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Evidence for an Active, Transcrustal Magma System
in the Last 60 ka and Eruptive Degassing Budget
(H,0, CO,, S, F, Cl, Br): The Case of Dominica

T. d'Augustin' (), H. Balcone-Boissard" (), G. Boudon? (), C. Martel® (), E. Deloule* (2}, and

P. Biirckel®

'Institut des Sciences de la Terre de Paris (ISTeP), UMR 7193, CNRS-Sorbonne Université, Paris, France, *Institut de
Physique du Globe de Paris (IPGP), CNRS, Université de Paris, Paris, France, 3Institut des Sciences de la Terre d'Orléans
(ISTO), UMR 7327, Université d'Orléans-CNRS/INSU-BRGM, Orléans, France, “*CRPG, UMR 5873, CNRS-Université de
Lorraine, Vandceuvre-lés-Nancy, France

Abstract The Morne Trois Pitons-Micotrin volcanic complex on the island of Dominica (Lesser Antilles)
emitted a series of plinian eruptions between 18 and 9 ka BP. We studied it to constrain magma storage
conditions and volatile degassing balances, by comparison with the three previous ignimbrites (~60-24 ka
BP). Volatile concentrations in glass inclusions and mineral-melt thermobarometry indicate storage at
<200 MPa (~6-8 km) and 860-880°C. The magmas feeding these plinian eruptions were stored at a
shallower depth than those that older ignimbrites from the same volcanic complex and stored at ~16 km.
Close magma composition and similar halogen ratios, however, suggest a common source for the magmas
feeding both the plinian eruptions and the ignimbrites. The large eruptive fluxes of F, Cl, and Br to the
atmosphere (up to 1.4-2.8 X 107 Mt/km?>, 1.5-4.0 Mt/km?, and 2-4 x 10™2 Mt/km>, respectively), estimated
by the petrological method, support the potentially important role of volcanic halogens in modifying the
chemistry of the atmosphere, though Cl is underestimated here because of buffering in a fluid phase. The
behavior of S, potentially partitioned in the same fluid phase, prevents here the calculation of an eruptive
outgassing budget.

1. Introduction

Volcanoes pose significant hazards for humans and the environment (e.g., Fearnley et al., 2018;
Robock, 2015). Volcanic gas emissions of highly reactive species such as sulfur and halogens (F, Cl, Br) spe-
cies have crucial long-term consequences on stratosphere composition and thus on Earth's climate (Schmidt
& Robock, 2015). It is therefore important to constrain volcanic gas fluxes before reactions in the plume dis-
turb measurements to understand their role on the atmosphere chemistry. Volcanic halogen contributions
to the atmosphere during past eruptions remain poorly understood (e.g., Mather, 2015), and long-term vol-
canic impact of halogens on the atmosphere may be largely underestimated. The degassing budgets of
magma systems depend on the absolute abundance and the solubility of their volatile species (Balcone-
Boissard et al., 2010; Harms & Schmincke, 2000). To fully quantify volatile behavior and to establish the
degassing budget of magma systems or individual eruptions, it is necessary to study magma volatile compo-
sition and concentrations from crustal reservoirs up to eruption.

The first classical model of a magma storage zone within the crust was a more or less spherical “pocket” of
liquid material within the solid crust, that is, a tank-like “magma chamber.” However, current models advo-
cate that most crustal-scale magma plumbing system are made up of “crystal-rich magma mush” (Bachmann
& Bergantz, 2008; Cashman et al., 2017; Cooper, 2017). Most of this mush is too viscous to flow, but magma
can be mobilized by several processes. The magma is generally thought to be stored at different levels, with
the most eruptible portions in the upper part of the reservoirs (Bachmann & Bergantz, 2008; Miller &
Wark, 2008), which only represent a low fraction of the total magma volume (Annen et al., 2008). These sto-
rage areas, located at variable depths within the crustal column, are inferred to communicate through a frac-
ture network, forming a transcrustal magmatic system (Cashman et al., 2017; Sparks & Cashman, 2017).

The study of volatile elements in magmatic systems moreover provides valuable information on storage con-
ditions as their solubility depends upon physical and chemical conditions in the reservoirs (e.g., Carroll, 2005;
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Clemente, 2004; Di Matteo et al., 2004; Ghiorso & Gualda, 2015; Newman & Lowenstern, 2002; Papale, 1997;
Putirka, 2008). Melt inclusions are small pockets of quenched magma enclosed in crystals, which are compo-
sitional recorders of the magma that surrounded the crystal when they were trapped. Their volatile content is
representative of pre-eruptive conditions, unless the inclusions have undergone post-entrapment modifica-
tions (Kent, 2008; Métrich & Wallace, 2008). The melt inclusion compositions can thus be used to determine
magma storage conditions (Ghiorso & Gualda, 2015; Putirka, 2008; Wallace et al., 2015) and also to establish
degassing budgets by comparison with residual volatile contents measured in matrix glasses. This approach,
also called the “petrological method,” may provide tight constraints on volatile degassing prior to chemical
reactions within volcanic emission plumes (Aiuppa, 2009; Roberts et al., 2009).

Our study quantifies the volatile degassing budget during the explosive eruptions produced by Morne Trois
Pitons-Micotrin (MTPM) volcanic complex during the last 18 ka and also provides new constraints on the
magma plumbing system beneath the central part of Dominica. We have focused our study on a series of pli-
nian eruptions that occurred over the last 20 ka following a series of more voluminous ignimbrites dated to
60-20 ka that have already studied (Balcone-Boissard et al., 2018; Boudon et al., 2017; Solaro et al., 2019). We
conclude by comparing our insights on the magma plumbing system beneath Dominica to other volcanic
systems of the Lesser Antilles arc and by comparing halogen and S degassing budgets to those of major explo-
sive eruptions that have occurred worldwide.

2. Geological Context

The Lesser Antilles arc is an 800 km long subduction arc, which extends from Anguilla and Saba island (in the
North) to Grenada island (in the South), with a convexity toward the east (Figure 1a). The arc is active since
the late Miocene, resulting from subduction of the North-American plate beneath the Caribbean plate at low
velocity (~2 cm/year) (Macdonald et al., 2000) that yields a low magma production rate (5 km?/Ma/km)
(Wadge, 1984). North of Dominica, the arc is divided into two segments. The outer segment, from Anguilla
to Dominica, is made up of old volcanic islands, which are mostly covered by carbonate platforms. The inner
segment, from Saba island to Dominica, comprises the youngest islands with active volcanoes (Mount
Scenery [Saba], Mount Liamuiga [St Kitts], Soufriere Hills [Montserrat], and Soufriére [Guadeloupe]).
South of Dominica, the two segments of the arc merge, where recent volcanism builds on old volcanic islands.

