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Highly explosive Plinian eruptions of basaltic magma are enigmatic because low melt viscosities should 
inhibit such eruptive style. Masaya volcano, Nicaragua, is a persistently active basaltic system capable of 
a wide range of eruptive styles, from open-conduit lava lake activity to voluminous Plinian eruptions; 
it is thus an ideal natural laboratory to constrain potential controls on basaltic eruption style. Here we 
report the major, trace, and volatile (CO2, H2O, S, Cl, F) element composition of olivine-, plagioclase-
and clinopyroxene-hosted melt inclusions as well as matrix glasses from lava lake ejecta and two Plinian 
tephra deposits—the 2.1 ka Masaya Triple Layer and the 1.8 ka Ticuantepe Lapilli—to test whether pre-
eruptive volatile contents and degassing history may be linked to eruptive style. All samples display a 
relatively narrow and largely overlapping basaltic–basaltic andesitic compositional range (51.7 ± 1.0 wt.% 
SiO2, 4.8 ±0.4 wt.% MgO) with similar trace element signatures (e.g., Ce/Y = 0.82 ±0.10, Ba/La = 74 ±11). 
However, lava lake and Plinian samples show systematic differences in pre-eruptive volatile contents, 
forming distinct groups with mean H2O contents of 0.6 ± 0.2 wt.% (lava lake), 1.1 ± 0.2 wt.% (Masaya 
Triple Layer), and 1.9 ± 0.3 wt.% (Ticuantepe Lapilli). Together, these groups generate broad positive 
correlations between S, Cl and H2O concentrations, with maximum values reaching 920 ppm, 1300 ppm 
and 2.3 wt.%, respectively, which are low compared to typical Central American arc magmas. Magma 
temperature estimates overlap and average at 1115 ± 30 ◦C, while volatile saturation pressures are low, 
mainly <100 MPa, although only lava lake samples record pressures <31 MPa. These observations 
reiterate the compositionally buffered state of the volcano’s magmatic system highlighted by previous 
work and demonstrate that — regardless of eruption style — all Masaya magmas undergo variable, 
but extensive, pre-eruptive degassing at low pressure. Geohygrometry, gas emissions, and H2O/Ce–Ba/La 
systematics suggest initial, undegassed H2O contents on the order of 3.9–5.5 wt.%. Our results imply that 
pre-eruptive volatile contents are not the culprit for Plinian events at Masaya. Instead, we propose that 
the volcano’s vigorous magma supply is modulated in a top–down manner to produce a wide range of 
eruptive styles, whereby temporary sealing of the conduit may instigate a transition to explosive behavior. 
In this model, rapid magma ascent is triggered when the seal eventually breaks from degassing-induced 
pressurization, yielding high degrees of undercooling, rapid microlite growth, and a dramatic increase in 
magma viscosity and explosive eruption potential. There may thus be a thin line between open-conduit 
conditions and Plinian eruptions at Masaya.
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1. Introduction

Explosive volcanic eruptions of Plinian style are usually asso-
ciated with magmas characterized by intermediate to high silica 
content and high viscosity. Basaltic magmas, on the other hand, 
have low melt viscosities that generally inhibit magma fragmenta-
tion and promote effusive or mildly explosive eruptive styles (e.g., 
Cassidy et al., 2018). The occurrence, albeit rare, of basaltic tephra 
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deposits of Plinian character (e.g., Williams, 1983) is thus puz-
zling and has fueled energetic research in the past two decades 
(e.g., Arzilli et al., 2019; Goepfert and Gardner, 2010; Houghton 
and Gonnermann, 2008; Moitra et al., 2018). Factors other than 
melt viscosity have been proposed to promote explosive behavior 
at basaltic volcanoes, including (1) initially high volatile content 
(particularly H2O and CO2) increasing magma buoyancy and over-
pressure during ascent (e.g., Helo et al., 2011; Roggensack et al., 
1997; Sides et al., 2014); (2) fragmentation of bubbly magma due 
to brittle failure of bubbles (e.g., Zhang, 1999); (3) high magma 
ascent rate preventing efficient gas–melt segregation (e.g., Barth 
et al., 2019; Goepfert and Gardner, 2010); and (4) syn-eruptive 
microlite growth yielding an increase in magma viscosity (e.g., 
Arzilli et al., 2019; Houghton and Gonnermann, 2008; Moitra et 
al., 2018). However, these factors may be interrelated — e.g., high 
pre-eruptive volatile contents may favor fast magma ascent — and 
it remains difficult to isolate a dominating mechanism for explo-
sive basaltic volcanism (Cassidy et al., 2018).

Masaya volcano, Nicaragua, is a basaltic arc volcano that shows 
little variation in magma composition over time but a dramatic 
range of eruptive styles, from open-conduit lava lake activity to 
voluminous Plinian fall deposits (Pérez et al., 2009, 2020; Walker 
et al., 1993; Williams, 1983; Zurek et al., 2019). Thus, it represents 
an ideal natural laboratory to test ideas on eruptive style controls 
at basaltic volcanoes. The volcano comprises two main cones and 
three pit craters within a large and elongated (6 × 11 km) caldera 
(Fig. S1). It is associated with the older Las Sierras Formation, 
forming a prominent topographic high, and complex tectonics, in-
cluding extensional structures (Funk et al., 2009; Girard and van 
Wyk de Vries, 2005). In historical times, Masaya has been persis-
tently active and characterized by open-conduit conditions, pro-
ducing prodigious gas emissions, common lava lakes (which most 
recently reemerged in December 2015 (Aiuppa et al., 2018)), but 
little to no erupted material (Martin et al., 2010; Walker et al., 
1993). Yet, volatile budgets indicate that magma supply is high, 
with a recent estimate at ∼0.19 km3 per year, suggesting that 
up to 47 km3 of magma may have degassed since the last effu-
sive eruption in 1772, almost 250 years ago (Zurek et al., 2019). 
The large discrepancy between degassed and erupted magma vol-
umes at Masaya and other persistently active basaltic systems can 
be explained by convection of magma within a shallow conduit 
linked to a deeper reservoir as well as by endogenous volcano 
growth (e.g., de Moor et al., 2013; Francis et al., 1993; Shino-
hara, 2008; Stix, 2007). Drastically contrasting with its historical 
behavior, Masaya has also generated three highly explosive basaltic 
eruptions in the Holocene, each producing widespread pyroclastic 
deposits 2–9 km3 (dense rock equivalent—DRE) in volume—the ∼6 
ka San Antonio Tephra, the ∼2.1 ka Masaya Triple Layer, and the 
∼1.8 ka Masaya Tuff with associated Ticuantepe Lapilli (Kutterolf et 
al., 2008; Pérez and Freundt, 2006; Pérez et al., 2009, 2020). Older 
deposits of explosive basaltic volcanism associated with Masaya 
and Las Sierras also exist (e.g., Costantini et al., 2010; Girard and 
van Wyk de Vries, 2005). Previous work attributed Masaya’s enig-
matic Plinian events to rapid ascent (∼1 ms−1) of magma from 
great depths (∼100 km) (Gregg and Williams, 1996) or, more re-
cently, to rapid syn-eruptive microlite crystallization (Arzilli et al., 
2019; Bamber et al., 2020).

