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Abstract
Mafic magma intrusions into silica-rich magmatic reservoirs are commonly proposed to drive the eruptions of andesitic hybrid 
magmas that characterise many arc volcanoes. However, interactions between contrasting magmas involve large gradients of 
physical and chemical properties that change over time, and the details of such processes have proven difficult to constrain. In 
this paper we investigate the dynamics of magma mingling and mixing using chemical and textural zoning patterns recorded 
in plagioclase crystals from the February 2010 eruption at Soufrière Hills Volcano, Montserrat. This eruption is considered a 
classic example of interactions between the andesite magma that constitutes the bulk of the erupted volume and the basaltic 
andesite that occurs as enclaves. We find that plagioclase crystals are characterised by two well-defined zones that record 
mafic–silicic magma interaction: a crystal interior, often identified by a patchy, dusty and oscillatory zoning, and an over-
growth zone (rim) of a different composition. We use the anorthite and Mg contents to track the thermal and compositional 
changes experienced by the crystals over time. Our results reveal that the crystal rims formed a few hours to days prior to 
eruption, during co-eruptive magmatic interactions. The interaction between the two magmas with contrasting rheology is 
likely increased by a narrowing conduit geometry towards the surface, which facilitates convection and additional interface 
contact of the two magmas. Our findings shed new light on the nature and timing of magmatic interactions driving the final 
eruptive phase at Soufrière Hills Volcano and help to propose an interpretative framework of the monitoring signals.
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Introduction

The study of volcanic rocks and their relative composition 
is a window into the wide range of subvolcanic processes 
involved in their formation, including mixing of primitive 

and evolved magmas, magma source variations, and mag-
matic differentiation within magma plumbing systems 
(Edmonds et al. 2019; Holness et al. 2019). For example, 
the relative efficiency of hybridization (complete mixing) 
or mingling (physical interactions with incomplete chemi-
cal equilibration) varies depending on the range of physi-
cal and chemical properties (e.g., temperature, pressure, 
crystal contents) of the interacting magmas (Spera et al. 
1982) and the volume of intruded magma relative to the 
host (Sparks and Marshall 1986). Macroscopic evidence for 
mingling and mixing of magma is provided as quenched 
mafic inclusions in volcanic deposits (Barclay et al. 2010; 
Browne et al. 2006a; Clynne 1999; Feeley and Dungan 1996; 
Murphy et al. 1998; Pichavant et al. 2002; Plail et al. 2014). 
Microscopic mineral textures and chemical zoning patterns 
in minerals also provide evidence of magmatic interactions 
(Browne et al. 2006b; Costa et al. 2013b, 2008; Costa and 
Chakraborty 2004; Costa and Dungan 2005; Kent et al. 
2010; Longpre et al. 2014; Tomiya and Takahashi 2005).
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Many previous studies have provided insights into 
the varied and complex dynamics that may occur during 
mafic–silicic magmatic interaction (e.g., Sparks and Mar-
shall 1986; Spera et al. 1982), but the timescales associated 
to these processes remain difficult to constrain. Volcanic 
crystals can provide an invaluable insight into the arrival 
of new mafic magma into a shallow reservoir. Mineral tex-
tures and compositions track record pre- and syn-eruptive 
volcanic processes (Costa and Dungan 2005; Costa et al. 
2020; Davidson et al. 2007; Ubide et al. 2021). Many erup-
tions have been proposed to have been triggered by magma 
replenishment shortly before eruption (Bacon and Barnes 
1978; Clynne 1999; Edmonds and Woods 2018; Eichel-
berger 1980; Oldenburg et al. 1989; Scaillet et al. 2000; 
Sparks et al. 1977; Trial and Spera 1990), with replenish-
ment times that can vary from days to weeks (e.g., Devine 
et al. 2003; Kahl et al. 2013; Kent et al. 2010; Scarlato et al 
2021). In this scenario, longer pre-eruptive timescales (over 
years) may occur due to the prolonged hybridisation and/
or mixing processes of intruded magma that consecutively 
interacted with the pre-existing magma reservoir, as has 
been proposed for Merapi (Costa et al. 2013b) and Rabaul 
volcanoes (Fabbro et al. 2020).

This work aims to investigate the timescales and complex 
relationship of intrusion–hybridisation-mixing that led to the 
February 2010 eruption at Soufriere Hills volcano (SHV; 
Montserrat, Lesser Antilles) (Barclay et al. 1998; Christo-
pher et al. 2014; Devine et al. 1998; Humphreys et al. 2009; 
Murphy et al. 2000; Wadge et al. 2014). There have been 
a few studies concerned with the timescales of magmatic 
processes at SHV. Zellmer et al. (2003b) investigated the 
magmatic remobilization of the andesite by intruding basalts 
using Sr and Ba concentration in plagioclase crystals. They 
found relatively long timescales, on the order of several hun-
dred years. In contrast, Devine et al. (2003) used zoning in 
Fe–Ti zoning in oxides to study the duration of the thermal 
excursion on the presumably shallower part of the plumb-
ing system, and reported much shorter timescales, of a few 
days to weeks. More recently, McGee et al. (2019) used ura-
nium-series data and analysis of (210Pb/226Ra)0 disequilibria 
in mafic enclaves and host rocks and found that the mafic 
enclaves had excess 210Pb. They suggested that input of a 
deeper volatile component into the shallow plumbing system 
occurred a few decades before the eruption. Moreover, the 
input of new volatiles was proposed to have stopped during 
the final phases of the eruption as revealed by a predominant 
deficit of 210Pb in the andesite (McGee et al. 2021), which 
implies that the final eruptions occurred without new mafic 
magma intrusions in the shallow part of the system.

