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Hybrid rhyolitic eruption at Big Glass Mountain, CA, USA
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Johannes Gutenberg-Universität Mainz, Mainz, Germany.

Abstract

Eruptive dynamics of the 1060 CE eruption of rhyolite from Big Glass Mountain (BGM), USA, are investigated
with field observations, hydrogen isotope, and H2O content analysis of pyroclastic obsidian chips and lavas. Field
relations at BGM reveal evidence for hybrid eruption, defined as synchronous explosive venting and effusive em-
placement of vast obsidian lava flows. This activity is particularly well manifested by extensive breccia zones
implanted within the BGM obsidian lavas, which may represent rafted tephra cones, in addition to remnants of air-
fall tephra on the lava. Rhyolitic obsidians collected from a 2.5-m-thick fall deposit and co-eruptive lava flow were
studied by FTIR and TCEA methods to elucidate the eruption’s degassing history. The data, along with VolcDeGas
program simulations, demonstrate a correlation between H2O content and H-isotopic composition (δD) reflecting
ever-increasing amounts of volatile and deuterium loss to the vapor phase. VolcDeGas simulations suggest a best-fit
degassing mechanism comprised of repetitive, variably sized closed-system steps, which is termed “batched de-
gassing”. This degassing mechanism, along with the field evidence at BGM, implies an eruptive sequence that is
devoid of a sharp break and entirely consistent with observed Chilean rhyolite eruptions: initial explosive venting
transitioning to hybrid eruption. Collectively, the H2O-δD patterns and field characteristics of BGM eruption de-
posits lend credence to the idea that hybrid venting is common during rhyolite eruptions and should be accounted
for in future eruption hazards assessments.

Keywords: Big Glass Mountain; Rhyolite; Obsidian; Pyroclasts; Batched degassing;
Hydrogen isotopes; Explosive-effusive eruption;

1 Introduction

Studying silicic volcanism, particularly rhyolite erup-
tions, is critical to assessing volcanic threat [e.g. Eichel-
berger 1995; Castro and Dingwell 2009; Watt et al.
2009]. A first-order question in the context of volcanic
hazard mitigation is, How will an eruption progress
once underway? Early work on Holocene rhyolites—
a rare yet physically impactful form of volcanism—
recognized that these systems are both “explosive and
effusive” in nature, this assessment being drawn from
field observations of obsidian lava flows perched atop
pyroclastic fall deposits [e.g. Heiken 1978; Eichelberger
and Westrich 1981; Taylor et al. 1983]. The lack of pre-
served tephra on top of the lavas lead to the logical
conclusion that the eruptions followed an explosive-to-
effusive sequence, with lavas emerging after the explo-
sive eruptions ceased [e.g. Miller 1985; Donnelly-Nolan
et al. 2016]. Disparate eruption styles were explained
by the different magmatic H2O contents in pyroclasts
and lavas, which showed that the former still had
significant quantities of primary H2O, while the lat-
ter were nearly completely degassed [Eichelberger and
Westrich 1981; Taylor et al. 1983]. A uni-directional
shift from explosive to effusive behavior, it was ar-
gued, depended on how efficiently the magma could
degas during ascent, itself a complicated function of
intrinsic magma vesicularity and permeability [Eichel-
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berger et al. 1986]. Modeling studies reinforced the
notion of bifurcating eruption behavior, even predict-
ing sharp “explosive-to-effusive” transitions as bubbly
magma becomes highly permeable, ascent and shearing
rates wane, and magma chamber overpressure declines
during magma rise [Jaupart and Allègre 1991; Woods
and Koyaguchi 1994; Gonnermann and Manga 2003;
2007].

Despite many insightful studies on rhyolites, it came
as a surprise then when eruptions in Chile were first
observed [Lara 2009; Alfano et al. 2011; Castro et
al. 2013; Schipper et al. 2013; Castro et al. 2014], as
these events showed that rhyolite eruptions may actu-
ally progress differently than previously thought. After
initial week-long explosive episodes, eruptions at both
Chaitén (2008) and Cordón Caulle (2011), Chile, exhib-
ited rarely seen “hybrid” activity, comprising simulta-
neous pyroclastic fountains (100s to 1000s m) and lava
eruptions from the same vents [Schipper et al. 2013;
Castro et al. 2014; 2016]. Such activity had only once
been reported on once before in regards to 1960 rhy-
odacitic fissure eruption at Cordón Caulle [e.g. Kat-
sui and Katz 1967; Lara et al. 2004]. The eruptions
concluded with purely effusive activity [Pallister et al.
2013; Tuffen et al. 2013].