In this paper, we utilize melt inclusions, which are parcels of 
melt trapped during crystal growth (e.g., Métrich and Wallace, 
2008), to test whether pre-eruptive volatile contents and degassing 
history may be linked to eruptive style at Masaya. New major, 
trace, and volatile (CO2, H2O, S, Cl, F) element data are presented 
for olivine-, plagioclase- and clinopyroxene-hosted melt inclusions 
and their host matrix glasses sampled from lava lake (LL) ejecta 
and two Plinian deposits—the Masaya Triple Layer (MTL) and the 
Ticuantepe Lapilli (TIL). Results are discussed in the context of pre-
2

vious work and point to differences in shallow decompression his-
tory of magma controlling eruptive style. A model is proposed in 
which eruptive style is modulated in a top–down fashion; tempo-
rary sealing of the system paired with vigorous gas accumulation 
may generate a cascade effect sufficient to transition to explosive 
behavior.

2. Methodology

2.1. Samples

Lava lake ejecta samples, representing open-conduit conditions 
and consisting of wind-blown Pele’s hairs and scoria lapilli, were 
collected in 2016, 2017, and 2018 along the rim of the active San-
tiago crater. As representative products of Masaya’s Plinian erup-
tions, we selected samples of the MTL and TIL lapilli fall deposits 
collected by Pérez and Freundt (2006) that bear sufficient amounts 
of phenocrysts larger than 250 μm. In the field, the MTL fall de-
posits, with an estimated volume of 2 km3 DRE (Pérez et al., 
2020), include seven major beds of well-sorted scoriaceous lapilli 
to coarse ash, divided by several major and minor tuff layers (Pérez 
et al., 2009). MTL lapilli contain <5 vol% of olivine, plagioclase, and 
clinopyroxene phenocrysts in a vesicular sideromelane groundmass 
(Pérez and Freundt, 2006). The TIL fall deposits directly overlie 
the associated Masaya Tuff (MT) and include four well-sorted sco-
ria lapilli layers, divided by three ash-rich layers. The combined 
volume of MT and TIL is estimated at 2 km3 DRE (Pérez et al., 
2020). TIL lapilli contain ∼5% phenocrysts in a vesicular microlite-
rich tachylitic groundmass (Pérez and Freundt, 2006). Plagioclase 
is the most abundant phenocryst phase, followed by olivine, then 
clinopyroxene. Sample localities and corresponding eruptive units 
used in this study are given in Fig. S1.

Phenocrysts of olivine, plagioclase, and clinopyroxene were 
handpicked or extracted through heavy liquid separation from 
crushed and sieved lapilli for each eruption. After cleaning in a 
sonic bath, the phenocrysts were mounted in epoxy and polished 
to expose the melt inclusions, then transferred to an indium mount 
prior to analysis. We targeted glassy, rounded to elliptical melt 
inclusions generally 25–150 μm in diameter, lacking evidence of 
leakage (Fig. 1). When possible, we favored bubble-free inclusions 
to avoid the possible effect of volatile (e.g., CO2, S) loss to vapor 
bubbles (e.g., Moore et al., 2015; Rasmussen et al., 2020; Venu-
gopal et al., 2020). While all LL and 36% of MTL inclusions selected 
are bubble-free, all TIL and 64% of MTL inclusions contain at least 
one vapor bubble. Most bubble-bearing melt inclusions contain a 
single bubble <1–20 μm in diameter, with bubble size appearing 
to scale up with melt inclusion size. Further sample description 
details are provided in the Supplementary Materials and Fig. S2.

2.2. Secondary ion mass spectrometry (SIMS)

SIMS analyses were conducted on a Cameca IMS 1280 instru-
ment at Woods Hole Oceanographic Institution to measure volatile 
(CO2, H2O, S, F and Cl) concentrations in a total of 48 melt inclu-
sions (23 from LL, 14 from MTL, and 11 from TIL) and 18 matrix 
glass or Pele’s hair chips (12 from LL, 3 from MTL, and 3 from TIL). 
Sample preparation protocols and analytical procedures are based 
on Hauri et al. (2002); see also Longpré et al. (2017) and the Sup-
plementary Materials for details. Calibration curves for 12C/30Si, 
16O1H/30Si, 19F/30Si, 32S/30Si and 35Cl/30Si versus the respective 
volatile component were established using eight basaltic to basaltic 
andesite glass standards (Fig. S3). The standard error on the slope 
of the calibration curves is 1.8% or better for all volatiles. Repeated 
analysis (n = 8) of standard ALV519-4-1, a MORB glass, through-
out our analytical session yielded 162 ± 4 ppm CO2, 0.15 ± 0.01
wt.% H2O, 105 ± 2 ppm F, 862 ± 14 ppm S, and 43 ± 1 ppm Cl 



L. Hlinka, M.-A. Longpré, W. Pérez et al. Earth and Planetary Science Letters 572 (2021) 117138

Fig. 1. Photomicrographs of Masaya samples showing representative melt inclusions. (a) Bubble-free plagioclase-hosted melt inclusions from a lava lake sample. (b) Bubble-
bearing olivine-hosted melt inclusions from a MTL Plinian sample.
(Fig. S4); this agrees well with published values provided in Ta-
ble S1. Spot analyses of host mineral adjacent to melt inclusions 
yielded <3 ppm CO2, <0.003 wt.% H2O, <1 ppm F, <1 ppm S, and 
<1 ppm Cl, demonstrating low analytical backgrounds. Additional 
information on SIMS data quality is presented in the Supplemen-
tary Materials.

2.3. Electron probe micro-analysis (EPMA)

After SIMS work, major element compositions of melt inclu-
sions and matrix glasses were obtained using a Cameca SX-100 
electron microprobe at the American Museum of Natural History. 
Analyses were conducted using an acceleration voltage of 15 kV, a 
beam current of 10 nA, and beam diameters of 5 μm, 10 μm, or 
15 μm, depending on the size of available glass patches. Repeated 
analyses of our in-house standard P1326-2, a Juan de Fuca Ridge 
basaltic glass, demonstrate accuracy better than 2.4% relative for 
major elements over 1 wt.% concentration (Table S2). Analyses of 
melt inclusion host minerals were also performed, but restricted to 
a few points per crystal, at its core and rim as well as adjacent to 
the melt inclusion. In addition, after point analysis, we acquired X-
ray intensity maps of 12 melt inclusions selected to reflect the full 
compositional range of our samples. Further details on the setup 
of X-ray maps and EPMA data quality are provided in the Supple-
mentary Materials.