Dominica is located in the central part of the arc, where the two northern segments merge. In contrast to the
other islands of the arc that have only one active volcano, Dominica has four main active volcanic centers.
These are, from North to South, Morne aux Diables, where a seismic crisis occurred in 2010 (Watts
et al., 2012), Morne Diablotins, MTPM, and Plat Pays Volcanic Complex (PPVC). Small satellite centers
are also present south of MTPM.

Numerous studies have characterized Dominica’s volcanic activity (Lindsay, Smith, et al., 2005; Smith
et al., 2013). Sigurdsson (1972), Sparks et al. (1980), and Whitham (1989) specifically studied some large
ignimbrites and their offshore extension. Other studies focused on the volcanic evolution of the southern
PPVC complex and its magmatic evolution (Gurenko et al., 2005; Halama et al., 2006; Le Friant et al., 2002;
Lindsay et al., 2003; Lindsay, Trumbull, et al., 2005; Roobol et al., 1983). More recently, Smith et al. (2013),
Howe et al. (2015, 2014), and Boudon et al. (2017) proposed a stratigraphy of the explosive eruptions that
occurred in the central part of Dominica. Howe et al. (2014) and Frey et al. (2018) dated ignimbrites by U-
Th/He and U-Th zircon ages, respectively, whereas Boudon et al. (2017) proposed a detailed chronostratigra-
phy based on a series of *C dates. The storage conditions of the magma at the origin of the large ignimbrites
from the central part of Dominica have been determined on the basis of volatile contents preserved in melt
inclusions (Balcone-Boissard et al., 2018) and through phase-equilibrium experiments (Solaro et al., 2019).

Boudon et al. (2017) distinguished five large ignimbrites of 3 to 5 km> (DRE). Two of the corresponding erup-
tions were discharged from Morne Diablotins volcano (Grande Savane and Layou; Layou being dated at
50.6 ka, Figure 1c). The other three ignimbrites were generated by the MTPM volcano: the Grand Bay
(>60 ka) Roseau (33 ka) and Grand Fond (24 ka) ignimbrites. The five eruptions each started with a plinian
phase followed by voluminous pumiceous pyroclastic density currents (PDCs) that filled several valleys and
flowed into the sea generating thick turbidity currents. On-land, the PDC deposits are up to several tens of
meters thick and welded (Boudon et al., 2017). The MTPM volcano also produced a series of plinian erup-
tions, which generated pumice fallout deposits and few PDCs (Boudon et al., 2017) (Figures 1b and 1c).
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Figure 1. (a) Map of the Lesser Antilles arc and Dominica island. (b) Map of Dominica with Morne Diablotins volcanic
system (blue), Morne Trois Pitons-Micotrin volcanic system (red), and ignimbrite deposits (gray). The green star
indicates the sampling location. (c) Chronology of the plinian eruptions of the central part of Dominica (Morne
Diablotins and Morne Trois Pitons-Micotrin) for the last 60 ka (modified from Boudon et al., 2017). Gray: large
ignimbrite deposits; orange, yellow, green, and blue: pumice fallout deposits from Goodwill, PPR1, PPR2, and PPR3,
respectively; brown: pumice fallout deposits from other plinian eruptions; and pink: PDC deposits from Plinian
eruptions. (d) Photos of the pumiceous deposits in the Goodwill quarry (Roseau) showing fallout deposits from three
plinian eruptions (PPR1, PPR2, and PPR3) overlying the Roseau ignimbritic deposit. (e) Goodwill entrance fallout
deposit. (f) PPR1 and PPR2 fallout deposits. (g) PPR3 fallout deposit.
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The volume of fall deposits from the plinian eruptions are 1 order of magnitude lower than the volume of
ignimbrite deposits (0.3 to 0.5 and 3 to 5 km?, respectively, Boudon et al., 2017). Our work focuses on four
of the post-ignimbrite plinian eruptions: “Goodwill entrance” (18 ka; hereafter referred as Goodwill) and
“Plinian Post-Roseau” (PPR) 1 to 3 (12.6, 12.5, and 9.4 ka, respectively). The deposits of these four plinian
eruptions are found on the western coast in the Roseau valley. The Goodwill eruption produced a plinian
fall deposit (Figure 1le) overlain by a PDC deposit. These deposits are confined to a valley within the
Roseau ignimbritic deposits. The reference section is located near the Goodwill quarry (15°18'30”N, 61°
23’03"W; Boudon et al., 2017). The PPR1 to PPR3 deposits cover the Roseau ignimbrites in the Goodwill
quarry (Figures 1d and 1f). PPR1 is a normally graded plinian deposit (1.25 m thick; Figure 1f); no PDC
deposits are recognized to be associated with this eruption. PPR2 and PPR3 are plinian eruptions, both asso-
ciated with PDCs recognized on field (Figures 1d, 1f, and 1g). At the top of the Goodwill quarry, thick
reworked deposits cover the PPR3 pumice fallout deposits (Figure 1d).

3. Materials and Methods
3.1. Sampling

Pumice fallout deposits were studied for each of the four eruptions (Figure 1). Pumice samples were col-
lected between 2011 and 2013 as part of large sampling campaigns (Boudon et al., 2017). Due to thick vege-
tation, sampling was only possible only along sea cliffs, in large valleys, and on roadsides. Sampling location
is located on Figure 1b by a green star (see also Figure 2b of Boudon et al., 2017).

3.2. Sample Preparation

Several unaltered pumices from each eruption were collected. The pumices were gently crushed together to
coarse powders (up to 3 mm) to avoid breaking crystals. The powder was divided into two identical parts.
One part was further crushed into fine powder for whole rock analysis; the other part was used to separate
glassy matrix and minerals by sieving into different size fractions (125-250 um; 250-355 pm; 355-500 pm;
500-710 um; and 710 um to 1 mm). Each size fraction was first washed in an ultrasonic bath to separate fine
particles, and minerals were then separated by density in water.

Euhedral crystals were most abundant in the 355-500 pm size fractions. Orthopyroxene, clinopyroxene, pla-
gioclase, and magnetite (hereafter referred as OPX, CPX, PLAG, and MGT, respectively) were handpicked
under a binocular microscope, mounted separately in epoxy resin. The mounts were roughly polished using
sandpaper with decreasing grain size and finally polished using 0.3 um using Al,Oz-impregnated lapping
films, to expose melt inclusions at the surface (Supporting Information Figures S1-S3). Some pumice frag-
ments were also mounted in epoxy resin and polished for point analysis of residual glass.

3.3. Textural Observations and Geochemical Measurements

Textural observations were performed with a scanning electron microscope (SEM) at the “Institut des
Sciences de la Terre de Paris,” Sorbonne Université (Paris). The minerals, which are translucent under an
optical microscope (with the exception of MGT), allow the shrinkage bubbles to be perceived. After having
selected the melt inclusions that do not contain any, we first screened them using energy-dispersive X-ray
spectroscopy (EDS) to determine their composition, to avoid analyzing crystallized or partly crystallized
inclusions during subsequent analysis (Figures S1-S3). Glass shards mounted in epoxy were also screened
by SEM in order to select matrix glass area large enough to be analyzed by electron microprobe.