The hybrid eruption phases, which were the most
protracted (i.e. months-long) and lasted until a major-
ity of the lava fields were emplaced, started with lava
emerging directly from one or more tephra cones [e.g.
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Castro et al. 2014; 2016]. The lavas occasionally bull-
dozed these fragmental edifices, causing the pyroclas-
tic deposits to be rafted away by the flows [Pallister
et al. 2013; Schipper et al. 2013, Supplementary Ma-
terial]. The result of such effusive and explosive co-
eruption can be readily seen in the mixing of breccia,
or tephra ridges within the lava fields at both Chaitén
and Cordón Caulle [Figure 1; Tuffen et al. 2013; Castro
et al. 2014].

A particularly important question is, Just how com-
mon was hybrid activity in the many pre-historic (late
Holocene) obsidian producing events? Evidence for
long-lasting hybrid ash and lava venting at other well
studied pre-historic rhyolite systems has begun to
emerge. Black et al. [2016] discovered pyroclastic de-
gassing structures, so-called tuffisites, on Panum Dome
rhyolite (CA) that they interpret as evidence of explo-
sive ash venting during the emplacement of an obsid-
ian dome. Black et al. [2016] conclude that persistent
ash venting would be a significant threat to air traffic,
thereby underscoring the importance of studying pre-
historic rhyolites in order to clarify how these systems
may have erupted in the past, and how they may possi-
bly erupt in the future.

In order to improve our understanding of how pre-
historical rhyolites may have erupted, we have investi-
gated field and geochemical characteristics of the 1060
CE eruption of Big Glass Mountain, CA, USA (BGM)
[e.g. Anderson 1933; Chesterman 1955; Donnelly-
Nolan et al. 2007; 2008]. This explosive and effusive
event produced about 0.1 km3 of rhyolitic tephra and
the most voluminous rhyolitic obsidian flow (~1 km3)
in Cascades volcanic province [Heiken 1978]. Existing
literature purports that the effusive phase of BGM be-
gan after explosions had ceased [e.g. Donnelly-Nolan et
al. 2016]. However, as we show, BGM erupted simulta-
neously in explosive and effusive modes, this evidenced
by physical depositional features and by hydrous geo-
chemical trends in deposits that are strikingly similar
to features observed in previously monitored Chilean
eruptions [e.g. Lara 2009; Castro et al. 2013]. Our data
show that hybrid explosive-effusive activity was impor-
tant during Big Glass Mountain’s most recent eruption
and such eruptive activity may be more common than
previously recognized.

2 Background

In this section we review important aspects of the
Big Glass Mountain eruption, including its salient de-
posit characteristics and hydrous geochemical patterns
thereof that served as the earliest basis for models of
explosive-effusive rhyolite eruptions. We then summa-
rize the hydrous geochemical patterns observed in py-
roclastic and effusive deposits of different pre-historic
(including BGM) and recently active rhyolite systems,
and convey how these published data have shaped the-

ories of how rhyolite magma degasses during explosive
and effusive eruption modes.

Big Glass Mountain is a late-Holocene dacitic to rhy-
olitic volcanic complex located near the summit of
Medicine Lake Volcano (MLV), northern California [e.g.
Donnelly-Nolan et al. 2008]. The latest activity of
MLV, about 950 years ago [Donnelly-Nolan et al. 2007],
formed Big Glass Mountain, a broad (~5 km diam-
eter) silicic landform comprising pyroclastic fall de-
posits, near-vent breccia and tephra cones, and a vo-
luminous obsidian flow. Although some andesitic ma-
terial is found in the most recent BGM eruption de-
posits, and is probably co-eruptive, the majority of the
complex ranges from dacite to rhyolite in composition
[Donnelly-Nolan et al. 2016]. The youngest eruption
deposits, originating from a ~6 km NW–SE trending
fissure, comprise some 0.1 km3 rhyolitic tephra and ~1
km3 of rhyodacite to rhyolite obsidian lava flows and
domes [Heiken 1978; Donnelly-Nolan et al. 2016]. Nu-
merous studies have elucidated the general progression
of the eruption, including its trigger via magma injec-
tion [Eichelberger 1975] and ensuing eruptive activity,
which presumably began with early pyroclastic vent-
ing followed by late-stage effusion of compositionally
mixed silicic lava [e.g. Heiken 1978; Eichelberger and
Westrich 1981]. Heiken [1978] suggested that the volu-
metric dominance of lava over tephra (~9:1 at BGM), is
characteristic of moderate-volume rhyolite eruptions,
including the Little Glass Mountain complex on MLV,
the Inyo Domes [Heiken 1978; Castro and Gardner
2008], and the Rock Mesa and Devils Hill rhyolites on
South Sister Volcano, Oregon [e.g. Scott 1987].

