enclave.



P1-P3

P1-P3 P1-P3 mphx P4 mphx | P5 mphx
phx core | P5core phx rim P4 rim P5 rim core core core
n 108 27 32 7 14 13 4 14
Si0o2 47.29 47.14 47.35 47.43 47.35 45.06 48.2 45.7
TiO2 1.46 1.46 1.44 1.44 1.41 1.63 1.46 1.64
Al203 7.11 7.32 7.15 7.37 6.94 9.56 6.79 8.36
FeO 14.78 14.91 14.4 14.72 14.61 13.88 14.63 15.5
MnO 0.53 0.51 0.5 0.51 0.53 0.39 0.54 0.48
MgO 13.64 13.69 13.85 13.81 13.8 13.68 13.78 12.96
CaO 10.7 10.71 10.79 10.95 10.79 10.74 10.84 10.72
Na20 1.36 1.36 1.34 1.36 1.3 1.73 1.26 1.55
K20 0.19 0.19 0.19 0.2 0.19 0.21 0.17 0.22
cl 0.11 0.14 0.12 0.13 0.14 0.11 0.13 0.17
Total 97.17 97.42 97.12 97.91 97.06 96.98 97.8 97.3
Mg # 0.48+0.02 | 0.48+0.02 | 0.49+0.03 | 0.48+0.03 | 0.49+0.02 | 0.50+0.05 | 0.49+0.01 | 0.46%0.02

Table Sa Averaged andesite amphibole compositions by texture and eruption phase.




Plen P2 en P3 en P5en Mph Frag
n 16 t1c 11 t1c 8 t1c 36 9 t1c 19 t1c

Sio2 42.07 1.75 41.91 1.43 41.15 0.8 41.35 41.69 1.15 42.1 1.34
TiOo2 1.74 0.16 1.94 0.13 1.94 0.09 2.00 1.83 0.15 1.92 0.14
Al203 12.92 2.12 13.26 1.8 14.16 0.7 14.49 135 1.33 12.88 1.63
FeO 13.09 1.37 11.7 1.14 10.28 0.8 10.30 11.89 1.78 11.84 1.43
MnO 0.28 0.16 0.19 0.08 0.15 0.02 0.13 13.77 0.91 14.04 0.78
MgO 13.17 0.92 13.96 0.76 14.81 0.46 15.00 0.2 0.06 0.21 0.09
Ca0 11.53 0.32 11.33 0.36 11.62 0.19 11.85 11.2 0.4 111 0.52
Na20 2.21 0.2 2.21 0.21 241 0.04 242 2.25 0.2 2.22 0.23
K20 0.2 0.04 0.22 0.02 0.21 0.02 0.25 0.24 0.02 0.21 0.02
Cl - - 0.07 0.05 0.05 0.03 0.02 0.06 0.03 0.04 0.03

Tot 97.19 96.79 96.78 97.80 96.63 96.56
Mgt 0.5 0.04 0.54 0.03 0.59 0.03 0.59 0.54 0.05 0.54 0.04

Table 5b Averaged enclave amphibole compositions from eruption Phases I, 11, III and V along side high aluminum andesite hosted microphenocrysts and groundmass fragments.

Mphx — microphenocrysts, Frag — groundmass fragments. Phase V data from Plail et al. (this volume)




P1-P3 phx P1-P3 phx P1-P3 mic P4 mic

core P5 phx core | rim P4 phx rim P5 phx rim core core P5 mic core
n 106 15 72 13 8 38 19 12
Si0o2 52.37 52.43 52.45 52.44 52.65 52.92 52.7 53.26
TiO2 0.11 0.11 0.12 0.11 0.12 0.2 0.21 0.17
Al203 0.59 0.58 0.69 0.64 0.62 1.41 1.24 1.05
FeO 24.18 24.19 23.17 23.68 24.21 19.68 19.92 21.8
MnO 1.57 1.58 1.48 1.53 1.66 0.92 0.97 1.27
MgO 20.08 20 20.61 20.3 20.14 22.67 22.93 21.17
CaO 1 0.95 1.06 1.01 1.02 1.6 1.6 1.3
Na20 0.01 0.02 0.01 0.02 0.02 0.03 0.04 0.02
Tot 99.93 99.85 99.6 99.72 100.43 99.43 99.61 100.01
En 58.82 59 60.29 59.84 58.82 65.34 65.95 62.15
Fs 39.07 39 37.47 37.86 39.05 31.34 30.75 35.15
Mgi 0.6 + 0.02 0.6 +0.01 0.61 +0.03 0.61 +0.02 0.6 +0.01 0.67 +0.05 0.67 +0.06 0.63 +0.04