In this paper, we use the plagioclase textures and com-
positions, and specially the Mg content as a tracer of mafic 
melt and model the diffusive re-equilibration of Mg within 
plagioclase during the final year of the eruption period 

(2010). Our results suggest that despite the presence of 
mafic enclaves throughout the entire eruptive sequence 
(1995–2010), the Mg-rich mafic magma that intruded in 
the early stages of the eruption was not necessarily a driver 
of the eruptive phases until the last year eruption (2010). 
The short time scales that we report (a few hours or days) 
rather suggest that mafic magma was already stored in the 
upper parts of the plumbing systems, and that interactions 
with silicic melt was facilitated by changes in geometry of 
the near-surface plumbing system (Gottsmann et al. 2020; 
Hautmann et al. 2009). Our findings provide new insight into 
magmatic processes, their timescales and eruption controls 
at SHV providing additional benefit to the interpretation of 
monitoring data and the anticipation of future eruptions.

Background of petrology and volcanology 
of Soufriere Hills Volcano

Soufrière Hills Volcano (SHV) is an island arc volcano 
located in the southern part of Montserrat Island, Lesser 
Antilles (Fig. 1a, b). It is comprised of four volcanic cen-
tres: Silver Hills (2600–1200 ka), Centre Hills (950–550 ka), 
South Soufrière Hills volcano (131–128 ka) and SHV proper 
(282 ka to present) (Coussens et al. 2017; Harford et al. 
2002). Andesitic lavas with abundant mafic enclaves are 
predominant in all of the volcanic centres, except at South 
Soufrière Hills, which is the only basaltic volcano on the 
island (Cassidy et al. 2015).

In July 1995, after 3 years of intense seismicity at less 
than 7 km depth, an eruption started that continued for 
15 years, ending in 2010 (Aspinall et al. 1998; Young et al. 
1998). The activity of the volcano between 1995 and 2010 
is one of the best monitored in the world and has been used 
as a natural laboratory. The eruption was characterised by 
episodic lava dome growth and collapse, often accompanied 
by vulcanian explosive events (Druitt et al. 2012; Ryan et al. 
2010; Sparks et al. 2000). Most erupted materials consist 
of andesitic rocks containing ubiquitous sub-rounded mafic 
enclaves of several centimetres in diameter (Murphy et al. 
2000; Plail et al. 2014).The eruptive period comprises five 
extrusion Phases (I–V) that differ in the volume of andesitic 
lava and the proportion of mafic enclaves. Between Phase III 
and Phases IV and V, the duration of each phase decreased 
from years to months, while the average extrusion rate 
increased (Christopher et al. 2014; Wadge et al. 2014).

Previous petrological studies found that the andesite is 
phenocryst-rich (33–63 vol%), with a phenocryst assem-
blage composed of plagioclase (64–78 vol%), amphibole 
(8–28 vol%), orthopyroxene (3–7 vol%), microphenocrysts 
of Fe–Ti oxides (1.5–3 vol%) and clinopyroxene (< 1 vol%) 
with minor quartz (sometimes embayed by clinopyrox-
ene rim). The groundmass of the andesite is also typically 
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crystal-rich and includes up to 25% rhyolitic glass (Christo-
pher et al. 2014). Andesite textures, modal proportion and 
mineral composition do not change significantly from Phase 
I (Murphy et al. 2000) to Phase III (Humphreys et al. 2009; 
Christopher et al. 2014). Although the volcanic activity of 
Phase IV and V changed compared to the first three phases, 
the andesite characteristics remained invariable (Christopher 
et al. 2014). The mafic enclaves contain a similar mineral 
assemblage to the andesite, of predominantly mafic miner-
als with clinopyroxene more abundant than orthopyroxene. 
Many of the crystals in the enclaves have been interpreted as 
xenocrysts derived from the andesite host (Christopher et al. 
2014; Humphreys et al. 2009).

A detailed description of the enclaves are provided by 
Plail et al. (2014) who subdivided the enclaves from rocks 
erupted during Phase IV and V in three types (A, B and C) 
according to the degree of interaction between the andesite 

and the more mafic magma. Type A enclaves are the most 
basaltic in composition, containing a few inherited phe-
nocrysts and a narrow compositional range in whole rock. 
The Type A enclaves are characterised by chilled margins, 
high-Al amphibole and high vesicularity. Type B enclaves 
show a broader compositional range (basaltic andesite), 
with numerous inherited phenocrysts, lack of chilled mar-
gins, low vesicularity and rare high-Al amphibole. Finally, 
Type C enclaves are composite, with a mafic interior (Type 
A) and hybrid exterior (Type B) representing an interface 
between the two types. It is noteworthy that the propor-
tion of mafic enclaves appears to increase throughout the 
eruptive period, from ~ 1% volume of the erupted mate-
rial in Phase I (1997), to approximately 5–7% volume in 
Phase IV, and 3–8% volume in Phase V (Barclay et al. 
2010; Komorowski et al. 2010; Murphy et al. 2000; Plail 
et al. 2014).

Fig. 1  a Location map of 
Montserrat Island in the Carib-
bean Sea. b Simplified map of 
Soufrière Hills volcano showing 
the location of the Soufrière 
Hills vent (black triangle). c 
Photograph of rock sample 
(MT35) used in this study that 
was collected from deposits of 
the dome collapse (11 February 
2010). Andesite (light grey) 
and basaltic andesite (dark grey 
band in the centre)
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Samples and methods

Sample description

We used a sample that included andesite host and 
enclave material (MT35; Fig. 1c) collected by Plail (2013) 
from deposits of the dome collapse generated on 11 Febru-
ary 2010 (Phase V) and representative of the most basaltic 
enclave type (Type A). The andesite bulk-rock composition 
(60.5 wt%  SiO2, 2.6 wt% MgO) is more evolved than the 
mafic enclave, which is basaltic andesite with 52 wt%  SiO2 
and 4.8 wt% MgO (Fig. 2; Plail 2013). The major element 
composition of the enclave in MT35 lies towards the more 
mafic end of the compositional range characterising the SHV 
enclaves (49–56 wt%  SiO2 and 3.5–5.5 wt% MgO).