The pyroclastic and effusive deposits at BGM contain
abundant rhyolitic obsidian (Figure 1); these glasses
were some of the first ever to be analyzed to constrain
volatile contents in rhyolite magmas. In their land-
mark study, Eichelberger and Westrich [1981] demon-
strated that BGM (and Little Glass Mountain) obsid-
ians contain a range of remnant (0.1 to ~1.0 wt.%)
magmatic H2O (and minor CO2). This H2O range re-
flects values measured on effusive (the minimum val-
ues) and pyroclastic obsidians (upper range in H2O).
Eichelberger and Westrich [1981] interpreted this wa-
ter to be the primary driver for explosive rhyolite
eruptions at Medicine Lake. Their measurements also
showed that obsidian lavas are nearly completely de-
pleted in H2O (~0.1 wt.%), which—together with the
relatively more hydrous pyroclast data—suggested that
the magma body feeding explosive and effusive erup-
tions was stratified in H2O. Thus, the primary implica-
tion was that eruption style is dictated by how much
H2O is in the magma, with the explosive-to-effusive
transition being triggered by H2O-rich magma being
exhausted and positioned “abruptly” atop drier magma
that would later erupt effusively.

In addition to the absolute H2O contents of eruption
products, the H-isotopic signatures of pyroclastic and
effusive obsidians at Medicine Lake and other Holocene
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Figure 1: [A] Satellite image of Big Glass Mountain (BGM), northern California. North direction is up in image.Imagery dates from 29 June 2017 and is provided by the National Agricultural Imagery Program (NAIP/USDA-FSA). Obsidian lava of BGM occupies most of the field of view, however co-eruptive air-fall deposits are apparentin vegetated land and in the quarry to theNWof the BGMflow. White stars show the approximate locations of ventswithin the flow and on the extension of the presumed fissure system [e.g. Eichelberger 1975]. The red dot showsthe approximate location of our pyroclastic samples, collected in 1997. Green areas superimposed on the flowdemarcate breccia ridges, which host significantly more vegetation than the normal flow top lava. Breccia ridgesare particularly well exposed and positioned inboard of the southern and westernmost flow fronts, indicating thatthey were incorporated into the flow at some point after the onset of effusive activity [B] Close-up view of the~2.5-m-tall outcrop of pumice and obsidian fall. We sampled this section at 15 cm intervals (shown by white tapemarkings on section line). Mapping by Chesterman [1955] suggests the total fallout section thickness is 3.6 m atthis location.
systems (e.g. Inyo Domes and Mono Craters, CA) have
been used to elucidate specific degassing mechanisms
responsible for syn-eruptive gas release [e.g. Taylor et
al. 1983; Newman et al. 1988; Dobson et al. 1989; Rust
et al. 2004]. As studies have shown, hydrogen iso-
topic measurements on pyroclastic and effusive obsidi-
ans trace relatively consistent patterns of initial subtle
decline in δD in relatively hydrous pyroclasts (e.g. from
~4 to 1 wt.% H2O [Newman et al. 1988]), and later ex-
treme isotopic fractionation (i.e. deuterium depletion)
comprising a sharp exponential decrease in δD for the
last several tenths of a wt.% of H2O found in obsidian
lavas. These trends have been interpreted as evidence
for initial “closed-system” degassing related to explo-
sive processes (i.e. corresponding to hydrous pyroclasts
[Taylor et al. 1983]), and later “open-system” degassing
in obsidian-flow producing phases. Eichelberger et al.
[1986] purport that the open-system signatures of ob-

sidian lavas reflect the inevitable transition of rising
bubbly magma to a highly permeable state, which in
turn induces effective and immediate gas-melt separa-
tion that will result in dry magma capable of erupting
“quiescently” [Eichelberger et al. 1986].