Point analyses of major elements (Si, Ti, Al, Fe, Mg, Mn, Ca, Na, K, P), F, and CI were performed on selected
melt inclusions, host minerals, and residual glasses using a CAMECA SX five electron microprobe (EPMA)
at Camparis (Paris). An acceleration voltage of 15 keV was used, with a beam current of 10 nA for major ele-
ments and of 80 nA for F and Cl. Counting time was 10 s for major elements, 120 s for F, and 60 s for Cland S,
to provide lower detection limits. Na was analyzed first to minimize loss by volatilization under the electron
beam. The beam size was also defocused to 10 um to minimize volatile loss for all glass analyses, while it was
focused for host mineral analyses. For inter-calibration of EPMA sessions, three internal standards were
analyzed in the same conditions as the samples (CO5, LIP, and LGM, Balcone-Boissard et al., 2008).
Standards and samples were carbon-coated together to avoid bias caused by a different coat thickness.
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H,0, CO,, Br, and S concentrations in melt inclusions were measured at the Centre de Recherches
Pétrographiques et Géochimiques (CRPG) of Nancy (France), using a IMS 1280 HR2 Secondary Ion Mass
Spectrometer (SIMS) following the methodology of Bouvier et al. (2010), Métrich and Deloule (2014) (for
H,0, CO,, and S), and Cadoux et al. (2017) (for Br). Calibration curves for H,O, CO,, S, and Br were calcu-
lated using best fit regressions in [H,O] versus 160H/80, [CO,] versus 2C/*20, [S] versus 32S/*°0, and [Br]/
[SiO,] versus ®'Br/>’SI'®0;, respectively, from standards coming from Jochum et al. (2006). H,0O, and CO,
and S calibration curves (Figure S4) were normalized to oxygen because the oxygen content is approximately
constant in all magma compositions from basalts to rhyolites, regardless the silica content. The signal is thus
less composition dependent than if it was normalized to silica. Moreover, OH™ ions are formed in the
plasma, which make their concentration independent from the silica content. Br calibration curve was nor-
malized to silica content in the inclusion (previously measured with EPMA) to cast off silica content depen-
dency. Regression curve for H,O was fitted by a polynomial, whereas CO,, S, and Br were fitted by a linear
regression. For each volatile species, sample concentration fell within standard composition range. The
mean standard deviation on H,O measurements is 125 ppm, 43 ppm for carbon dioxide, and 1 ppm for sul-
fur. We monitored signal stability during the analysis of every volatile element, which allowed us to rule out
inclusions where the signal was unstable.

Trace element concentrations in melt inclusions (measured as 5Li, “Li, 2’Al, **Ca, **Ca, >°Co, °°Ni, 5°Rb,
sssr’ 89Y’ %Zr, 93Nb, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165H0, 166Er,
169Trn, 172Yb, 175 Lu, 232Th, 23 8’U) were analyzed by laser-ablation ICP-MS (using an ArF RESOlution exci-
mer laser-ablation system coupled to a high-resolution sector field Thermo Finnigan Element XR mass spec-
trometer) at the Laboratoire Magmas et Volcans of Clermont-Ferrand, with the following conditions:
Ablation gasses were pure He (730 ml/min) and N, (5.5 ml/min) with Ar as auxiliary and cooling gas; laser
diameter was varied between 9 um for the smallest inclusions and 30 um for the largest; fluence was set to
2.8 J-cm™?; and measurements were divided into background acquisition (30 s) and peak acquisition (90 s).
All analyses were performed in low-resolution mode. NIST612 was used as external (primary) standard
(Gagnon et al., 2008), while NIST610 and BCR-2G were used as quality controls (Gagnon et al., 2008;
Sigmarsson et al., 2013). “*Ca was used as the internal standard, which was determined by electron microp-
robe. Primary standards were analyzed three times at the beginning and at the end of each run between 10
and 15 sample and control analyses.

Whole-rock major-element compositions reported are those determined by Boudon et al. (2017), which were
analyzed by ICP-OES at CRPG (Carignan et al., 2001). Bulk halogen and S contents were extracted by pyr-
ohydrolysis and analyzed by ionic chromatography for F, Cl, and SO,>~ and by ICP-MS for Br at IPGP
(Balcone-Boissard et al., 2009; Michel & Villemant, 2003).

4. Results
4.1. Post-Entrapment Modifications of Melt Inclusions

Melt inclusions give valuable information on magma storage conditions, provided that they stay unmodified
after entrapment. Many authors cautioned against melt inclusions changes after entrapment, such as crys-
tallization of daughter minerals, H* diffusion through the host mineral, or CO, migration into shrinkage
bubbles (e.g., Baker, 2008; Cannatelli et al., 2016; Danyushevsky et al., 2002; Kent, 2008; Métrich &
Wallace, 2008; Sobolev, 1996; Sobolev & Danyushevsky, 1994), so it is important to ensure that the composi-
tion of the inclusions has not been altered. We have therefore paid particular attention to analyze only
bubble-free melt inclusions. Obviously recrystallized melt inclusions (i.e., microlite-bearing ones) were also
avoided; after measurements, we determined the degree of recrystallization, based on Fe-Mg or Ca-Na parti-
tion coefficients (Kp) proposed by Putirka (2008). The Rhodes diagrams on Figure S5 show the difference
between each melt inclusion and the equilibrium. The results suggest <3% recrystallization of melt inclu-
sions in OPX and CPX. Melt inclusions in PLAG appear to have experienced recrystallization by typically
~5%, but sometimes up to 10%. Only melt inclusion compositions with recrystallization limited to <8% were
considered.

Just as we only selected bubble-free inclusions and checked the signal stability, we made sure that analysis
gave consistent results and rejected outliers. CO, is poorly affected by diffusion through the host mineral but
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Figure 2. TAS diagram for whole rocks (crosses), residual glasses (empty squares), and selected melt inclusions hosted by
OPX (filled triangles), CPX (filled circles), PLAG (filled diamonds), and MGT (filled squares), presented for Goodwill
(orange), PPR1 (yellow), PPR2 (green), and PPR3 (blue). The solid blue circle and the dashed blue circle mark domains of
ignimbrite melt inclusion and whole rocks compositions, respectively (from Balcone-Boissard et al., 2018).

much more by the formation of shrinkage bubbles (Métrich & Wallace, 2008; Portnyagin et al., 2008).
However, two incompatible and volatile species such as CO, and H,O should have the same behavior
whereas high and low CO, values were associated to mean H,O concentrations over the range of values.
It is therefore unlikely that the measurements were impacted by shrinkage bubbles. Regarding H*
diffusion through the host mineral, as also observed on Dominica (Gurenko et al., 2005), losses of both
H™" and Li resulted in low concentrations of both hydrogen and Li and were higher in PLAG than in OPX,
with diffusion in the latter being slower. Conversely, we observe that the lowest Li values are measured in
CPX inclusions and correspond to high water contents (Figure S6). Thus, the values seem only slightly
affected by H loss.