Table 6a Averaged Orthopyroxene phenocryst and microlite compositions comparing the andesite crystals of phase IV and V with crystals from phases I, II and III , errors are + 1o,
mic — microlites, phx-phenocrysts.



Opx- Opx-Mphx | Rev Opx

Mphx zoned

core rim Opx-Phx

rims Mphx

Host Andesite Andesite Andesite | Enclave
n 12 15 18 18
Sio, 52.43 52.5 53.35 52.5
TiO, 0.11 0.16 0.16 0.23
ALO; 0.65 0.86 1.04 1.33
FeO 23.28 22.55 19.82 21.18
MnO 1.48 1.4 0.93 1.08
MgO 20.35 20.77 23.15 22.02
CaO 0.98 1.23 1.5 1.48
Na,O 0.01 0.02 0.02 0.03
Tot 99.3 99.48 99.98 99.84
En 59.7 60.7 65.9 63.6
Fs 38.2 36.8 31 33.3
Mg# 0.61£0.02 | 0.62+0.03 | 0.7+0.02 [ 0.64 +0.05

Table 6b Averaged compositions of andesite hosted reverse zoned orthopyroxene phenocryst rims along with andesite and enclave microphenocrysts, errors are + 16 , Mphx-
microphenocrysts, Phx- phenocrysts.



P1-P3 Andesite | P5 Andesite | P1-P3 Andesite | P4 Andesite | P5 Andesite | Andesite hosted | Enclave
mphx mphx mic mic mic overgrowths mphx

n 29 8 66 23 18 28 24
$i02 51.22 52.22 51.22 50.71 50.85 50.25 50.5
TiO2 0.45 0.32 0.5 0.63 0.53 0.6 0.62
Al203 2.28 1.61 2.88 3.04 2.91 3.61 3.26
FeO 10.51 9.99 10.19 10.18 9.88 9.66 10.83
MnoO 0.54 0.63 0.49 0.44 0.47 0.38 0.52
MgO 14.8 14.66 14.53 14.47 14.51 14.49 14.22
Ca0 19.06 20.4 18.93 19.65 19.74 19.62 18.99
Na20 0.23 0.22 0.24 0.27 0.28 0.23 0.27
Total 99.08 100.05 98.97 99.37 99.17 98.84 99.21
Si/Al 22.46 32.43 17.78 16.68 17.47 13.92 15.49
Wo 40.72 42.8 40.75 42.56 42.73 42.6 41.3
En 43.93 42.8 43.52 43.58 43.7 43.7 43.1
Mg# | 0.72 £0.01 0.72+0.03 | 0.72+0.02 0.72£0.02 | 0.72+0.03 | 0.72+0.03 0.7 £ 0.02

Table 6¢ Averaged compositions of clinopyroxene microphenocrysts, microlites and overgrowths, errors are + 15, mic — microlites, mphx- microphenocrysts.