Analytical methods

We investigated ten polished sections (30 and 100 µm in 
thickness) of sample MT35 [MT1 (a, b, c, d), MT2 (e, f, g), 
and MT3 (h, l, m)]. Optical microscopy was used to iden-
tify the main textural and mineralogical features of both the 
host andesite and the enclave. Backscattered electron (BSE) 
images of 24 plagioclase minerals were obtained using a 
Zeiss EVO MA15 scanning electron microscope with an 
accelerating voltage of 15 kV at Macquarie University 

(Sydney, Australia). Brightness and contrast were varied to 
accentuate the textures. A large BSE image of the MT2e 
slide (resolution 5256 × 12,236 pixels) was acquired with the 
JSM-7800F Field Emission Scanning Electron Microscope 
at Nanyang Technological University (NTU, Singapore) 
using a super hybrid lens (SHL) which provided an excellent 
resolution of 0.8 nm at 15 kV (Fig. 3). Modal proportions of 
mineral phases were obtained by analysing the MT2e large 
image with the “ImageJ” program.

Quantitative analyses were performed using a JEOL 
JXA 8530F field emission Electron Probe MicroAnalyzer 
(EPMA) at NTU. The operating conditions for plagioclase 
were an accelerating voltage of 15 kV, a beam current 
of 10 nA for Si, Al, Ca, Na, K, Fe (ka) and 80 nA for P, 
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Fig. 2  MgO vs  SiO2 contents of andesite host rock and basaltic 
andesite enclaves of the five phases of extrusive activity from 1995 
to 2010 at SHV: Phase I (Barclay et al. 1998; Christopher et al. 2014; 
Devine and Rutherford 2014; Zellmer et  al. 2003a; Mann 2010); 
Phase II (Christopher et  al. 2014; Humphreys et  al. 2010; Mann 
2010); Phase III and IV (Christopher et  al. 2014; Humphreys et  al. 
2010; Plail et al. 2014); Phase V (Christopher et al. 2014; Devine and 
Rutherford 2014; Plail 2013). Rhyolitic melt inclusions compositions 
are also displayed (from Christopher et al. 2014; Devine and Ruther-
ford 2014; Plail 2013). Green stars represent the bulk-rock composi-
tions of sample MT35 studied in this work

Fig. 3  Backscattered electron (BSE) image of section MT2E that 
includes andesite (Host)  and basaltic andesite enclaves  (Enclave). 
Strongly zoned plagioclase crystals (shown by the large and abrupt 
difference in grey scale between crystal cores and rims) also have a 
sieved-textured zone. Quartz typically has a reaction rim of clinopy-
roxene. Amphibole in the enclave displays a reaction rim, whereas 
amphibole reaction rims are absent in the andesite
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Mg, Ti, Mn (ka) and with a focussed beam. The standards 
used were Plagioclase (Astimex block) for Al and Ca (ka); 
Apatite for P (ka); Albite for Na and Si (ka); Rutile for Ti 
(ka); and Specularite for Fe (ka) and Orthoclase. Counting 
times were set to 10 s (Na), 20 (Al and Si), 30 s (Ca), 40 s 
(K, Fe and Mn), and 80 s (Mg, Ti and P) ka. Increased 
counting times were used to increase counting statistics for 
elements with lower concentrations and the goodness of 
the analyses were checked with structural formula calcula-
tions. High-resolution profiles of approximately 1 µm (μm) 
spacing were obtained across compositional gradients in 
plagioclase as identified by grayscale changes in the BSE 
images. Although such close analytical spacing may lead 
to convolution effects in the profiles (Morgan et al. 2004), 
it provides a way to calculate the maximum timescales 
via diffusion modelling (see “Modelling” section). The 
EPMA traverses were obtained perpendicular to one of 
the crystal margins and far from crystal corners to avoid 
artefacts of diffusion along multiple dimensions or skewed 
lengths of the gradient (e.g., Costa et al. 2003, 2008). The 
two and three-dimensional re-equilibration effects were 
mitigated by focusing only on profiles with large compo-
sitional profiles. The EPMA traverses were carried out to 
determine the compositional boundary between the rim 
and interior zones, as identified by grey scale changes in 
the BSE images. High-resolution EPMA traverses were 
not conducted for patchy and sieve-textured crystal cores 
due to the abundance of mineral and/or melt inclusions.

Compositional traverses of plagioclase were obtained 
from section MT2e, which was selected as representative 
of the different plagioclase textures. In total, 21 plagio-
clase crystals were analysed: 12 from the host (~ 1000 data 
points) and 9 from the enclave (~ 800 data points). Mineral 
abbreviations and end-members are used as follow: amphi-
bole = amph, orthopyroxene = opx, quartz = qtz, clinopy-
roxene = cpx, Anorthite content  as %An = 100 × molar 
Ca/(Na + Ca + K), Mg-number [Mg# = 100 × molar Mg/
(Mg + Fe*), where Fe* = is total iron] (Deer et al. 1992).

Modelling

We focussed on modelling the re-equilibration of Mg 
concentration of plagioclase phenocrysts that have large 
and abrupt changes in An content, as these provided well-
defined initial conditions and An diffuses many orders 
of magnitude slower than Mg at the same temperature 
(Grove et al. 1984). We used an equation that takes into 
account the dependence of the partitioning and diffusiv-
ity on anorthite composition and temperature (Costa et al. 
2003). The following parameters and assumptions were 
used in the modelling (see Supplementary Information for 
more details):

1. During magma mixing events, plagioclase crystals 
experienced significant changes in temperature and 
composition over time, therefore, it is difficult to asso-
ciate a given plagioclase composition with a unique 
temperature and melt composition. Previous estimates 
of the andesite host temperature obtained with geother-
mobarometry and in experimental studies range from 
850 ± 20 °C (Supplementary Table S1; Barclay et al. 
1998; Christopher et al. 2014; Devine et al 1998, 2003; 
Devine and Rutherford 2014; Humphreys et al. 2009; 
Murphy et al. 1998, 2000) up to 1000 °C (Supplemen-
tary Table S1; Christopher et al. 2014; Humphreys et al. 
2009; Murphy et al. 1998, 2000). The temperature vari-
ation of the mafic magma within the enclave is likely 
to have been large, up to 1100 °C (Christopher et al. 
2014; Humphreys et al. 2009; Plail 2013). Thus, for the 
estimation of melt composition and diffusion modelling, 
we explored a temperature range of 850–1100 °C (± 50). 
We used different Mg initial and equilibrium profiles 
(Summary in Supplementary Table S2) depending on 
the anorthite content and on their relative temperature 
(950 °C for plagioclase in the host and 1050 °C found 
in the enclave).