4.2. Melt Inclusion and Matrix Glass Major-Element Composition

The whole rocks of the four studied eruptions have a homogeneous major-element composition and lie at
and near the boundary between the andesite and the dacite field in the TAS diagram (Boudon et al., 2017;
Figure 2 and Table S1). A total of 197 melt inclusions was analyzed for the four studied eruptions, which
were enclosed in OPX, CPX, PLAG, and MGT. After elimination of melt inclusions with too high PEC,
171 melt inclusions were retained. Their compositions are listed in supporting information (Tables S2 and
S4). The number of melt inclusions analyzed within each mineral species is not representative of the abun-
dance of the minerals in the magma, as the size and quantity of melt inclusions drastically vary from one
mineral to another. In OPX, melt inclusions are abundant, reaching 90 um in maximum dimension. In
PLAG and CPX, melt inclusions are also abundant, and they are commonly 20 to 40 um wide, but they often
contain bubbles or microcrystals. Melt inclusions in MGT, in contrast, are rare, they are <15 to 20 um in
maximum size, and they are often recrystallized. Thus, only few of them were measurable. Host-mineral
compositions are given in Table S2. All melt inclusions have a homogeneous rhyolitic composition, regard-
less of the eruption and the host mineral (Figure 2). Their alkali content (Na,O + K,0) varies from 4 to 7 wt
%, with most inclusions having concentrations between 6 and 7 wt%. Their melt inclusion SiO, content var-
ies from 71 to 79 wt%, with most values lying between 75 and 78 wt%. Melt inclusions plot in the medium-K
subalkali compositional field, as shown in the K,O versus SiO, plot (Figure 3a). The composition of residual
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Figure 3. (a) K,0 versus SiO,; (b) Al,03 versus SiO,; and (c) CaO versus SiO, for analyzed melt inclusions. The solid blue circle and the dashed blue circle mark
domains of ignimbrite melt inclusion and whole rocks compositions, respectively (from Balcone-Boissard et al., 2018).

matrix glasses encompasses the range of melt inclusion compositions, as shown in Al,O3; and CaO and
versus SiO, compositions (Figures 2 and 3). Difference in composition between whole rocks and melt
inclusions can be explained by mass balance between liquid (melt inclusions) composition and crystal
compositions, assuming 25% to 30% crystallization, as observed in previous ignimbritic eruption.

4.3. Melt Inclusion Host-Mineral Composition

The mineralogy of the magma emitted during the four eruptions is very similar, and similar to that of the
ignimbrites (Balcone-Boissard et al., 2018): In decreasing order of abundance, PLAG, OPX, CPX, and
MGT are present as phenocrysts in the magmas. Their composition is given in Table S2. Most of PLAG show
strong zoning, resulting from a complex crystallization history. Half of OPX and CPX are unzoned. All MGT
crystals are totally limpid. These crystals have a size between approximately 100 um and nearly a centimeter
in length. Microliths are rare, perhaps as a result of the rapid quenching of the pumice during the eruption.
Scarce amphibole was also found in PPR1 and PPR3, but no melt inclusions in amphibole were character-
ized. Table 1 gives the enstatite (En) content range of OPX; the wollastonite (Wo) content range of CPX;
the anorthite (An) content range of PLAG; and the Fe/(Fe + Ti) range of MGT.
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Table 1
Host-Mineral Compositional Range

OPX (mol% En) CPX (mol% Wo) PLAG (mol% An) MGT (mol% Fe/Fe + Ti)
Goodwill 51-54 41-44 47-68 47-87
n=10 n=13 n==_§ n=3
PPR1 50-55 43-44 44-68 46-86
n=32 n=10 n==~6 n=10
PPR2 51-56 43-44 42-70 46-87
n =20 n=9 n=9 n=9
PPR3 51-54 38-44 52-80 46-87
n=11 n=10 n=3 n==8

Note. n is the number of melt inclusion host minerals.

4.4. Magma Temperature

Equilibrium temperatures (Table 2) for melt inclusions and their host OPX, CPX, and PLAG and for two pyr-
oxenes (OPX-CPX) have been calculated using the thermometers of Putirka (2008): OPX-liquid (Equation
28a), CPX-liquid (Equation 33), PLAG-liquid (Equation 24a), and OPX-CPX equilibrium (Equation 37).
Equilibrium temperatures for MGT-ilmenites (ILM) were calculated following Sauerzapf et al. (2008).
Standard deviations of the estimates reported by Putirka (2008) are +41°C, 42°C, 36°C, and 60°C,
respectively.

Each of the crystal-melt thermometers requires an estimate of melt H,O content and crystal and melt inclu-
sion composition. The OPX-CPX thermometer, in contrast, requires input of OPX and CPX compositions
only. The PLAG-melt thermometer also requires an estimate for the crystallization pressure. For the other
thermometers, pressure and temperature can be iteratively calculated from the same compositions. For
crystal-melt thermometers, the mineral composition was measured close to the analyzed melt inclusion.
In case of OPX-CPX thermometer, core compositions were measured. The CPX-liquid and the OPX-CPX
thermometers give similar values; the OPX-liquid thermometer gives values higher than the OPX-CPX
and CPX-liquid thermometers, but with a similar deviation. The PLAG-liquid thermometer calculates values
higher than the other thermometers, yet within the uncertainty of the methods, and also a larger range of
temperatures. Only five MGT-ILM touching pairs were found in our samples from phenocrysts of three erup-
tions (Goodwill: three couples; PPR1: one couple; and PPR3: one couple). The standard error of the estimates
is 50°C (Sauerzapf et al., 2008).

4.5. Volatile Contents

4.5.1. Volatile Contents in Melt Inclusions

Volatile contents detected in melt inclusions in OPX, CPX, and PLAG are shown in Figure 4, and they are
listed in supporting information (Table S2).