2.4. Laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS)

As a final analytical step, trace element concentrations in melt 
inclusions and matrix glasses were acquired by LA-ICP-MS at the 
Lamont-Doherty Earth Observatory of Columbia University, with a 
New Wave UP193-FX laser ablation system paired with a Thermo 
VG PQ ExCell mass spectrometer. Analytical conditions comprised 
a 8-Hz repetition rate and a fluency of ∼9.8 J/cm2 on the sample 
surface. Calibration curves were established using repeated in-run 
analysis of basaltic glass standards, BIR-1, BHVO-2, and BCR-2 (Ta-
ble S3). Melt inclusions were analyzed at various spot sizes (40, 
25 and 10 μm) depending on the diameter of the inclusion, and 
matrix glasses were analyzed with 50 or 75 μm diameter spots. 
Repeated in-run analyses of two secondary glass standards, P1326-
2 and ALV519-4-1, indicate that our measurements lie within 4% 
standard error for most trace elements (Table S3).

2.5. Assessment of post-entrapment modification of melt inclusions

Potential post-entrapment modification of our melt inclusions 
was assessed via a three-fold approach: (1) compositions of melt 
inclusion were compared to matrix glass and published bulk rock 
3

values to flag any anomalous composition with respect to Masaya’s 
liquid line of descent (Fig. S5); (2) elemental X-ray maps of 12 rep-
resentative melt inclusions were screened for homogeneity within 
each melt inclusion and across the melt inclusion–host mineral 
interface (Fig. 2); and (3) for olivine-hosted melt inclusions show-
ing evidence of post-entrapment modification in (1) and/or (2), we 
performed a correction using Petrolog3 (Fig. S6; Danyushevsky and 
Plechov, 2011), assuming an oxygen fugacity of 1.7 log units above 
the fayalite–magnetite–quartz (FMQ) buffer (de Moor et al., 2013), 
host Fo% content adjacent to melt inclusions, and initial melt FeOt
estimated from a SiO2–FeOt linear regression of the liquid line of 
descent. Most olivine-hosted inclusions required <5% correction. 
However, two small inclusions from the TIL samples show evidence 
of extensive post-entrapment modification requiring up to 23% cor-
rection; these inclusions are excluded from further discussion but 
are reported in Table S4. Plagioclase-hosted melt inclusions show 
little to no evidence of significant post-entrapment modification 
and thus were not corrected (Figs. 2, S7). Further details on cor-
rection methods and equilibrium KD values are described in the 
Supplements. For olivine-hosted melt inclusions, the text and fig-
ures present corrected data only, while both raw and corrected 
data are listed in full in Supplementary Tables S4–S5.

3. Results

3.1. Major elements

Major element data reported in Fig. 3 reveal that our ma-
trix glasses and melt inclusions hosted in olivine, plagioclase, and 
clinopyroxene phenocrysts display a relatively narrow basaltic–
basaltic andesitic major element composition range, within e.g., 
49.9–54.4 wt.% SiO2, 3.8–5.8 wt.% MgO, and 0.9–1.7 wt.% K2O. 
These results overlap with bulk rock and glass measurements 
from earlier studies at Masaya (Carr, 1984; Costantini et al., 2010; 
Goepfert and Gardner, 2010; Pérez, 2007; Sadofsky et al., 2008; 
Walker et al., 1993; Williams, 1983; Zurek et al., 2019). Strikingly, 
both in our dataset and published data, there is a general lack of 
significant correlation between major elements and MgO or SiO2
contents, which limits their use as magma differentiation indices.

In detail, the compositions of melt inclusions from open-
conduit LL and Plinian MTL samples generally overlap, except for 
two MTL plagioclase-hosted melt inclusions that show anoma-
lously high FeO* coupled to low Al2O3, which may reflect mi-
nor post-entrapment crystallization (Fig. 3c,d). In comparison, the 
Plinian TIL melt inclusions display distinctly higher Al2O3 and ap-
pear slightly more primitive, though still fall within the range 
of published data (Fig. 3c). One TIL olivine-hosted melt inclusion 
shows anomalously high SiO2 and low CaO (Fig. 3b,e). We do not 
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Fig. 2. Elemental maps of olivine- and plagioclase-hosted melt inclusions used to assess post-entrapment modification. Examples of olivine-hosted melt inclusions displaying 
no evidence (a–c) vs. clear evidence (d–f) for PEC and Fe-loss are shown. Maps of plagioclase-hosted melt inclusions indicate homogeneous compositions (g–i) to minor 
compositional modification (j–l). Color bars show signal intensity (blue: low; red: high). Maps are constructed with EPMA data (rastered using a 1 μm step size). From left 
to right, panel width is 110 μm (a–c), 51 μm (d–f), 101 μm (g–i), and 65 μm (j–l). A SIMS pit is present within each melt inclusion. (For interpretation of the colors in the 
figure(s), the reader is referred to the web version of this article.)
observe correlations between the major element compositions of 
melt inclusions and those of their host minerals.

Focusing on matrix glasses, the microlite-poor MTL glass chips 
and LL lapilli and Pele’s hairs show restricted and nearly identi-
cal compositions that fall near the center of their respective melt 
inclusion data field. In comparison, the TIL glass exhibits greater 
compositional variability, records slightly lower MgO and CaO and 
higher SiO2, Al2O3, and K2O contents, and is significantly more 
evolved than TIL melt inclusions (Fig. 3); we attribute these fea-
tures, at least in part, to the presence of abundant microlites in 
this tephra.

The observed compositional ranges of melt inclusion host min-
erals are Fo70−75 for olivine, An66−90 for plagioclase and Mg#72−75
for clinopyroxene. Though minor normal zoning is observed in a 
few olivines, plagioclase shows greater chemical zonation (Figs. S2, 
S7). By eruption, plagioclase from LL displays the widest and most 
evolved compositional range (An66−82), followed by MTL (An78−89), 
while TIL is characterized by the narrowest and most calcic com-
position (An86−90).