2. Partition coefficients between plagioclase and melt 
available in the literature have been obtained using dif-
ferent temperatures, pressures and/or melt composi-
tions (Bindeman et al. 1998; Blundy and Wood 1991; 
Dohmen and Blundy 2014; Putirka 2005). We calculated 
the melt Mg compositions in equilibrium with the pla-
gioclase using Eq. (2) in Bindeman et al. (1998), which 
is dependent on An content and temperature. Results 
were compared with values obtained using the formula-
tion proposed by Dohmen and Blundy (2014) with more 
input variables such as temperature, An molar fraction 
in plagioclase and  SiO2 content in the melt (see Sup-
plementary Information for more details).

3. We used the diffusion coefficient for Mg in the plagio-
clase of Van Orman et al. (2014), which depends on the 
An content and temperature.

4. Diffusion modelling of Mg was carried out in one 
dimension using Eq. (7) in Costa et al. (2003) and solved 
numerically by finite differences coded in  Matlab®. A 
step change in Mg was used for the initial conditions, 
following the change of each individual crystal. The rim 
of the crystal is considered as an open boundary in equi-
librium with a fixed melt composition. The best match 
between data and model was determined by minimising 
the root mean square (rms) of the differences between 
fit-computed and measured profiles within the relative 
uncertainty obtained from EPMA instruments. Given 
the geometry of the crystals and the shape of the concen-
tration profiles, we ran one- and two-stage models (e.g., 
Druitt et al. 2012) to compute the diffusion timescales. 
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The one-stage models assume that the entire plagioclase 
rim grew quickly and then re-equilibrated with its inte-
rior. The two-stage models account for a more realistic 
situation in which the plagioclase crystals experience 
an episode of re-equilibration with a liquid prior to rim 
formation. Thus, the two-stage models comprise a first 
step in which the Mg concentration in the interior part 
of plagioclase re-equilibrate directly with a liquid (Step 
1, interior-boundary transition), and a second step in 
which the rim grows quickly and the diffusion occurs 
through the entire crystal (Step 2, interior-rim). This 
approach has already been successfully used in other 
volcanic systems (Druitt et al. 2012; Fabbro et al. 2017; 
Flaherty et al. 2018).

Results

General petrographical and textural observations

The andesite sample is crystal-rich (32 vol% phenocrysts), 
dominated by plagioclase (87%), orthopyroxene (8%), 
amphibole (2%), Fe–Ti oxides (3%) and minor quartz (< 1%) 
(Supplementary Table S3). Plagioclase is the most abundant 
mineral in the groundmass and exhibits a range in sizes that 
gives a seriate texture. The groundmass contains microlites 
of orthopyroxene (opx), clinopyroxene (cpx), Fe–Ti oxides 
and glass, with almost no vesicles. Plagioclase displays a 
variety of textures and zoning patterns, described in the 
next section. Single opx phenocrysts (crystals > 300 μm) are 
unzoned or have a thin rim (< 10 μm) of cpx. Amphibole 
(amph) shows evidence of reaction textures made of other 
minerals, and some crystals contain inclusions of plagioclase 
and oxides. Quartz (qtz) has reaction rims of cpx and mag-
netite, apatite and rare zircon are also present (Fig. 3). The 
sample has similar mineralogy and crystal content to that 
described of previous SHV eruptions (e.g., Christopher et al. 
2014; Couch et al. 2001; Devine et al. 1998; Humphreys 
et al. 2009, 2010; Murphy et al. 1998, 2000).

The enclave is a basaltic andesite (20 vol% phenocrysts) 
and contains the same mineral assemblage as the host 
andesite (Supplementary Table S3), with plagioclase (65%), 
amphibole (20%), orthopyroxene (15%), Fe–Ti oxides 
(< 1%), and minor quartz (< 1%). The enclave shows more 
developed and pronounced mineral reaction textures than 
the andesite (Fig. 3). Phenocrysts of opx occur as single 
isolated grains or as glomerocrysts (up to 8 mm in length), 
with reaction rims of cpx and can be unzoned or reversely 
zoned (i.e., higher Mg/Fe in the rims than in cores). Large 
reacted amph, qtz and Fe–Ti oxides are more abundant in 
the enclave than in the host. Amph crystals (up to 5 mm in 
size) show reaction rims of cpx, plagioclase, oxides and/
or glass. Phenocrysts of qtz, with or without reaction rims 

of cpx (up to 2 mm in size) are also present. Magnetite is 
more abundant than ilmenite and can be found with a rim 
of ilmenite. Accessory minerals are apatite and rare zircon. 
The groundmass of the enclave contains euhedral thin laths 
of plagioclase, amphibole and pyroxenes as well as vesicles 
that are bounded by crystals with margins that are indicative 
of fast quenching (Fig. 3). These are also similar abundances 
and mineralogy as reported in previous studies (e.g., Plail 
et al. 2014; Mann 2010).