Detected water contents in melt inclusions range between 0.77 + 0.01 and 3.25 + 0.01 wt% (Figures 4a, 5a,
and 5b). The concentrations in OPX- and CPX-hosted melt inclusions show values that are slightly higher

Table 2
Equilibrium Temperatures Calculated Using the Thermometers Proposed by Putirka (2008) and Sauerzapf et al. (2008)
OPX-liquid CPX-liquid PLAG-liquid OPX-CPX MGT-ILM
Goodwill 895 + 9°C 868 + 8°C 936 + 23°C 865 + 16°C 801 + 2°C
n=>5 n=38 n=38 n=>5 n=3
PPR1 893 + 9°C 869 + 7°C 911 + 19°C 868 + 11°C 796°C
n=9 n==6 n==6 n==6 n=1
PPR2 893 + 10°C 863 + 8°C 921 + 21°C 869 + 12°C
n=12 n=9 n=38 n=9
PPR3 886 + 6°C 867 + 5°C 980 + 58°C 874 + 33°C 784°C
n=4 n=10 n=3 n =10 n=1

Note. The reported values are mean temperatures and extreme calculated values.
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Figure 5. (a) CO, and H,O contents in melt inclusions. Gray crosses mark the composition of melt inclusions in
Dominica's ignimbrites (Balcone-Boissard et al., 2018). Isobars were calculated using VolatileCalc (Newman &
Lowenstern, 2002) for rhyolite and a temperature of 870°C. As these isobars were calculated for a mean rhyolitic
composition, they only give qualitative information. The dashed-dotted line corresponds to a 1% exsolution degassing
path, calculated with VolatileCalc (Newman & Lowenstern, 2002). (b) H,O versus Cl concentrations in melt inclusions.
The gray crosses mark the composition of melt inclusions in Dominica’s main ignimbrite units (Balcone-Boissard
et al., 2018). Dotted lines give the weight percentage of NaCl in aqueous fluids required to produce the observed Cl/H,0O
ratios.
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Figure 6. (a) S versus Cl concentrations. (b) F versus Cl concentrations. (c) Br versus Cl concentrations. Gray crosses correspond to melt inclusion compositions in
ignimbrites (Balcone-Boissard et al., 2018). Error bars are associated to melt inclusion values; uncertainties associated to residual glass are smaller than data

points.

(1.82 + 0.02 to 3.25 + 0.01 wt%) than those of melt inclusions hosted by PLAG and MGT (0.77 + 0.01 to
2.86 + 0.05 wt%). Regardless of the host mineral, concentrations are similar for the different eruptions.

Carbon dioxide concentrations in melt inclusions are highly variable depending on the host mineral. Melt
inclusions in MGT and OPX show the lowest CO, values, virtually all of them being below 1,000 ppm for
all eruptions (Figures 4b and 5a). Only two melt inclusions trapped in MGT show concentrations as high
as 1,719 + 40 ppm (PPR1) and 1,856 + 99 ppm (PPR2). In melt inclusions in CPX and PLAG, CO, concen-
trations are mainly between 100 and 2,000 ppm, but in PPR1 and PPR3, some melt inclusions comprise
between 3,000 and 4,000 ppm CO, (Figures 4b and 5a). As the *2C/*®0 signal was stable during the analysis,
the data are considered to represent true variation.

The sulfur content in the melt inclusions is lower than 60 ppm, and most of the values are between 40 and
50 + 0.8 ppm in OPX, CPX, and PLAG from all eruptions. Our analyses of sulfur contents in melt inclusions
contained in MGT are too limited to be conclusive.

Fluorine concentrations range between 172 and 594 + 163 ppm for all eruptions. The CPX- and
PLAG-hosted inclusions from all eruptions, as well as the OPX-hosted inclusions from PPR1, are mostly
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between ~300 and 400 ppm. The OPX-hosted inclusions from the other eruptions, however, show F contents
of mostly ~400 and 600 ppm. The MGT-hosted inclusions from PPR1 also show F contents mostly between
300 and 400 ppm, but between 200 and 300 ppm for the PPR2 and PPR3 inclusions. Analyzed melt inclusions
in MGT from Goodwill are not numerous enough to be conclusive.

Chlorine concentrations in melt inclusions range between 1,226 and 3,794 + 58 ppm for all eruptions.
MGT-hosted inclusions from Goodwill, PPR1, and PPR2 have predominantly between 2,000 and
2,500 ppm of Cl; those from PPR3 show CI contents of mostly 2,500-3,000 ppm. PLAG-hosted inclusions
from PPR1 and PPR2 predominantly have 2,000-2,500 ppm of Cl, while those from Goodwill and PPR3 have
mostly 2,500-3,000 ppm. In CPX, inclusions from Goodwill, PPR2, and PPR3 mostly contain 2,000 to
2,500 ppm of Cl, whereas PPR1 inclusions mostly have 2,500 to 3,000 ppm. In OPX, inclusions from
Goodwill and PPR2 mainly contain 2,500-3,000 ppm of Cl; those from PPR1 more commonly have 2,000
2,500 ppm of Cl, and those from PPR3 show the widest range in Cl contents, ranging from 1,000 to
4,000 ppm.

Bromine measurements were carried out on OPX- and PLAG-hosted melt inclusions. OPX-hosted inclusions
have concentrations from 6.0 + 0.2 to 10.0 + 0.6 ppm in all eruptions; PLAG-hosted inclusions show concen-
trations between 7.0 + 0.5 and 20.0 + 5.5 ppm of Br.

4.5.2. Volatile Contents in Residual Glasses

Water and carbon dioxide concentrations could not be measured in the matrix glasses by SIMS due to the
small-size glass area.

Halogen and sulfur contents in residual glasses were calculated from the concentration obtained through
pyrohydrolysis on whole rocks (Table S1) and corrected for crystal content. The calculated compositions
are comparable for the different eruptions. F concentrations range between 148 + 3 and 212 + 7 ppm. Cl con-
centrations vary between 606 + 2 and 1,304 + 1 ppm. Br concentrations range between 1.9 + 0.1 and
3.24 + 0.1 ppm, and S concentrations between 3 and 42 + 3 ppm.

4.6. Trace Element Contents in Melt Inclusions

Trace element compositions are reported in Table S3. The high field strength elements (HFSEs) show a
strong correlation in melt inclusions, as shown for U and Th ([U] = 0.32*[Th]) (Figure S7). Melt inclusions
hosted in all mineral types and from all eruptions show comparable compositions and compositional trends
with 5 to 12 ppm of Th and 1.7 to 3.7 ppm of U. Only few melt inclusions in PLAG from PPR3 have higher
concentrations, up to 20 ppm of Th and 7 ppm of U. Li concentrations vary between 5 and 15 ppm, regardless
the eruption and the host mineral.