3.2. Trace elements

In contrast to major elements displaying minor variability, sev-
eral trace elements show relatively wide concentration ranges in 
our samples. High field strength zirconium, for example, varies by 
more than a factor of three, from 50 to 170 ppm, showing no cor-
relation with MgO (Fig. 3g). Other incompatible trace elements, 
4

such as Y, are positively correlated with Zr and span much of the 
range displayed by mafic–intermediate melt inclusions from across 
the Central American Volcanic Arc (Fig. 4a) (Sadofsky et al., 2008). 
However, the Ce/Y ratio, a proxy for the slope of the rare earth 
element pattern and thus the degree of enrichment, varies little 
(0.82 ± 0.10) and is not correlated with Zr concentration (Fig. 4b). 
Similarly, in terms of the Ba/La ratio, which is commonly used as 
a subduction component proxy, our samples yield a relatively nar-
row mean of 74 ±11, at the upper mid-range for Central American 
melt inclusions and invariant with Zr (Fig. 4c). These observations 
indicate that the significant variation in trace element abundances 
in our samples is dominantly controlled by crystallization, with 
no evidence for changing source composition or degree of melt-
ing playing a role.

Zirconium and other incompatible trace elements are therefore 
much more sensitive indices of crystallization than major elements 
at Masaya. The Y–Zr relationship shown in Fig. 4a thus reflects 
melt inclusion entrapment occurring after variable extents of crys-
tallization. Notably, the matrix glass and olivine-hosted melt inclu-
sions from the LL and MTL have higher Y and Zr than those of 
TIL, consistent the slightly more primitive character of the latter as 
hinted by major elements.

Fig. 5 reports rare earth element data which show similar pat-
terns for each eruption and fall within the upper range of previ-
ously published melt inclusion (Zurek et al., 2019) and bulk rock 
data for Masaya (e.g., Carr et al., 2014). Specifically, matrix glasses 
from LL and MTL yield nearly identical rare earth element concen-
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Fig. 3. Major element compositions for olivine-, plagioclase-, and clinopyroxene-hosted melt inclusions (MI (Ol), MI (Plag), and MI (Cpx)), matrix glasses (GL) and Pele’s hairs 
(Pele) for our samples as compared to previously published bulk rock (BR), melt inclusion and matrix glass data from Masaya (Carr, 1984; Costantini et al., 2010; Goepfert 
and Gardner, 2010; Pérez, 2007; Sadofsky et al., 2008; Walker et al., 1993; Williams, 1983; Zurek et al., 2019) and melt inclusions from the Central American Volcanic Arc 
(CAVA; Sadofsky et al., 2008). (a) Total alkalis vs. SiO2 diagram; (b) SiO2, (c) Al2O3, (d) FeO*, (e) CaO, (f) K2O, and (g) Zr vs. MgO. In these and all following plots, mean 
matrix glass and Pele’s hair compositions are shown with 1σ error bars (not shown when smaller than symbol size). For melt inclusions, symbols with a white outline 
indicate bubble-free inclusions, whereas symbols with a black outline represent bubble-bearing inclusions.

Fig. 4. Selected trace element variation diagrams. (a) Y, (b) Ce/Y, and (c) Ba/La vs. Zr. Symbols and published data sources as in Fig. 3.
5
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Fig. 5. Chondrite-normalized (McDonough and Sun, 1995) rare earth element di-
agram for average melt inclusion and matrix glass compositions compared with 
published data for Masaya and CAVA shown as shaded gray region (Zurek et 
al., 2019; Carr et al., 2014; and the GEOROC database (http://georoc .mpch -mainz .
gwdg .de /georoc/; see Supplemental References). Our samples display subdued eu-
ropium anomalies (Eu/Eu* = EuN/(SmN × GdN)0.5), with matrix glasses showing 
lower means and standard deviations (0.85 ± 0.04 for LL, 0.88 ± 0.08 for MTL, and 
0.88 ± 0.02 for TIL) than melt inclusions (0.96 ± 0.32 for LL, 0.90 ± 0.16 for MTL, 
0.87 ± 0.05 for TIL).

trations, while the TIL matrix glass records slightly lower values. 
Matrix glass and melt inclusions match well, particularly for MTL 
and TIL, consistent with a co-genetic link between the inclusions 
and carrier liquid. Moreover, we detect only very subtle negative 
europium anomalies in our samples, indicating limited plagioclase 
fractionation before and after melt inclusion entrapment.

3.3. Volatile elements

Marked differences between our samples begin to emerge in 
their volatile contents. Indeed, open-conduit LL and Plinian melt 
inclusions form distinct groups with mean H2O contents of 0.6 ±
0.2 wt.% for LL, 1.1 ± 0.2 wt.% for MTL, and 1.9 ± 0.3 wt.% for 
TIL (Fig. 6). Within each group, there is little correlation between 
H2O and other volatiles; however, the whole dataset displays broad 
positive correlations between S, Cl (and to a lesser extent F) and 
H2O, e.g., mean melt inclusion sulfur concentrations increase from 
130 ± 50 ppm for LL, 420 ± 240 ppm for MTL, to 680 ± 180
ppm for TIL (Fig. 6). In contrast, CO2 concentrations show sim-
ilar ranges across samples and, aside from five outliers, do not 
exceed 400 ppm. We also note that water content is not related 
to melt inclusion size, but — for plagioclase-hosted inclusions — it 
shows a broad positive correlation with the host anorthite content 
(Fig. S7).

As expected, the matrix glasses for each eruption are almost 
completely degassed in H2O, CO2, and S compared to melt in-
clusions (Fig. 6). An exception is observed for TIL glass patches 
which retain on average 144 ± 166 ppm CO2 — the origin of this 
unexpected remnant CO2 is unknown, but it may represent late-
stage CO2 supersaturation during magma ascent (e.g., Longpré et 
al., 2017). On the other hand, F and Cl concentrations remain sig-
nificant in matrix glasses and generally sit at the low end of the 
melt inclusion range (Fig. 6c,d).

These results reveal significantly higher volatile contents in 
melt inclusions from Plinian fall deposits than from lava lake 
ejecta. However, even our highest measured concentrations are 
strikingly low with respect to typical maxima for mafic Central 
American arc magmas, which reach pre-eruptive H2O, CO2, S, Cl 
and F concentrations of ∼5.2 wt.%, 1800 ppm, 2540 ppm, 1930 
ppm and 780 ppm, respectively (Fig. 6) (Sadofsky et al., 2008; 
Wehrmann et al., 2011). Our findings agree with previously pub-
lished work at Masaya that reported modest maximum H2O and 
S contents of 2.7 wt.% and 590 ppm, respectively (Bamber et al., 
2020; Goepfert and Gardner, 2010; Pérez et al., 2020; Sadofsky et 
al., 2008; Zurek et al., 2019).
6

4. Discussion

In the following sections, we discuss our results in the con-
text of previous work and outline arguments that: (1) reiterate 
the compositionally buffered state of Masaya’s magmatic system; 
(2) constrain pre-eruptive conditions and demonstrate a key role 
for degassing at low pressure; (3) provide estimates of undegassed 
magmatic H2O content; and (4) touch on the potential role of mi-
crolite crystallization in driving up magma viscosity. Integrating 
these lines of evidence, we then propose a model in which subtle 
changes in the uppermost plumbing system configuration control 
— in a top–down manner — the volcano’s eruptive style.