Plagioclase textures and zoning patterns

Plagioclase occurs as phenocrysts (up to ~ 4 mm in size), 
microphenocrysts (100–300 μm), and microlites (< 100 μm) 
and exhibits a wide range of textures and compositions in 
both the host (andesitic) and in the enclave (basaltic andesite; 
Fig. 3). We note that here we use the term phenocryst for 
designating the size, rather than the origin (e.g., xenocrysts) 
of the crystals (Davidson et al. 2007). We initially identi-
fied plagioclase core, intermediate and rim zones using the 
greyscale changes from high-resolution BSE images (Fig. 3) 
and later confirmed the textural boundaries by quantitative 
compositional profiles across the various plagioclase zones. 
However, given the abundant dissolution surfaces, patchy 
zoning, minerals inclusion and resorption zones of many 
plagioclase cores, we did not attempt to obtain quantitative 
traverses as these could not be used in our Mg-modelling. 
We classified the plagioclase crystals into two main types (I 
and II) using An, Mg and Fe profiles from rim to intermedi-
ate-core zones (Fig. 4).

Type I plagioclase are mainly found in the host (90 vol%; 
10 vol% in the enclave) and tend to be euhedral in shape 
(Fig. 5). They are reversely zoned in An, with a high An 
rim (up to  An65), surrounding an intermediate-core zone of 

Plagioclase types

Type I Type II

rim

interm

core

An content (mol %)

80-90

50-80

50-60

<65

Fig. 4  Schematic representation of plagioclase types I and II based 
on anorthite (An) content. Chemical analysis and diffusion modelling 
were performed across the transition rim and intermediate-core zones 
(red dotted line)
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lower An (50–60 mol%) and patchy zoning. Compositional 
traverses show that Mg and Fe contents co-vary with An 
content in plagioclase in both the host (Fig. 6) and enclave 
(Fig. 7). Rim to intermediate-core traverses show that many 
Type I plagioclase have positively correlated An and MgO 
concentrations (H6 in the host, Fig. 6), but An is less well 
correlated with FeO*. At the boundary between the rim 
and intermediate-core, changes in An content are sharp and 
occur within < 5 μm, while variation in MgO content at the 
boundary is not significant at the boundary, varying <0.02 
wt%.  

Type II plagioclase crystal are primarily found in the 
enclave (70 vol%; 30 vol% in the host) and show reverse 
zoning patterns, with a high An rim (up to 90 mol%) that 
surrounds anhedral and sub-rounded intermediate-core 
zones  (An50–70; Figs. 4, 5). Some type II plagioclase crystals 
found only in the enclave display an intermediate-core with 
high An (> 80 mol%) and high Mg (> 0.06 wt%; Fig. 5b). 
The transition between rim and intermediate-core zone is 

abrupt, commonly occurring over distances < 5 μm (Figs. 6, 
7). Changes in MgO content are sharp and larger compared 
with type I (up to 0.1 wt%). Type II plagioclase shows com-
plex textures, with sieve-textures, dissolution surfaces and 
resorption zones.

The classification of our type I and II is in general consist-
ent with previous classifications by Murphy et al. (2000) and 
Plail et al. (2014). Based on mineralogical textures and An 
content, our type I crystals are similar to the type 2 crystals 
in the andesite host of Murphy et al. (2000), with reversely 
zoned phenocrysts with cores typically sodic  (An48–58) and 
rims with  An65–80. Following Plail et al. (2014) and Murphy 
et al. (2000), reverse zoned dusty sieve-textured plagioclase 
crystals (type 2 and type 3, respectively) are comparable to 
our type II found in host and enclave. Although most type II 
crystals have high calcic outer rims (e.g., E2, H11), some are 
more sodic, with An 55–65 (e.g., E1, H10) comparable to 
type 3 crystals of Murphy et al. (2000). Our classification is 
inline with the distinction proposed by McGee et al. (2021), 
between “older” plagioclase crystals, with sieve texture and 
complex oscillatory zoned, and “younger” plagioclase crys-
tals, lacking in sieve texture. McGee et al. (2021) identi-
fied plagioclase crystals with excess or deficit of Pb, and 
found that “younger” crystals are characterised by higher 
(210Pb/226Ra)0 ratios and higher equilibrium (210Pb/226Ra)0 
ratios than “older” plagioclase, basing their classification 
on the fact that partition coefficients for Pb in plagioclase 
crystals are higher than those for Ra in plagioclase crystals.

Estimation of melt compositions in equilibrium 
with host and enclave

The calculated melt MgO contents in equilibrium with 
rim and intermediate-cores of type I crystals are < 2 wt% 
(at T = 850–1100 °C; Fig. 8) and An < 65 (mol%) for those 
from host and enclave. Instead, for type II plagioclase, 
rims and intermediate-core zones are in equilibrium with 
diverse melt MgO and An contents. For example, in the 
host, type II intermediate-core zones with An content up to 
70 (mol%) are yielded Mg content up to 2 wt% (at 850 °C; 
Fig. 8a) and MgO < 1wt% (at 1100 °C; Fig. 8e). Instead, 
in the enclave, plagioclase with An lower than 60 mol% 
show lower MgO concentration (< 1wt%; at 850–1100 °C; 
Fig. 8 b, d, f) than plagioclase intermediate-core zones with 
higher An (65–75 mol%) that are re-equilibrated with higher 
MgO content of 2–6 wt% for melts at 850 °C (Fig. 8b) and 
MgO < 3 wt% for melts at 1100 °C (Fig. 8f).

The rims of type II plagioclase  are in equilibrium 
with melt at 850  °C and MgO contents > 1  wt% for 
the host (Fig. 8a) and MgO > 6 wt% for plagioclase from 
the enclave (Fig. 8b). For higher melt temperatures (e.g., 
1000  °C), rims in the host show lower MgO content 
(1–3 wt%; Fig. 8c) compared to those from the enclave 
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(> 4 wt%; at 1000 °C; Fig. 8d). After exploring the effect 
of varying temperatures (850–1100 °C) in the calculation 
of the melt MgO contents, we compared our results with 
previous studies of bulk rock compositions of the host 
andesite (> 4 wt%; Supplementary Table S2) and enclave 
(> 2.5 wt%; Supplementary Table S2).