5. Discussion

5.1. Magmas Storage Conditions for Goodwill, PPR1, PPR2, and PPR3

5.1.1. Temperatures

The pre-eruptive magma storage temperatures calculated using the OPX-CPX thermometer (from 865 + 60°
C for PPR3 to 874 + 60°C for PPR1) and the CPX-melt thermometer (from 863 + 42°C for PPR2 to 869 + 42°
C for PPR1) are close to the pre-eruptive temperatures inferred by Gurenko et al. (2005) and Lindsay,
Trumbull, et al. (2005) for silicic lavas from the PPVC (760-880°C and 800-890°C, respectively), and con-
sidering uncertainties, similar to the ~850 + 25°C proposed by Solaro et al. (2019) for the magmas that
fueled the ignimbrite eruptions from the same eruptive centers (i.e., Morne Diablotins and MTPM). The
OPX-CPX and CPX-melt equilibria give the results the most consistent with previous studies carried out
in this area (Balcone-Boissard et al., 2018; Gurenko et al., 2005; Lindsay, Trumbull, et al., 2005; Solaro
et al., 2019). OPX-melt thermometer calculates temperatures slightly hotter than those obtained by
OPX-CPX and CPX-melt thermometers (from 886°C for PPR3 to 895°C for Goodwill), but within the uncer-
tainties of the methods. Crystallization temperatures calculated using the PLAG-melt thermometer are
higher than those of OPX-melt; they range between 914 + 36°C (PPR1) and 976 + 36°C (PPR3). Yet these
thermometric results may be taken with caution, since PLAG shows strong compositional zonings
(Figure S3) that indicate a much more complicated crystallization history than for OPX. The apparently
higher equilibration temperatures of some PLAG and their melt inclusions may also indicate that some
PLAG crystals are antecrysts that derive from a higher temperature recharge magma that was added to
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the reservoir shortly prior to eruption, but a more likely explanation is that the input H,O contents used for
the thermometric calculations are slight underestimates compared to saturation H,O values.
Underestimated melt H,O contents strongly increase calculated PLAG-liquid temperatures, but they only
slightly increase the other calculated crystal-liquid temperatures (Putirka, 2008). The PLAG-melt thermo-
metric estimates are therefore not likely to be representative for the pre-eruptive storage conditions. The
MGT-ILM thermometry indicates equilibration about 100°C lower than for the other equilibria.
Regardless of our limited data set, we attribute this difference to re-equilibration during cooling, for exam-
ple, during ascent. In summary, the results of the thermometry thus suggest pre-eruptive temperatures
between 860°C and 890°C.

5.1.2. Fluids in the Reservoir

Degassing paths calculated with the VolatileCalc rhyolite solubility model (Newman & Lowenstern, 2002)
indicate closed-system degassing with 0% exsolution (Goodwill and PPR2) or 1% exsolution (PPR1 and
PPR3; Figure 5a). Furthermore, some melt inclusions contain high CO, concentrations (3,000 to
4,000 ppm) but comparatively low H,O concentrations (<2.7 wt%) and therefore very low H,O/
(H,0 + CO,) ratios. Balcone-Boissard et al. (2018) also observed such high CO, contents in melt inclusions
from MTPM ignimbrites. Caricchi et al. (2018) attributed this phenomenon to CO, flushing from deep levels
within the magma plumbing system, driving melt dehydration and crystallization at shallower levels.
Following this interpretation, high CO,-low H,O compositions detected in melt inclusions from Dominica
could be attributed to water loss triggered by the flushing of magmas stored at shallow depths by ascending
CO,-rich fluid phase degassed from deeper magma. High CO, degassing is observed within the valley of
Desolation as evidenced by Di Napoli et al. (2013). It would be consistent with a transcrustal magma system
composed of various storage depths.

Chlorine content in melt inclusions is independent of Th concentration, which is a marker of a buffering
effect on Cl concentration of silicate melt (Figure 4). Signorelli and Carroll (2002) have shown that in pho-
nolites at pressures lower than 200 MPa, Cl concentration is buffered by a three-phase system of silicate melt,
a hydrous vapor, and a brine. This buffer maintains a constant Cl concentration in the melt.
Balcone-Boissard et al. (2016) have observed a similar Cl buffering phenomenon in phonolitic and trachytic
residual glasses from Vesuvius. It is thus reasonable to posit that Cl is buffered in the rhyolitic melt involved
in the studied eruptions and stored under pressures of < ~200 MPa. Part of Cl is thus partitioned into the
fluid phase.

Figures 6b and 6¢c show that F and Br concentrations decrease for a constant Cl concentration in melt inclu-
sions, interpreted to record Cl buffering in the presence of Cl-rich brine (Balcone-Boissard et al., 2016).
Residual glasses have the same F/Cl and Br/Cl ratios as the most F-depleted and Br-depleted melt inclusions,
which suggests that the degassing behavior during ascent remains in equilibrium. Otherwise, residual
glasses would have different halogen ratios than the melt inclusions, though they define low-value end-
members.

S/Cl ratio is largely invariant for the analyzed melt inclusions and residual glasses, yet somewhat higher in
the melt inclusions (Figure 6a). Sulfur concentrations are low, even in melt inclusions, and they show no
clear trend. Sulfur seems to be almost totally exsolved from the melt before melt inclusion entrapment, or
poorly concentrated in the source and the magmas. That is why S degassing budgets appear to be quite low
and more variable than the ones for the halogens: They range from 3.06 x 10~% Mt/km? (Goodwill) to
6.92 x 102 Mt/km? (Roseau). Because of the low values and the relatively high variability, it is reasonable
to think that S behaves differently from the halogens. Several authors have shown that sulfur solubility is
low in felsic magmas and easily exsolves from the silicate melt to a fluid phase (e.g., Gerlach et al., 1996;
Scaillet et al., 1998; Wallace, 2005). It is likely that the sulfur has partitioned into a fluid phase, probably
the same one that also buffers chlorine. However, we cannot exclude that S underwent at least partial pas-
sive degassing. Therefore, calculated emissions of S are likely to give only a minimum value.

5.1.3. Storage Pressures and Depths

The solubility of H,O-CO,-dominated fluids for a given temperature and melt composition largely depends
on the storage pressure. Thus, if the magma is fluid saturated, the measured H,0O-CO, concentration pro-
vides constraints on magma pressure when the melt inclusion was trapped. MagmaSat (Ghiorso &
Gualda, 2015) was used to calculate fluid-saturation pressures for each melt inclusion composition. The
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Table 3
Halogen Emissions for the Eruptions Studied in This Article and Those Found in Literature
Min vol Max vol S min S max F min F max CIl min Cl max Br min Br max Ref.
magma magma  (Mt/km®) (Mtkm®) Mt/km®) Mtkm®) Mt/km®) Mt/km®) Mt/km®)  (Mt/km?)
(km>) (km>)
Dominica
Layou, 50.6 3.00 5.00 0.02 0.05 0.00 0.14 0.47 1.56 0.01 0.03 1
ka BP
Roseau, 33.3 3.00 5.00 0.00 0.07 0.00 0.26 0.68 2.85 0.03 0.04 1
ka BP
Grand-Fond, 3.00 5.00 0.02 0.05 0.00 0.22 0.35 1.47 0.02 0.03 1
24 ka BP
Goodwill, 0.30 0.50 0.00 0.03 0.01 0.27 2.12 3.96 0.01 0.02 1
18.1 ka BP
PPR1, 12.6 0.30 0.50 0.00 0.04 0.00 0.25 0.86 2.70 1
ka BP
PPR2, 12.5 0.30 0.50 0.00 0.05 0.00 0.28 0.76 2.29 0.01 0.02 1
ka BP
PPR3, 9.4 ka 0.30 0.50 0.00 0.05 0.00 0.20 0.32 3.78 0.01 0.02 1
BP
Magma (km3) S min S max F min F max ClI min Cl max Br min Br max Ref
Mt/km®) Mt/km®) (Mt/km>) (Mt/km®) Mt/km®) Mt/km>)  (Mt/km>)  (Mt/km>)
Other eruptions
Santorini 39 39 0.01 0.92 0.58 0.61 1.30 17.31 0.00 0.04 2
ka BP
Samalas 1215 AD  37-43 1.70 2.30 5.65 5.70 0.03 0.04 3
Tambora 1815 AD 30 0.88 0.97 3.99 7.00 4;5;6
Krakatau 4 0.24 0.91 5,6
1883 AD
Soufriere Hills 0.02 4.50 5.51 0.15 0.49 7; 8
20/05/2006
Mt St Helens 0.24-0.40 1.88 3.10 4;9;
1980 AD 10