P1-P3 P1-P3

mph P4 mph P5 mph mph P4 mph P5 mph P1-P3

cores cores cores rims rims rims mic P4 mic P5 mic
n 32 9 9 21 15 8 69 27 5
Si02 0.09 0.12 0.11 0.11 0.13 0.1 0.38 0.54 0.3
TiO2 8.4 10.26 8.11 8.27 9.64 8.03 10.69 10.8 7.71
Al203 2.04 1.67 1.97 2.19 1.76 1.72 2.02 1.82 1.83
FeO 80.85 81.17 82.27 80.94 81.06 81.98 77.55 79.1 80.6
MnO 0.62 0.58 0.63 0.6 0.62 0.59 0.62 0.67 0.63
MgOo 1.27 1.32 1.18 1.16 1.39 1.26 1.15 1.38 1.08
Cao 0.04 0.03 0.04 0.04 0.16 0.08 0.1 0.15 0.09
Total 93.31 95.15 94.32 93.3 94.75 93.77 92.5 94.46 92.23
Usp mol% 25 30 24 25 28 23 33 32 23
t1o 5 6 2 4 6 1 9 5 1

Table 7a Averaged andesite titanomagnetite compositions, sorted by eruptive phase and textural type. Usp/Ilm mol% after Stormer (1983), mic — microlites.




En En An En

Mic mph lim lim
n 22 12 26 8
Si0o2 0.39 | 0.15 0.03 0.03
TiO2 11.99 | 8.46 42.4 435
Al203 1.73 | 2.44 0.2 0.21
FeO 77.49 | 81.45 51.15 50.1
MnO 0.57 | 0.59 0.79 0.78
MgO 1.15 | 1.26 2.19 2.04
CaO 0.13 | 0.06 0.05 0.05
Total 93.45 | 94.4 96.81 96.68
Usp/limmol % | 36 28 80 83
t 1o 11 8 3 6

Table 7b Averaged compositions of enclave oxides along with andesite hosted ilmenite.




Tot

Andesite | n Si02 TiO2 Al203 | FeO MgO Ca0O Na20 K20 Total Mg# Fe/Mg | Ca/Al | alkali | fO2 logunits
Phase 1 81 76.64 0.37 12.15 1.72 0.23 1.81 3.51 2.84 99.34 0.1 7.5 0.14 6.35 NNO +1-+1.2
to 2.2 0.09 1.3 0.5 0.26 1 0.6 1.4 1.1 0.07 0.07 1.2

Phase 2 21 78.22 0.4 11.09 1.37 0.17 0.89 3 4.56 99.6 0.1 8 0.08 7.56 NNO + 0.5- +1.3
o 2 0.19 0.45 0.5 0.09 0.6 0.7 1.5 1.2 0.05 0.05 1.1

Phase 3 40 75.71 0.35 11.64 1.8 0.2 1.28 3.77 3.85 98.9 0.1 9 0.11 7.7 NNO+ 0.5- +1.4
to 2.2 0.14 1.45 0.6 0.14 0.9 0.7 1.3 1.3 0.05 0.06 1.3

Phase 4 14 78.25 0.3 11.26 1.78 0.25 1.28 3.87 2.64 99.8 0.12 7 0.11 6.5 NNO+0.9- +1.1
to 1.12 0.12 0.5 0.4 0.18 0.3 0.2 0.2 1.4 0.06 0.02 0.3

Phase § 13 76.09 0.27 11.8 1.34 0.14 1.46 3.04 2.44 97 0.1 9.6 0.12 5.5 NNO +1.4

o 2 0.07 1.4 0.3 0.1 0.9 0.6 0.8 2.2 0.05 0.06 1

Enclave

Phase 1 4 78.26 0.44 11.67 1.39 0.1 1.59 3.28 3.21 100.01 | 0.07 13.9 0.14 6.5

to 2.4 0.12 0.18 0.8 0.08 1.11 1.06 3.1 0.01 0.02 0.1 2.3

Phase 2 10 74.7 0.41 12.3 1.8 0.11 1.24 3.6 4.6 98.9 0.06 16.6 0.1 8.19

to 1.9 0.1 1.4 0.26 0.03 0.9 0.6 0.8 1.7 0.01 0.06 0.98

Phase 4 4 78.17 0.4 11.22 2.12 0.34 1.36 3.62 2.9 100.3 0.13 6.2 0.12 6.5

to 0.6 0.19 0.5 0.15 0.26 0.3 0.3 0.3 0.4 0.08 0.03 0.32

Table 8 Averaged microprobe glass compositions for andesites and enclaves, along with log f02 values from touching ilmenite—magnetite pairs.