4.1. A compositionally buffered system

Previous work has shown that the composition of Masaya’s 
eruptive products varies little over the exposed stratigraphy, sug-
gesting that its magmatic system has maintained a compositionally 
buffered, steady-state for at least 30,000–60,000 years (e.g., Kut-
terolf et al., 2008; Walker et al., 1993; Zurek et al., 2019). Minor 
compositional variations have been attributed to fractional crystal-
lization of olivine, plagioclase and clinopyroxene in a large, shallow 
magma reservoir maintained by vigorous convection and periodic 
influx of less evolved basaltic magmas (Walker et al., 1993; Zurek 
et al., 2019). Our results are consistent with this view. As a strik-
ing example, the microlite-poor matrix glasses of LL and MTL, 
erupted ∼2100 years apart in dramatically contrasting fashion, 
are essentially indistinguishable chemically (Figs. 3–5). Particularly, 
we emphasize the restricted range of incompatible trace element 
ratios (e.g., Zr/Y, Ce/Y, Ba/La) in our samples which strongly sug-
gests that primary magma compositions vary little. In other words, 
there is no evidence that magmas feeding the open-conduit and 
Plinian events are any different at the source. This is in stark 
contrast with the conclusions of Sides et al. (2014) at Kilauea 
volcano, where enriched melts (with e.g., high Ce/Y, high CO2) 
may be predisposed to erupt more explosively. Such a bottom–up 
model, whereby primary magma composition would exert a first-
order control on eruptive style variability, does not seem viable at 
Masaya.

4.2. Magmatic conditions and pre-eruptive degassing at low pressure

4.2.1. Temperature and pressure estimates
Our data, coupled to a series of geothermometers and geo-

barometers, allow estimation of pre-eruptive temperature and 
pressure conditions within Masaya’s magmatic system. Fig. 7a 
shows a summary of temperature estimates obtained with olivine–
melt (Putirka, 2008, Eq. (15)), plagioclase–melt (Waters and Lange, 
2015), and clinopyroxene–melt (Putirka, 2008, Eq. (33)) ther-
mometers. Host mineral–melt inclusion pairs are utilized to ob-
tain estimates representative of the time of melt inclusion en-
trapment. Mean olivine–melt and plagioclase–melt temperatures 
are 1110–1140 ◦C and 1080–1130 ◦C, respectively. Sparse clinopy-
roxene–melt temperatures are lower at 1080 and 1120 ◦C. Late-
stage temperature estimates obtained from mineral rim–matrix 
glass pairs are very similar, at 1110–1150 ◦C for the olivine–melt 
thermometer and 1100–1120 ◦C for the clinopyroxene–melt ther-
mometer. Overall, our temperature estimates average at 1115 ±
30 ◦C and are consistent with previous results at Masaya (Bamber 
et al., 2020; de Moor et al., 2013). Although there is a slight ten-
dency for Plinian samples to yield lower temperatures than lava 
lake samples, mean values typically overlap within one standard 
deviation and within the thermometers’ standard errors of esti-
mate, which range between ±12–30 ◦C (Putirka, 2008; Waters and 
Lange, 2015).

http://georoc.mpch-mainz.gwdg.de/georoc/
http://georoc.mpch-mainz.gwdg.de/georoc/
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Fig. 6. Volatile element data for melt inclusions, matrix glasses, and Pele’s hairs. Detailed symbology and published data sources as in Fig. 3, except published CO2 data of 
Wehrmann et al. (2011). (a) CO2 vs. H2O concentrations, with 25, 50, 100 and 200 MPa isobars calculated with SolEx (Witham et al., 2011). (b) S vs. H2O, with expanded 
inset, (c) F vs. H2O, and (d) Cl vs. H2O, with expanded inset. Plots also show degassing models calculated with SolEx (solid black line: closed system; dashed black line: open 
system; see text for details). Models use the average matrix glass composition and starting volatile contents of 400 ppm CO2, 2.25 wt.% H2O, 800 ppm S and 800 ppm Cl, 
which are representative of the most volatile-rich compositions observed (additional details in Supplements), at our mean temperature estimate of 1115 ◦C and an oxygen 
fugacity of FMQ + 1.7 (de Moor et al., 2013).

Fig. 7. Pre-eruptive temperature and pressure estimates. (a) Box and whisker plot of temperature estimates for lava lake and Plinian samples based on mineral–melt geother-
mometers (Putirka, 2008; Waters and Lange, 2015) using host mineral–melt inclusion pairs and mineral rim–matrix glass pairs. X-axis denotes mineral type. A symbol is 
shown when the minimum to maximum temperature range is smaller than symbol size (b) Box and whisker plot of melt inclusion entrapment/re-equilibration depths cal-
culated from volatile saturation pressures, obtained from the model of Iacono-Marziano et al. (2012) and assuming a crustal density of 2,700 kg/m3. Grayscale bars show 
published estimates of magma reservoir depths from (1) Bamber et al. (2020), (2) Aiuppa et al. (2018), and (3) Stephens and Wauthier (2018). Estimates from (4) Obermann 
et al. (2019) and (5) Métaxian (1994) include the shallow reservoir and a deeper sill body. (c) Volatile saturation pressure vs. Cl concentration for melt inclusions and matrix 
glasses. Closed- (solid black line) and open- (dashed black line) system degassing curves calculated with SolEx are shown for comparison (see Fig. 6 for details).
To estimate pressure, we use our measured CO2 and H2O con-
tents in melt inclusions as input into the volatile solubility model 
of Iacono-Marziano et al. (2012). This generally yields low vapor 
saturation pressures (Psat) in the range of 8–147 MPa (∼0.3–5.5 
km), with only three melt inclusions giving values >100 MPa 
(Fig. 7b,c). Comparing eruptions, similar Psat ranges are observed; 
however, only LL melt inclusions record values <31 MPa in the 
7

uppermost kilometer of the plumbing system, and mean Psat in-
crease from 49 ± 28 MPa for LL, to 58 ± 25 MPa for MTL, and 
84 ± 32 MPa for TIL. To a first order, we interpret these Psat
values to represent the magma storage pressures at which the 
melt inclusions were originally trapped or last re-equilibrated with 
the external melt (Fig. 6a). Such shallow magma storage pres-
sures agree with prior petrologic (Bamber et al., 2020; Walker et 
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Fig. 8. Volatile–lithophile trace element ratios as a function of Zr concentration. Detailed symbology and published data sources as in Fig. 3. (a) H2O/Ce, with expanded inset, 
(b) S/Dy, (c) F/Nd, and (d) Cl/K, with expanded inset, vs. Zr.
al., 1993) and geophysical (e.g., Obermann et al., 2019) studies 
(Fig. 7b).