At 1000 ± 50 °C, most intermediate-core zones of type 
I and II are re-equilibrated with a liquid of lower MgO 
(< 1 wt%) comparable to the measured compositions of 
melts inclusions (e.g., MgO 0.5 wt%, Christopher et al. 
2014; Supplementary Table S2) and rims in equilibrium 
with host bulk rock up to 3 wt% and enclave bulk rock up 
to 5 wt% (Plail 2013; Supplementary Table S2). However, 
some plagioclase rims of type II appear to be re-equili-
brated at 850 °C with a liquid of unrealistically high MgO 
content (> 6 wt%) compared to the measured compositions 
of glasses and whole rock samples in the SHV system.

Estimated timescales from diffusion modelling

The diffusive re-equilibration of MgO in melt-plagioclase 
was modelled for type II plagioclase phenocrysts from the 
host (at 950 °C) and enclave (at 1050 °C) with an uncertainty 
of ± 50 °C (Supplementary Table S4). Note that type I profiles 
were not suitable to be modelled due to the lack of significant 
change in MgO content between the interior-rim of crystals 
and the presence of sieve textures and dissolution features. 
One-stage diffusion models (see “Modelling” section) yielded 
residence timescales varying from a few hours up to 3 days 
for plagioclase in the enclave, and on the scale of a few days 
for phenocrysts in the host. The results of the two-stage dif-
fusion models (Step 1 and 2; see “Modelling” section) vary 
from a few hours up to 2 days for the intermediate-core pla-
gioclase phenocrysts (Step 1) in equilibrium with enclave 
melt at 1050 °C (e.g., E1; Fig. 9a), and from 3 to 121 days 
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for intermediate-core phenocrysts with host melt at 950 °C 
(e.g., H10, Fig. 9c). The modelling of the diffusion occurring 
to the entire plagioclase (interior-rim, Step 2) returned times 
from a few hours to 5 days for plagioclase phenocrysts found 
both in the enclave (1050 °C) and host (950 °C; Fig. 9). The 
uncertainties on the fit model were estimated according to the 
instrument uncertainties (see Supplementary Information S4) 
and summarised in Supplementary Table S4 for both one-and-
two stage models. However, the two-stage model is considered 
to be more representative of the actual process that took place 
than the one-stage model. Running models show that a factor 
of 1–2 is estimated for the uncertainty in the models due to the 
temperature variation of ± 50 °C.

Discussion

Magma end‑members inferred from plagioclase 
types, calculated melt compositions and timescales

Textural and compositional features of SHV plagioclase 
phenocrysts suggest that different crystal zones grew 
from melts characterised by different composition and/
or thermodynamic conditions (e.g., temperature, water 
in the melt, and pressure). The low An (< 65 mol%) and 
calculated MgO (< 2 wt%) concentrations of intermedi-
ate-core zones of some plagioclases show that they grew 
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from relatively evolved melts (dacite to rhyolite). There-
fore, type I plagioclase phenocrysts represent the melt 
of the crystal-rich andesitic magma end-member, which 
crystallised before the intrusion of mafic magma. On the 
other hand, the overgrowth rims of Type II plagioclase 
equilibrated with melts of MgO > 2 wt% and their high 
An content (75 mol%) record the interaction between the 
andesitic host and the intrusion of mafic magma. The 
sharp transition (in An and Mg) between intermediate-core 
and overgrowth rims of type II suggests that changes in the 
magmatic environment experienced by these crystals were 
abrupt, and our modelling of diffusive re-equilibration of 
the Mg supported a time range from a few hours to days 
before eruption.

Our type I plagioclase, with high An intermediate/core 
zones within lower An areas are related to the plagioclase 

investigated by Zellmer et al. (2003b), which proposed a 
residence times of up to 300 years between magma heat-
ing, remobilization, and eruption using Sr and Ba zoning 
in plagioclase phenocrysts. Moreover, our type I and II are, 
respectively, comparable with the classification of type 2 
and 3 crystals proposed by Murphy et al. (2000). In their 
work, plagioclase recorded in their texture processes mul-
tiple injections of hotter and mafic magma below andesitic 
magma that lead to thermal convection and remobilisation of 
the resident magma (Murphy et al. 2000). However, Murphy 
et al. (1998) found unzoned and normally zoned plagioclase 
in rocks from the beginning of the eruption (1995–1997) 
that we did not find. The lack of these textural types within 
our sample suggests that the mafic end-member magma 
was under-saturated in plagioclase. This is consistent with 
its high-water content (> 7 wt%; Edmonds et al. 2016) that 
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would have suppressed plagioclase stability. The lack of very 
high An plagioclase (> 90 mol%) in our sample suggests that 
plagioclase in the enclaves grew from already more evolved 
and mixed melts or that the basaltic andesite end-member 
was close to its liquidus, at about 1050 °C, since it contains 
only minor pyroxene phenocrysts (e.g., Murphy et al. 1998). 
This is in accordance with phase equilibria experiments on a 
basaltic andesite of Mount Pelée, which has a similar com-
position to the SHV enclaves (Pichavant et al. 2002).

The complexity of magmatic interaction 
at SHV: intrusion, mixing‑hybridization 
and eruption

To understand mafic–silicic magma interaction it is neces-
sary to constrain the composition and physical properties of 
the magmatic end-members involved prior to interaction. 
Type I and II phenocrysts are found both in the host andesite 
and the basaltic andesite enclave, implying that magmas 

have exchanged mass as well as heat, and therefore, neither 
of the erupted rocks have compositions representative of 
the pre-mingling or mixing magmatic end-members. We 
identified that the low An content intermediate zone-core 
of type II plagioclase in the enclave were inherited from the 
andesitic host. This finding is consistent with previous stud-
ies at SHV (Humphreys et al. 2009, 2010; Plail et al. 2014), 
where magma mingling was shown to result in the exchange 
and incorporation of phenocrysts and microlites from the 
andesite into the basaltic andesite enclaves and vice versa. 
Such observations are common to other volcano case studies 
(e.g., Mount Pelée; Pichavant et al. 2002) that investigate 
plagioclase textures and compositions within mixed dacite to 
basaltic andesite magmas and attests to the dynamic nature 
of mafic–silicic magma interactions (Feeley and Dungan 
1996; Pichavant et al. 2002; Tomiya and Takahashi 2005).