Andesite Si02 TiO2 Al203 FeO MnO MgO Ca0O Na20 K20 P205 Tot Fe/Mg Ca/Al | Tot alk
Phase 1 55 59.22 0.61 17.81 7.32 0.18 2.87 7.49 3.56 0.78 0.15 99.99 2.56 0.42 4.35
+o 0.82 0.04 0.36 0.39 0.02 0.19 0.24 0.18 0.08 0.01 0.1 0.1 0.01 0.22
Phase 2 42 58.6 0.63 17.86 7.14 0.18 2.81 7.87 3.77 0.82 0.16 99.83 2.55 0.44 4.59
+o 1.07 0.05 0.35 0.61 0.02 0.27 0.38 0.16 0.06 0.01 0.32 0.17 0.02 0.19
Phase 3 17 58.96 0.64 17.92 6.56 0.17 2.85 7.63 3.53 0.82 0.14 99.19 2.32 0.43 4.35
+o 1.2 0.04 0.38 0.5 0.02 0.33 0.4 0.23 0.06 0.02 0.61 0.18 0.02 0.24
Phase 4 7 58.59 0.63 17.95 7.41 0.18 3.14 7.67 3.52 0.8 0.14 100.03 2.37 0.43 4.33
+o 0.86 0.02 0.18 0.21 0.01 0.22 0.29 0.1 0.04 - 0.31 0.10 0.01 0.13
Phase S 13 59.91 0.59 17.68 7.08 0.18 2.76 7.12 3.56 0.86 0.14 99.81 2.58 0.4 4.42
+o 1.11 0.03 0.3 0.28 - 0.27 0.4 0.14 0.06 0.01 0.18 0.16 0.02 0.19
Enclave

Phase 1 55 52.36 0.84 19.38 9.61 0.2 4.26 9.88 2.76 0.51 0.14 99.95 2.27 0.51 3.27
+o 1.57 0.08 0.54 0.63 0.02 0.43 0.6 0.36 0.12 0.02 0.23 0.22 0.03 0.42
Phase 2 22 53.13 0.8 19.27 9.31 0.21 4.2 9.63 3.12 0.55 0.13 100.34 2.25 0.5 3.66
+o 1.71 0.05 0.56 0.47 0.02 0.58 0.66 0.3 0.11 0.02 0.35 0.26 0.02 0.33
Phase 3 22 51.89 0.81 19.59 8.44 0.18 4.68 9.77 2.82 0.5 0.11 98.7 1.83 0.5 3.32
+o 1.68 0.07 0.47 0.4 0.01 0.58 0.69 0.25 0.07 0.02 0.66 0.26 0.03 0.29
Phase S 12 54 0.75 19.04 8.45 0.18 4.13 9.26 3.2 0.56 0.12 99.69 2.06 0.49 3.76
+o 0.96 0.03 0.34 0.41 0.02 0.34 0.46 0.21 0.06 0.02 0.23 0.23 0.02 0.23

Table 9 Averaged bulk rock major element compositions for the andesite and enclaves of the different eruption phases.




Andesite Sc v Rb Sr Y Zr Ba Zr/Rb Zr/Ba Zr/Ti Ba/Rb Ba/K
Phase 1 55 16.61 106.23 15.23 272.37 2431 101.57 225.16 6.8 0.45 161.77 15.04 273.18
+g 2.71 15.84 2.42 14.11 1.37 6.66 25.44 0.97 0.03 16.21 2.19 21.95
Phase 2 31 17.19 117.58 15.23 272.37 2431 101.57 225.16 6.8 0.45 161.77 15.04 273.18
X 1.35 18.7 2.42 14.11 1.37 6.66 25.44 0.97 0.03 16.21 2.19 21.95
Phase 3 6 14.25 115.63 16.83 261.5 21.33 97.13 212.17 5.8 0.46 145.83 12.57 251.19
X 2.75 19.68 1.83 8.38 1.21 8.17 34.13 0.35 0.05 15.62 1.15 32.45
Phase 4 10 15.71 140.71 16 255.86 20.86 93.57 169.71 5.85 0.55 148.53 10.6 211.25
X 2.21 10.34 0.58 2.12 0.9 3.74 12.32 0.15 0.03 11.13 0.63 8.88
Phase 5 6 13.20 117.8 16.8 258.2 21.4 98.2 192.6 5.86 0.51 168.42 11.44 226.55
X 1.64 17.85 1.3 0.84 0.55 4.32 23.01 0.26 0.04 17.75 0.64 10.24
Enclave