4.2.2. Post-entrapment CO2 and H2O loss?
Before going further, however, two caveats to this interpretation 

should be discussed. First, several recent studies have shown that 
a large fraction of the originally dissolved CO2 upon melt inclusion 
entrapment may later exsolve into vapor bubbles (e.g., Moore et 
al., 2015; Rasmussen et al., 2020; Venugopal et al., 2020). Some of 
our melt inclusions contain bubbles, and any post-entrapment CO2
sequestration therein would lead to a significant Psat underestima-
tion. While this cannot be quantitatively evaluated without further 
analysis (e.g., Rasmussen et al., 2020), we note that all LL melt 
inclusions are bubble-free and thus record the total amount of 
CO2 and that CO2 concentrations in MTL bubble-free and bubble-
bearing inclusions are in general agreement, suggesting negligible 
CO2 loss to bubbles (see also section 4.2.3).

Second, it is also well-known that H2O concentrations in melt 
inclusions can rapidly re-equilibrate with that of the external melt 
via post-entrapment H+ diffusion through the host mineral (e.g., 
Gaetani et al., 2012; Lloyd et al., 2013). In our dataset, however, 
the preservation of correlations between H2O and other volatiles 
and between H2O and host anorthite content, which should be 
destroyed by extensive post-entrapment diffusive water loss, rules 
out this process as a dominant control on sample-to-sample vari-
ability (Figs. 6, S7d). This is further supported by the lack of cor-
relation between melt inclusion size and H2O content (Fig. S7b), 
because diffusive re-equilibration preferentially affects smaller in-
clusions (e.g., <30 μm), and is expected to yield positive trends 
between these variables (e.g., Lloyd et al., 2013; Barth et al., 2019). 
In detail, however, some within-sample variability may be due to 
water loss — particularly, the relatively wide range of H2O/Ce val-
ues at near constant Zr concentration (∼100 ppm) displayed by a 
few of the TIL inclusions (Fig. 8).
8

4.2.3. Low-pressure degassing and halogens
Returning to our first-order interpretation, we conclude that the 

relatively low CO2 and H2O contents observed reflect extensive 
amounts of pre-eruptive degassing at low pressure, such that all 
Masaya melt inclusions record variably degassed melts mobilized 
from different depths within the shallow magmatic system. This is 
strongly indicated by the positive correlations between S, Cl and 
H2O in our dataset (Fig. 6), which are best explained as degassing 
trends from a volatile-rich parental magma. Ratios of volatile and 
lithophile elements of similar bulk partition coefficients (H2O/Ce, 
S/Dy, Cl/K and F/Nd) plotted against Zr concentrations further sup-
port this view (Fig. 8). Indeed, except for F/Nd, these ratios are 
typically much lower in Masaya melt inclusions than in other mafic 
Central American samples (Sadofsky et al., 2008), indicating that 
even our highest measured H2O, S and Cl contents represent de-
gassed values. Moreover, the negative correlations of H2O/Ce, S/Dy, 
Cl/K and F/Nd versus Zr in the Masaya data demonstrate that melt 
inclusion entrapment occurred concomitantly to both crystalliza-
tion and degassing of H2O, S, Cl and F.

The evidence for substantial pre-eruptive degassing of halo-
gens, consistent with Br and Cl data reported by Kutterolf et al. 
(2015), is particularly notable. Indeed, due to their comparatively 
high solubility in basaltic liquids, Cl and F typically remain largely 
dissolved in the melt during decompression-induced degassing un-
til shallow crustal depths are reached (Webster et al., 2018, and 
references therein). For instance, melt inclusion data at Mount 
Etna indicate that Cl and F exsolution begins at pressures ≤100 
MPa and ≤10 MPa, respectively, only becoming important during 
shallow degassing (Spilliaert et al., 2006). In addition, the exper-
iments of Lesne et al. (2011), which were designed to simulate 
decompression-driven degassing on Masaya compositions, show 
that Cl degassing is insignificant at pressures ≥100 MPa, with 
modest Cl degassing only apparent for low-pressure experimental 
runs at 25 and 50 MPa. This is consistent with the general decrease 
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in Cl concentration with decreasing Psat below 100 MPa observed 
in our dataset (Fig. 7c). In Fig. 6, we attempt to model observed 
degassing paths with SolEx (Witham et al., 2011), which incorpo-
rates Cl based on the data of Lesne et al. (2011). While neither 
open- nor closed-system degassing scenarios produce particularly 
good fits to the data, they do further support the contention that 
the significant pre-eruptive Cl degassing is a low-pressure (<100 
MPa) feature (Fig. 7c).

Briefly, we note that our data also allow quantification of 
syn-eruptive degassing obtained by the widely-used “petrologic 
method” (e.g., Métrich and Wallace, 2008, and references therein). 
The calculations presented in full in the Supplements show that 
Plinian events release the equivalent of ∼5–11 years of quies-
cent degassing at Masaya based on modern averages (Aiuppa et 
al., 2019; cf. Burton et al., 2000; Zurek et al., 2019).

To sum up, the anomalously low concentrations of all (but F) 
volatiles in our melt inclusions compared to data from other mafic 
Central American volcanoes and the pre-eruptive degassing of the 
soluble halogens indicate that all Masaya magmas, irrespective of 
eruption style, endure copious amounts of degassing at shallow 
crustal depths before final ascent and eruption. Under such con-
ditions, low, largely degassed CO2 contents are expected, further 
suggesting that our Psat values do not significantly suffer from po-
tential CO2 loss to bubbles. Our results are again in line with the 
findings of Walker et al. (1993) who showed that Masaya basalts 
fall near low-pressure cotectics, corroborating a central role for 
shallow processes in this system.

4.3. Estimates of undegassed H2O contents

If all Masaya melt inclusions record extensive pre-eruptive de-
gassing, a key question then follows: what are the primitive un-
degassed H2O contents of Masaya magmas? In this section, we 
attempt to address this question from three different approaches, 
involving (1) calcium partitioning in olivine, (2) volcanic gas out-
puts, and (3) regional and global systematics of H2O/Ce and Ba/La 
ratios in arc magmas.