Although in this work we studied the sample from the 
last eruption Phase (2010), our finding can be linked to the 
previous processes that are recorded in mineral textures as a 
series of interactions between coexisting liquids of different 

Fig. 9  Diffusion models for type II plagioclase in enclave (a, b) and 
host (c, d). The black line is the initial condition, calculated on the 
basis of the anorthite content along the EPMA measurements (black 
empty circle) with their relative uncertainty (grey area) from EPMA 

instrument. The red continuous line is the equilibrium curve. Results 
for the two-stage model are shown with a green line. See the text for 
more details
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compositions and temperatures that have triggered several 
cycles of dissolution and regrowth of crystals. The enclave 
analysed here is representative of the least evolved of enclave 
types (Type A; Plail et al. 2014), thus a potential cargo of 
minerals that preserved in their texture the magmatic history.

In the following sections, we show a possible sequence 
of events preceding and, contemporary to, the interaction 
between the andesite and intruding basalt, since the eruption 
started in 1995 until 2010 integrated with previous studies 
(see Supplementary Fig. S1 for schematic representation).

Andesite and basaltic andesite magmas prior 
to interaction

Our investigation on mineralogical textures, plagioclase zon-
ing patterns and relative calculated melt compositions indi-
cates that the stored andesite magma was in equilibrium with 
type I plagioclase, rhyolitic liquid, amphibole and quartz. 
Thus, before multiple injections of fresh new magmas, a 
dacite to rhyolite magma was more representative of the host 
that became andesitic after mixing/hybridisation events. Fig-
ure 8a shows that type I plagioclase with An range between 
47 and 55 (mol%) are in equilibrium with rhyolite liquid of 
the host with temperature of 850 °C, which is consistent with 
experiments of phase equilibria for andesitic host proposed 
by Couch et al. (2003) and Rutherford and Devine (2003) 
(Fig. 10). Published studies on melt inclusions in plagio-
clase phenocrysts and hydrogen concentrations in opx from 
SHV indicate melt water contents of 4–5 wt% and saturation 
pressures of 100–130 MPa (Edmonds et al. 2016). At this 
conditions and temperature of 850 ± 20 °C (Supplementary 
Figure S1), phase equilibria indicate that the magma would 
contain > 50% crystals in a rhyolitic liquid similar to the melt 

inclusions (Barclay et al. 1998; Couch et al. 2003; Ruther-
ford and Devine 2003).

Interaction between the host andesite 
and intruding basalt

After multiple injections of mafic magma into the shallow 
plumbing system (Phase I onwards), the crystal-rich host 
was reheated by intruding basalt, becoming hybrid, while 
plagioclase (type I and intermediate-core zones of type 
II) and quartz started to partially dissolve. A hybrid zone 
developed at the interface between basalt and andesite host, 
where plagioclase crystals were entrained in the higher tem-
perature/high-Mg intruding, water-rich magma at near liqui-
dus conditions. Such magma could have been generated by 
fractionation of a more mafic liquid such as the one found 
in South Soufrière Hills Volcano (Edmonds et al. 2016). 
Plagioclase partially dissolves and generates a sieve texture, 
although in some crystals the Mg content increases and re-
equilibrates with the mafic magma (Supplementary Figure 
S1). Amphibole and quartz crystals that were retained in 
this mafic magma are also resorbed. It is unclear whether 
the mafic magma was saturated in plagioclase when it came 
in contact with the andesite or not.

Phase equilibria experiments on a basaltic andesite 
from neighbouring Mt. Pelée volcano on Martinique Island 
(Pichavant et al. 2018) show a bulk-rock composition simi-
lar to the SHV enclaves. This comparison suggests that the 
magma would be near its liquidus at 1050 °C and about 8 
wt%  H2O, and that with decreasing temperature or water 
content the first mineral to crystallise is cpx followed by 
high-An plagioclase. The hydrogen contents of opx in the 
enclave indicate a higher water content for the enclave than 
the andesite (about 7 wt%  H2O), and also somewhat higher 
pressures of 200–300 MPa (Edmonds et al 2016). Based on 
these considerations, we propose that the basaltic andesite 
magma had initially a temperature of 1000–1100 °C and 
high pressure (200–300 MPa) carrying mainly opx and/or 
cpx and that most of the plagioclase phenocrysts originated 
from the andesite by mechanical disaggregation at a later 
time (Supplementary Figure S1).

Co‑eruptive magma interactions

During the last year of eruption (Phase V), more mafic 
magma (that was partly hybridised) quickly cools, where it 
is in contact with a larger amount of unheated andesite, trig-
gering crystallisation of high-An rims and producing type 
II crystals (Fig. 11). These crystals are equilibrated with a 
liquid with about 5 wt% MgO (i.e., similar to the bulk com-
position of the enclaves). The modelled re-equilibration of 
MgO in type II plagioclase yielded time scales varying from 
hours to up to 2 weeks. Some of the type II crystals from 
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the enclaves are reincorporated into the andesite magma, 
due to mechanical disaggregation, either during the time 
of the cooling of the enclaves, or later during high-strain 
interactions that led to enclave disaggregation as suggested 
by Humphreys et al. (2009). Most of the type II crystals in 
the host record the same equilibration experienced by the 
enclaves with high Mg-liquids, although we did find one 
example, where partial re-equilibration with the andesite 
occurred (Fig. 7). The short timescales that we obtained may 
imply that the mafic–silicic magma interactions occurred 
syn-eruptive, as also proposed by Plail et al. (2018).