Note. When values are given as gas molecule, it is considered that the element is only emitted as the given molecule, and the weight emission is then recalculated

to the sole element. For instance, S is given as SO,: mg = Mg * ng =

s . . .
* mgo,, where m is the mass and M the molar mass. It allows easier comparison of gas
S0,

emissions from heterogeneous values scattered in the literature, even if it leads to a slight underestimation of the total emission for the element. References: (1)
Boudon et al. (2017); (2) Cadoux et al. (2015); (3) Vidal et al. (2016); (4) Self et al. (2004); (5) Self (2006); (6) Palais and Sigurdsson (1989); (7) Wadge et al. (2010);
(8) Prata et al. (2007) in Mather (2015); (9) Carey and Sigurdsson (1985); (10) Gerlach and McGee (1994).

MagmasSat calculations mostly give pressures between 50 and 150 MPa (Table S2), which corresponds to a
depth range of 1.8-5.5 km, considering a mean density of 2,800 kg/m®. The results are consistent with
pressures retrieved from the H,0-CO, solubility curves calculated using the VolatileCalc rhyolite
solubility model (Newman & Lowenstern, 2002) for a mean temperature of 870°C (Figure 5a). Following
this solubility model, the majority of the compositions give pressures between 50 and 200 MPa, that is,
depths of 1.8 to 7.3 km.

Nevertheless, some melt inclusions have H,O-CO, contents that indicate storage pressures much higher
than 200 MPa (Figure 5a). These inclusions are trapped in PLAG with compositions (Ans;_se) in the range
of the PLAG compositions (Ans,_g7) experimentally crystallized by Solaro et al. (2019) at pressures of 300 to
400 MPa. According to the phase relations determined by Solaro et al. (2019), amphibole should however
also be stable above 200 MPa (for melt H,O contents >6 wt%). Yet amphibole is particularly scarce
(<1vol%) in magmas from the investigated plinian eruptions. Therefore, it is reasonable to consider that part
of the crystal assemblage are antecrysts that grew at pressures higher than 200 MPa before ascent and storage
in a shallower reservoir(s), where most of the crystals grew and where they trapped most of their melt inclu-
sions. The H,O content of melt inclusions trapped at deeper levels may have re-equilibrated at shallower
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level, while CO, diffusion through PLAG or pyroxenes is exceedingly sluggish, thus preserving evidence for
deeper-level crystallization.

The C1-H,O0 solubility isobars in a rhyolite melt (Webster, 1997) also give constraints on storage pressure, yet
with lower precision than in the H,O-CO, system (Figure 5b). Melt inclusion compositions for the four erup-
tions, however, equally indicate equilibration pressures between 50 and 200 MPa, and they are thus consis-
tent with our estimates based on H,0-CO, compositions.

Another way to estimate storage pressure is to compare measured volatile concentrations to solubility laws.
No solubility law exist for Cl in rhyolitic liquid, but Signorelli and Carroll (2002) experimentally determined
one for trachytes (which have comparable SiO, contents but higher alkali contents than the studied rhyolitic
melts). Using this law also suggests that the highest Cl concentrations correspond to pressures of 200 MPa,
that is, depths of 7.3 km.

All lines of evidence considered thus indicate that the magmas erupted in the investigated plinian eruptions
were stored at maximum pressures of ~200 MPa, that is, at a depth of <7.3 km if we assume a mean crustal
density of 2,800 kg/m3 .

5.2. Comparison With Ignimbrites in the Central Part of Dominica—Implications for the
Plumbing System Architecture in Dominica

Halogen element ratios in melts depend on their magma source. Balcone-Boissard et al. (2010) have
shown that the ratio is conservative during differentiation and degassing. The similar halogen signature
(Figure 6), the similar major-element composition (Figures 2 and 3), and trace element ratios
(Figure S7) in melt inclusions of the plinian eruptions and the ignimbrites indicate a common magma
and fluid source at depth.

Balcone-Boissard et al. (2018) and Solaro et al. (2019) determined that the magma(s) feeding the ignimbrite
eruptions were stored at a depth of approximately 16 km beneath Dominica. Using crustal density models of
Kopp et al. (2011) and Melekhova et al. (2019) to the North of Dominica, Solaro et al. (2019) deduced that
these depths correspond to the boundary between the lower and middle crusts. According to the same crus-
tal models, our results suggest storage of the magmas that fueled the plinian eruptions at the limit between
the middle and upper crusts, or within the upper crust. This suggests that the Goodwill and PPR1 to PPR3
eruptions were fed by magmas that were stored at much shallower depths than those that fueled the ignim-
brite eruptions. The inferred storage conditions are close to those proposed by Gurenko et al. (2005) and
Lindsay, Trumbull, et al. (2005) for the PPVC magmas, for which they estimated ~760-880°C, 200 MPa
and 800-890°C, 200-300 MPa, respectively.

Such a high range of storage depths, correlated with a common magmatic source, is consistent with the tran-
scrustal magmatic system model (Sparks & Cashman, 2017), in which crystal-rich magma mush (e.g.,
Cooper, 2017) extends throughout all or most of the crustal column.