First, as discussed by Gavrilenko et al. (2016), melt H2O con-
tent influences olivine–melt calcium partitioning (DCaO

Ol/L), and 
these authors’ Ca-in-olivine geohygrometer may thus be used to 
obtain an independent estimate of H2O content at Masaya at the 
time of olivine crystallization. Using Equations (1), (2) and (4) 
of Gavrilenko et al. (2016) and observed CaOolivine, CaOmelt and 
MgOmelt of 0.17–0.31 wt.%, 8.7–11.8 wt.% and 4.5–9.8 wt.%, respec-
tively, we calculate a “wet” DCaO

Ol/L of 0.02–0.03, a “dry” DCaO
Ol/L

of 0.03–0.05, and a corresponding average melt H2O content of 
4.2 ± 1.3 wt.%.

Second, the volcano’s prodigious gas emissions (e.g., Martin et 
al., 2010) may be used to back-calculate magmatic volatile con-
centrations. For H2O, Burton et al. (2000) and Martin et al. (2010)
respectively report fluxes of ∼12,000 t d−1 and ∼34,600 t d−1. 
Assuming a magmatic source, 100% syn-eruptive degassing and 
a magma flux of 0.19 km3 yr−1 obtained from sulfur outgassing 
(Zurek et al., 2019), these large H2O fluxes require melt H2O con-
tents in the range of 2.3–6.6 wt.%.

Last but not least, an analysis of H2O/Ce and Ba/La systemat-
ics at Masaya within the regional and global context is especially 
revealing (Fig. 9). Mafic Central American magmas typically have 
high H2O/Ce ranging from ∼780 at Irazu to ∼12,850 at Cerro Ne-
gro, but mostly between 1500 and 4000 (Ruscitto et al., 2012; 
Sadofsky et al., 2008). Both in Central America and at the global 
scale, H2O/Ce is broadly positively correlated with the Ba/La ratio, 
a traditional tracer of slab fluid contributions in arc magmas (Rus-
citto et al., 2012). Yet, at Masaya, melt inclusions record some of 
the lowest H2O/Ce (511 ± 354) and some of the highest Ba/La ra-
tios (74 ± 11) of the global array. This paradox not only provides 
9

Fig. 9. H2O/Ce vs. Ba/La systematics. Detailed symbology and published data sources 
as in Fig. 3, except open black circles showing the global arc data of Ruscitto et al. 
(2012). Masaya samples show anomalously low H2O/Ce for their Ba/La ratios. Note 
y-axis log scale.

additional evidence for pre-eruptive degassing lowering H2O/Ce, 
but can also be exploited to reconstruct undegassed H2O/Ce (and 
thus H2O). For instance, the Ba/La–H2O/Ce relationships of Rus-
citto et al. (2012) (their Fig. 7a), with our mean Ba/La ratio of 
74 ± 11 as input, predicts primitive H2O/Ce values in the range of 
6,820–16,480 at Masaya. With the mean Ce concentration of 23 ±5
ppm in our samples, this would translate in H2O contents in excess 
of 12 wt.%! Such values are likely unrealistically high (although see 
Steele-MacInnis, 2019, and references therein), perhaps due to re-
gional variability in the subducting sediment composition raising 
Ba/La (Ruscitto et al., 2012), but they illustrate the point. In com-
parison, an expression (Ruscitto et al., 2012, their Fig. 8) based on 
the thermal slab parameter (� = 1100 km for Nicaragua) yields 
H2O/Ce of 2180–2430, corresponding to 3.9–6.8 wt.% H2O for our 
samples.

Though variable, these three independent estimates overlap in 
a narrow range (3.9–5.5 wt.%) and all indicate undegassed water 
contents significantly exceeding our highest observed value. Pérez 
et al. (2020) reach a similar conclusion for Masaya’s San Antonio 
Tephra for which they estimate an undegassed H2O content of 5–6 
wt.%.

4.4. Magma viscosity and microlite content

Recent studies have proposed that basaltic Plinian eruptions are 
related to a late-stage step increase in magma viscosity induc-
ing fragmentation, brought about by abundant and rapid micro-
lite crystallization during fast ascent of relatively cool (<1100 ◦C) 
and moderately hydrous (∼2 wt.% H2O) basalt (Arzilli et al., 2019; 
Bamber et al., 2020). In this section, we briefly evaluate our sam-
ples in the light of these findings.

As shown in Fig. 7a, mean magma temperature estimates at 
Masaya approach the critical temperature proposed by Arzilli et al. 
(2019). However, temperature differences between lava lake and 
Plinian samples are subtle at most and thus cannot be called upon 
as primary eruptive style control. In terms of microlite content, 
preliminary analysis of backscattered electron (BSE) images of ma-
trix glass chips yields 5 vol.% for LL, 15 vol.% for MTL, and 48 vol.% 
for TIL (Fig. S2). These values likely represent minima, however, 
since we preferentially selected glassier sample chips for chemi-
cal analysis. In comparison, for MTL glass, Bamber et al. (2020)
identify heterogeneous textures, with 20–50 vol.% microlites, char-
acterized by inter-mingled microlite-poor and microlite-rich zones 
bounded by submicron oxides.

Using the mean glass composition, water content and temper-
ature for each eruption, we calculate melt viscosities of 102 Pa·s 
(for both LL and MTL) to 103 Pa·s (for TIL) with the model of Gior-
dano et al. (2008). Integrating our estimated microlite contents to 
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the ConFlow 1.0.5 model (Mastin, 2002), minimum effective vis-
cosities remain on the order of 102 Pa·s for both LL and MTL, but 
raise to 104 Pa·s for TIL, which is still 1–2 orders of magnitude 
short of the fragmentation threshold (Arzilli et al., 2019).

Nevertheless, the apparently contrasting textures of lava lake 
and Plinian samples, respectively microlite-poor and microlite-rich, 
are consistent with significant late-stage rheological changes in the 
conduit prior to explosive eruptions at Masaya (Arzilli et al., 2019; 
Bamber et al., 2020) and warrant further textural work. As sug-
gested below, differing magma degassing histories and decompres-
sion paths imposed by the state of uppermost plumbing system 
may link sample textures and eruptive styles.

4.5. A thin line between open-conduit conditions and Plinian eruptions 
at Masaya?

Masaya is a highly unusual volcano associated with some of the 
most dramatic expressions of explosive basaltic volcanism on Earth 
(Pérez and Freundt, 2006; Pérez et al., 2020). The particularly sus-
tained and voluminous supply of volatile-rich magma from depth 
(Martin et al., 2010; Zurek et al., 2019), which is likely ultimately 
controlled by complex local tectonics (Funk et al., 2009; Girard and 
van Wyk de Vries, 2005), must be in some way related to such 
sporadic, but long-lived explosive behavior. Yet, our data indicate 
that whether this vigorous magma supply translates to steady-state 
open-conduit conditions or explosive eruptions does not appear to 
be related to changes in the magmatic system at depth.