Phase 1 18 21.33 174.88 10.61 275.22 23.04 69.56 136.78 7.42 0.55 88.45 13.68 247.66
+g 2.64 24.64 3.42 11.95 2.25 8.45 39.84 3.18 0.15 13.57 4.28 66.31
Phase 2 13 200.69 11.08 275.74 22.66 68.59 115.69 6.44 0.65 85.1 10.45 204.53
X 34.33 2.54 10.45 4.47 7.82 39.43 1.42 0.2 13.63 2.37 39.99
Phase 3 21 2541 227.77 9.84 267.24 20.43 63.14 77.76 6.69 0.97 77.85 7.92 153.4
X 5.24 36.54 1.71 10.06 1.83 14.87 30.95 1.66 0.49 19.94 2.43 54.68
Phase 5 12 21.25 191.58 11.55 271.92 22.33 71.50 104.17 6.34 0.69 95.91 9.18 185.56
X 2.8 27.5 1.21 8.27 4.85 11.49 18.3 0.59 0.09 19.53 1.08 20.06

Table 10 Averaged bulk rock trace element for andesites and enclaves of the different eruption phases.




Tmin Tmax Avg no.
°C °C °C Stdev £ °C analyses | Method Phase texture
824 965 866 30 17 | Single-pyroxene QUILF method Opx/Microphenocryst cores
845 895 869 15 14 | Single-pyroxene QUILF method Opx/Microphenocryst rims
Opx/Microphenocryst rims (showing heated
1018 1032 1025 6 4 | Single-pyroxene QUILF method textures)
785 938 851 23 77 | Single-pyroxene QUILF method Opx/Phenocryst cores
799 1028 878 65 65 | Single-pyroxene QUILF method Opx/Phenocryst rims
826 1101 988 82 26 | Single-pyroxene QUILF method Opx/Zoned phenocryst rims
903 1305 1070 106 16 | Single-pyroxene QUILF method Opx/Mafic inclusions
2-oxides QUILF (Andersen et al.
791 809 4 1 1993) Ox/Included in minerals or in crystal clots
2-oxides QUILF (Andersen et al.
958 1017 31 1993) Ox/Zoned microphenocrysts or microlites
2-pyroxene QUILF (Andersen et al.
1074 1196 1109 45 5 11993) 2Px/Mafic inclusion pairs
2-pyroxene QUILF (Andersen et al.
903 1142 1021 78 15 | 1993) 2Px/Microlite pairs
Hb-plg Andesite pairs (using ed-ri
804 890 833 24 10 | Hb-plag equilibria Holland & Blundy thermometer, 200 MPa)
Hb-plg Mafic inclusion pairs (using ed-ri
849 947 894 34 9 | Hb-plag equilibria Holland & Blundy thermometer, 200 MPa)
821 1100 920 70 36 | Plag-melt Andesite hosted microlites (XAn 0.45-0.84)
1097 1145 1110 35 19 | Cpx-melt Enclave microlites/microphenocryst rims

Table 11 Temperature and Pressure estimates for the eruptive products obtained using a number of different techniques.




Initial Final amph wt% Plag wt% Opx wt% Cpx wt% Ox wt% R’
Phase I Low Fe Phase I High Fe

andesite andesite +11 -4 +10 -16 -4 0.15
Phase II Low Fe Phase II High Fe

andesite andesite - +16 +6 +3 +4 0.025
Phase IIT Low Fe | Phase III High Fe

andesite andesite - +9 +1 +5 +3 0.25

Table 12 Intra- phase andesite mass balance calculations for addition of enclave crystals, weight % values are relative to initial magma compositions.
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