5.3. Comparison With Other Islands of the Lesser Antilles Arc

The importance of shallow magma storage determined for the plinian eruptions on Dominica has also been
proposed for the volcanic systems under several other islands of the Lesser Antilles arc. Beneath Montagne
Pelée (Martinique), magma feeding the last eruptions has been stored at 200 + 50 MPa and 875-900°C,
according to experimental petrology investigations (Annen et al., 2008; Martel et al., 1998; Pichavant
et al., 2002). Pichavant et al. (2002) also experimentally determined that more mafic magmas were stored
at 400 to 500 MPa beneath Montagne Pelée. For the last dome-forming eruption of la Soufriere de
Guadeloupe, the erupted magma was also stored at low pressure of 135 to 200 MPa according to experimen-
tal petrology (Pichavant et al., 2018). Devine et al. (2003) further proposed that Monserrat is underlain by
several magma reservoirs differing in composition and depth. Edmonds et al. (2016) argued that beneath
Montserrat, a mushy plumbing system extends from 4 to 16 km with different isolated magma bodies, and
a main active reservoir located at a depth of 8-12 km.

A number of studies thus suggest that a magma ponding zone is commonly developed at a depth of approxi-
mately 5 to 8 km beneath the islands of the Lesser Antilles arc, corresponding to the limit between upper and
middle crusts, according to the crust model proposed by Melekhova et al. (2019). The wide range of storage
depths beneath Dominica (Balcone-Boissard et al., 2018; Solaro et al., 2019; this study), Martinique (Annen
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et al., 2008; Martel et al., 1998; Pichavant et al., 2002), Guadeloupe (Pichavant et al., 2018), and Montserrat
(Devine et al., 2003; Edmonds et al., 2016) is in good agreement with a transcrustal magma system (Cashman
et al., 2017) and allows to suspect such plumbing systems also beneath other, less-studied islands of the
Lesser Antilles arc.

5.4. Volatile Behavior and Degassing Budgets

5.4.1. Dominica

Degassing budgets were calculated from the difference in concentration between melt inclusions (pre-erup-
tive concentrations) and residual glasses (post-eruptive concentrations). The released mass of a volatile ele-
ment X during the eruption (in kg) corresponds to the mass of X in the pre-eruptive magma (my™*™%)

multiplied by the degassed fraction (f;) of X.

™™

_ _ cryst (4
XM — [x]R¢ B X]aar ( Tro X fRG)>
X! X

fa=

where [X]i is the molar concentration of X in the phase i, fz¢ is the fraction of residual glass, and MI, WR,
and cryst are melt inclusion, whole rock, and crystal, respectively.

ES *
magma _ ~MI % _ ny * Mx * _ [X]MI Mx ®
my = LCx " Mipagma = ¥ Minagma = 6 * Mmagma
nwr * Mwg 10° * Mwr

where Cx! is the massic concentration of X in the melt inclusion (the pre-eruptive magma), M,qgma iS
the mass of magma, n; is the quantity of i, and M; is the molar mass of i.

Finally,

WR
e = Mg * 15y ) <[X]M’ - —fRG>)
The precision is affected by several factors. The maximum estimations are calculated from the highest con-
centrations and the minimum estimations are calculated from the lowest ones, originated the range
observed in Table 3. However, the major point of precision loss derives from the uncertainty on the
erupted magma volume (because of erosion on land and deposits in the ocean). Boudon et al. (2017) esti-
mated a maximum volume of 0.5 km? for each of the four plinian eruptions. Degassing budgets have also
been calculated for the three last ignimbrite eruptions on Dominica (Layou, Roseau, and Grand-Fond),
which are estimated at 3 to 5 km> (Boudon et al., 2017). The results are shown in Table 3. To allow com-
parison between eruptions, all degassing budgets were normalized to 1 km? of erupted magma.

The calculated mass of Cl degassing during the plinian eruptions varies between 1.47 Mt/km® (Grand-Fond)
and 3.96 Mt/km> (Goodwill). However, as it appears to be buffered by a fluid phase whose Cl concentration
cannot be estimated, the calculation gives a minimum value. The mass of F outgassing during eruption var-
ies between 1.41 x 10~" Mt/km?® (Layou) and 2.72 x 10~" Mt/km> (Goodwill). Br degassing output ranges
between 1.80 X 10~2 Mt/km> (Goodwill) and 3.85 x 1072 Mt/km?® (Roseau). Volume-normalized eruptive
outputs are thus comparable for the different eruptions for each halogen species. For every eruption, the
Cl degassing budget is 1 order of magnitude higher than the F degassing budget and 2 orders of magnitude
higher than the Br degassing budget. As S concentrations in the magma are low, degassing budgets seem low
and variable: They range from 3.06 X 10~* Mt/km?® (Goodwill) to 6.92 x 10™% Mt/km> (Roseau).

5.4.2. Comparison With Other Eruptions

Degassing budgets inferred for Dominica are here compared to those of several famous eruptions, differing
in their erupted volume of magma. Unfortunately, the literature does not provide complete halogen and S
data sets for these eruptions, but the main observation is that sulfur eruptive budgets of many volcanic cen-
ters are much more significant than those calculated in this study for the Dominican eruptions (ranging
between 0 and 0.07 Mt/km?>, Table 3). For instance, the Minoan eruption of Santorini volcano (39 ka BP)
released 0.01 to 0.92 Mt/km® of S (Cadoux et al., 2015), Samalas released 1.7 to 2.3 Mt/km?® (Vidal
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et al., 2016), and Soufriére Hills, Montserrat, even produced 4.5 to 5.5 Mt/km? of S (calculated from Prata
et al., 2007; Wadge et al., 2010). Halogen data are unfortunately too scarce for differentiated magmas to high-
light any clear trends, but chlorine degassing budgets are important wherever it has been measured (0.5 to
17 Mt/km?). Estimating F and Br through halogen ratios measured for Dominica or through literature data
(e.g., C1/Br = 273, Bureau et al., 2000) gives significant degassing values, and both halogens are thus likely to
be important volcanic discharge products.

6. Conclusions

Our study provides a better understanding of the crustal-scale magma plumbing system beneath the MTPM
volcanic center of Dominica. The Plinian eruptions (8-18 ka) were all fed by magmas from a reservoir stored
at 50-200 MPa and 860-880°C, unlike the ignimbrites that erupted between 60 and 24 ka BP, which were
stored at 300-400 MPa and about 850°C. However, the similar mineralogical and chemical composition of
the magmas discharged in the ignimbrites and post-ignimbrite plinian eruptions, and especially their com-
parable volatile element ratios, indicate a common source at depth. This common origin of the magmas from
all eruptions supports a transcrustal magmatic system model.

This study also establishes volatile degassing budgets for the recent explosive eruptions of Dominica during
the last 60 ka and highlights the importance of halogen element degassing. For each halogen species, the
eruptive budget normalized to magma volume is of the same order of magnitude for all investigated erup-
tions. F and Cl eruptive emissions are 1 and 2 orders of magnitude higher than those of Br. But CI degassing
budget is a minimum value considering the partitioning into a fluid phase highlighted by melt inclusions
investigation. This study highlights the necessity to take halogen species into account, in both melt inclu-
sions and matrix glasses, when estimating degassing budgets to estimate the environmental consequences
of eruptions.
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