Indeed, our results reveal very little difference between mag-
mas feeding the current lava lake and Holocene Plinian eruptions 
at Masaya. For both of these contrasting styles of activity, we infer 
that volatile-rich magma (3.9–5.5 wt.% H2O) supplied from depth 
undergoes extensive pre-eruptive degassing and homogenization in 
a shallow (<4 km depth) magma reservoir before ascent to the 
surface. This is consistent with published petrologic, gas, geophys-
ical, and structural data indicating the presence of a large, shallow 
reservoir beneath the caldera (Fig. 7b; e.g., Obermann et al., 2019; 
Zurek et al., 2019). Our data confirm that pre-eruptive dissolved 
volatile contents are not the culprit for eruptive style; basaltic arc 
magmas commonly show much higher volatile concentrations yet 
do not erupt as explosively as Masaya’s (e.g., Roggensack et al., 
1997). However, a key difference between lava lake and Plinian 
samples is their late-stage degassing history. Hence, we propose a 
model in which eruptive style is controlled in a top–down manner, 
whereby the state of the uppermost plumbing system modulates 
the late-stage decompression path of magma, and temporary seal-
ing of the conduit may lead to transition to explosive behavior 
(Fig. 10).

During open-conduit conditions, volatile-rich magma from 
depth feeds into a shallow reservoir where a stable foam layer 
develops along its roof. Concurrently, within the open conduit, bi-
directional convective flow allows the buoyant gas-rich magma 
to slowly ascend and degas quiescently to very low pressures, 
while gas-poor magma descends back into the reservoir, result-
ing in persistent degassing without eruption (Fig. 10a; Stix, 2007). 
This is reflected in LL melt inclusions which record extremely low 
volatile concentrations (<0.8 wt.% H2O), corresponding to a Psat
range of 8–139 MPa (0.3–5.2 km). In turn, this slow magma as-
cent yields low degrees of undercooling and prevents significant 
microlite growth.

In contrast, the higher and distinct water contents and corre-
sponding Psat for MTL and TIL suggest that Plinian eruptions tap 
magma from varying, but slightly deeper depths within the shal-
low system compared to lava lake samples (Fig. 7b). The lack of 
Psat estimates shallower than 31 MPa (1.2 km) indicates that the 
uppermost part of the plumbing system, i.e., the conduit, becomes 
efficiently sealed before Plinian events, such that magma is con-
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strained to the main reservoir at 1–4 km depth (Fig. 10b). The 
cause of conduit sealing is unknown, but potential mechanisms 
include solidification due to a decrease in magma supply and/or 
plugging due to collapse (e.g., Roman et al., 2019). Under such a 
lid, degassing-induced pressure build-up and foam accumulation 
at the top of the shallow reservoir could prime the volcano for ex-
plosive eruption. Once overpressure exceeds the tensile stress of 
the overlying roof rocks and seal, catastrophic foam destabiliza-
tion and explosive eruption occurs (Preece et al., 2016; Roman et 
al., 2019; Zhang, 1999). Magma coupled with the buoyant foam 
layer then rapidly ascends from the reservoir, at rates far exceeding 
those of open-conduit conditions, without time for additional melt 
inclusion entrapment or re-equilibration to occur in the shallow 
conduit (Fig. 10c). This rapid magma and foam ascent can yield 
high degrees of undercooling, triggering rapid microlite growth, 
which may in turn dramatically increase effective magma viscosity 
and eruption explosivity (Arzilli et al., 2019; Bamber et al., 2020; 
Shea and Hammer, 2013).

There may thus be a thin line between open-conduit condi-
tions characterized by quiescent degassing and lava lake activity 
and transitions to highly explosive behavior at Masaya.

5. Conclusions

To evaluate the controls on eruptive style at Masaya volcano, we 
have constrained melt inclusion compositions, including dissolved 
CO2, H2O, S, Cl and F concentrations, and compared pre-eruptive 
magmatic conditions for the recent lava lake and two Holocene 
Plinian eruptions—the Masaya Triple Layer and Ticuantepe Lapilli. 
Though systematically higher than those of lava lake samples, pre-
eruptive volatile contents for Plinian tephras are low compared 
to typical arc magmas and cannot be invoked as the culprit for 
Masaya’s unusually explosive behavior. Melt inclusions reveal low-
pressure degassing trends confirming that all Masaya magmas, 
regardless of eruptive style, experience extensive degassing in a 
shallow reservoir (1–4 km depth) before being mobilized to the 
surface. In contrast to lava lake samples, however, melt inclusions 
from Plinian samples do not record the lowest pressures corre-
sponding to the open conduit (<1 km), suggesting it had become 
sealed to shallow magma convective flow. We therefore postu-
late that transitions between open-conduit and Plinian activity at 
Masaya only require subtle changes in the geometry of the vol-
cano’s uppermost magma plumbing system. Temporary plugging 
of the conduit coupled with vigorous gas accumulation would re-
sult in efficient overpressurization in the magma reservoir. Sud-
den rupture of the seal could then cascade into catastrophic foam 
destabilization and rapid magma ascent, which would preclude 
timely gas–melt separation and yield large degrees of undercool-
ing, favoring late-stage microlite growth and thus enabling magma 
fragmentation and explosive eruption.
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Fig. 10. Schematic diagram illustrating the proposed top–down control on eruptive style at Masaya volcano (modified from Stix, 2007). (a) During open-conduit conditions, 
deep-sourced volatile-rich magma ascends to a large, shallow (<4 km) reservoir connected to the surface via a conduit in which bi-directional convective flow occurs. Melt 
inclusion trapping and/or re-equilibration take place at various levels within the reservoir and conduit. Magma ascent in the conduit is comparatively slow, keeping un-
dercooling low and preventing extensive microlite crystallization. (b) Plugging in uppermost plumbing system seals the conduit, and magma is restrained to the reservoir, 
where melt inclusions form. Under such closed-conduit conditions, high gas accumulation rates in the shallow reservoir lead to pressure build-up. (c) The seal breaks, trig-
gering catastrophic foam destabilization and rapid magma ascent — too fast to allow additional melt inclusion trapping or re-equilibration. This rapid magma decompression 
yields high degrees of undercooling and promotes microlite growth. Pink circles, green hexagons and white rectangles respectively represent bubbles and melt inclusion host 
minerals.
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