Our investigations suggest that both mafic and silicic 
magmas coexist at depth with well-defined compositional 
and thermal identities, rather than forming a fully hybridised 
magma (Fig. 11b). There is evidence that the magma reser-
voir below SHV contains both more mafic and silicic mag-
mas as distinct entities (Cashman et al. 2017; Christopher 
et al. 2015; Paulatto et al. 2019) and that the geometry of the 
plumbing system changes towards the surface (Costa et al. 
2013a; Hautmann et al. 2009). Transition from a magma 
chamber at about 5 km depth (Costa et al. 2013a; Paulatto 
et al. 2012, 2019) to a cylindrical conduit at about 1 km 
depth (Costa et al. 2013a; Paulatto et al. 2012), would force 
closer interaction between the two magmas. This increased 
interface could enhance the level of vorticity (Carrara et al. 
2020), generating turbulent fluid flows that would allow for 
very quick and eventual hybridization of the erupted magma. 

These conclusions imply that the formation of the enclaves 
and associated hybridisation are not a direct trigger of the 
eruption, but rather a consequence of increased turbulence 
between high contrasting magmas.

Magma interactions at SHV without replenishment 
of fresh magma

Our results of hour-long timescales are inferred by plagio-
clase from volcanic rocks erupted during February 2010 
(Phase V) suggesting that the overgrowth rim from type II 
plagioclase is not a consequence of the replenishment of 
new magma. We harmonised these considerations into the 
general framework of the entire 1995–2010 eruption inte-
grating previous longer timescale studies on volcanic rock 
erupted during Phase I (Devine et al. 2003; Zellmer et al. 
2003a, b). Therefore, the magmatic system composition-
ally evolved from Phase I onwards and the recorded history 
hidden in minerals show multiple injections of more mafic 
magma and remobilisation on the order of several hundred 
years (Zellmer et al. 2003b) and several cycles of reheating 
and remobilisation shortly (days to months) just before the 
eruption (Devine et al. 2003).

In the final stage (Phase V), the results gained from this 
study suggest that mafic intrusion was not a driver of erup-
tion and the short timescales (hours-days). Our results indi-
cate that mafic magma was already stored in the upper parts 

Fig. 11  Schematic representa-
tion of the magmatic plumb-
ing system beneath SHV a 
Detailed mingling and/or 
mixing processes in the feeding 
system take place from the 
magma chamber to the surface 
b The andesite (yellow area) 
was previously reheated by the 
intrusion of more mafic magma 
developing a hybrid layer (red 
area). Type I plagioclase crys-
tals dissolve and form a sieve 
texture. Type II crystals are the 
result of the co-magmatic inter-
action between magmas that 
is facilitated by the increase of 
the interaction surface between 
magmas due to the change in 
geometry. Some of the crystals 
from the enclaves were reincor-
porated in the andesite magma 
and vice versa with a conse-
quence exchange in plagioclase 
types from enclave to andesitic 
host. For more details see the 
text
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of the plumbing systems and the injection of fresh magma 
was interrupted. Indeed, the interruption of fresh magma 
injection (carrying fresh volatile) into the andesitic host is 
supported by McGee et al. (2019) and evoked by the pro-
gressive 210Pb deficits in the andesite (with the lowest value 
during Phase II) and the excess of 210Pb in enclaves (with 
the highest (210Pb/226Ra)0 ratios in Phase II). Following 
Plail et al. (2018) the eruption is induced by the destabi-
lisation of the hybrid layer that increased in thickness over 
time from Phase III until Phase V, without the injection of 
new magma and led to syn-eruptive enclave formation. Note 
that if the plagioclase crystals analysed in this work had 
spent more time in the thicker hybrid layer, we would expect 
longer times for later erupted plagioclase crystals and not the 
short timescales obtained in this study. The short time scales 
that we report rather suggest that the co-eruptive interaction 
between andesite and basaltic andesite was facilitated by 
changes in conduit geometry as discussed above (Gottsmann 
et al. 2020; Hautmann et al. 2009; see “Co-eruptive magma 
interactions” section).

Conclusion

In this work we offer a novel insight into the final, Phase 
V, 2010 eruption of SHV through diffusion modelling of 
Mg zoning patterns in plagioclase crystals. The findings 
and implications of this work have been integrated with 
previous studies on the other eruptions phases to provide a 
wider perspective and more detailed insight into magmatic 
processes at SHV. The intrusion of mafic magma into the 
reservoir (Phase I) was proposed as a driver of the eruption 
(Murphy et al. 2000). Sr and Ba concentration in plagioclase 
crystals yielded a long timescale (several hundred years) 
between intruding basalt and remobilisation of andesitic host 
(Zellmer et al. 2003a, b). However, Fe–Ti zoning in oxides 
recorded a shorter timescale just before the eruption (days up 
to few weeks) due to the multiple injections of mafic magma 
into the shallow reservoir (Devine et al. 2003; Rutherford 
and Devine 2003).

Despite the presence of enclaves in erupted deposits 
of each phase of the 1995-2010 SHV eruption (Phases I–V), 
this work supports a scenario during the final years of the 
eruption, the intrusion of new magma in the magma cham-
ber ceased (e.g., Plail et al. 2018; McGee et al. 2019). The 
diffusion modelling of Mg in plagioclasein volcanic rocks 
from Phase V carried out in this study reveals very short 
timescales of magmatic interaction prior to eruption, on the 
order of hours to days. These short timescales, combined 
with mineralogical textures and calculated melt composi-
tions, point towards a strong efficiency of the co-eruptive 
mingling/mixing dynamics. We proposed that the interac-
tion of both magma end-members below SHV is facilitated 

by favourable fluid-dynamic mixing processes associated 
with a change in geometry of the plumbing systems, from 
a wide reservoir to narrow conduit, towards the surface. 
These geometric changes in the SHV plumbing system 
have been reported by ground deformation modelling of the 
crust beneath the volcano (Gottsmann et al. 2020; Hautmann 
et al. 2009). This study provides additional understanding 
of  SHV from the past to its present state, which may benefit 
the interpretation of the volcano's monitoring data in future 
eruption forecasting.
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