Most recently, Giachetti et al. [2020] performed de-
tailed hydrous geochemical (H2O and δD) and paired
porosity measurements of pyroclastic and effusive ob-
sidians and pumices from Big Glass Mountain’s 1060
CE eruption. Similar to previous interpretations [e.g.
Eichelberger et al. 1986; Newman et al. 1988], this
study contends that the BGM eruption progressed from
early closed to open-system degassing, the shift being
caused by bubbly magma reaching a threshold ~65 %
porosity. Like the Eichelberger et al. [1986] model, the
main mechanism bringing about this changes is magma
reaching a permeability threshold, beyond which open-
system degassing takes over and quiescent effusion oc-
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curs.
In contrast to the aforementioned studies that treat

rhyolite eruptions as two-stage, closed-to-open sys-
tems Taylor [1991] proposed “batched degassing”,
a multi-stage, repetitive degassing mechanism for
late-Holocene explosive-effusive rhyolite eruptions at
the Inyo Domes, CA [Miller 1985]. According
to this model—termed “multi-step open/closed”—
hydrous magma outgasses in repetitive closed-system
“batches” that are periodically released by explosions
that vent exsolved gas to the surface. The repetitive
closed system batches may get progressively smaller
with time as the hydrous magmatic component de-
clines with successive eruptions. The net effect of Tay-
lor’s [1991] model is the progressive depletion of the
magma’s H2O budget, which enhances “quasi-open”
system behavior with each degassing step.

Taylor’s multi-step model fit to the Inyo Domes iso-
topic data yields isotopic shifts and δD-H2O trends that
are excellent fits to both the initial subtle decrease in
pyroclastic obsidian δD, and the later extreme deu-
terium depletion observed in lavas. The repetitive na-
ture of the degassing process, Taylor [1991] contends,
is manifested in the physical character of pyroclastic
deposits themselves, which exhibit stratified heteroge-
neous distributions of obsidian- and pumice-rich lay-
ers (Figure 1). Although not explicitly stated in Taylor’s
[1991] work, the multi-step, batched-degassing model
represents a single repetitive mechanism that geochem-
ically links explosive to effusive products. In other
words, the model does not entail an abrupt shift in de-
gassing mechanism nor does it require that eruptive ac-
tivity change as the aforementioned two-stage models
do [e.g. Newman et al. 1988; Giachetti et al. 2020].

Castro et al. [2014] applied Taylor’s [1991] batched-
degassing approach to model δD-H2O measurements
on explosive and effusive products from the first sci-
entifically observed rhyolite eruption, that of Chaitén
volcano, Chile [Castro and Dingwell 2009; Castro et al.
2012]. Because this event was well monitored, the H2O
and isotopic measurements and modeling thereof could
be directly linked to the observed eruptive behavior.
Castro et al. [2014] found that a multi-step, batched-
degassing mechanism could fit the δD-H2O data from
the entire eruptive complement: early-erupted Plinian
pumice and obsidian lapilli, Vulcanian bombs, and
lavas. In addition, the multi-step degassing degassing
mechanism was entirely consistent with and correlative
to the observed eruption behavior, in particular hybrid
activity at Chaitén (simultaneous bomb blast and py-
roclastic venting alongside effusion) that commenced
shortly after the eruption had started.

The simultaneous explosive and effusive eruption of
Chaitén involved persistent ash venting and repetitive
explosions, much like those seen at Cordón Caulle a
few years later [e.g. Castro et al. 2013; Schipper et al.
2013; 2021]. The ubiquitous explosions that occur dur-
ing effusion [e.g. Schipper et al. 2013] are manifesta-

tions of the periodic build up and release of pressure on
conduit-spanning fractures and pyroclastic degassing
channels known as tuffisites, whose time-dependent
porosity and permeability [Black et al. 2016; Saubin et
al. 2016; Heap et al. 2019; Schipper et al. 2021] lead to
intermittent bomb blast and ash venting activity [Cas-
tro et al. 2012; 2014; Black et al. 2016]. Collectively, the
eruption observational information, geochemical sig-
natures, and textural features of Chaitén and Cordón
Caulle argue for a degassing mechanism that could op-
erate relatively unchanged across the whole eruptive
sequence, including initial Plinian explosions and later
synchronous, hybrid venting of pyroclasts and lava.

In summary, rhyolitic obsidian eruptions have histor-
ically been viewed as “explosive OR effusive”, and ac-
cordingly ascribed to a two-stage degassing history [e.g.
Cabrera et al. 2015]. Indeed, the overwhelmingly dom-
inant interpretation of hydrous geochemical data and
physical textures in eruption products is one indicating
a sharp “transition” in eruptive style, coinciding with
the degassing regime shift from closed to open-system
[e.g. Taylor et al. 1983; Eichelberger et al. 1986; New-
man et al. 1988; Eichelberger 1995]. Testing whether
this interpretation is valid is clearly important for accu-
rately assessing the hazards of these and future events,
especially considering that the two observed Chilean
rhyolite eruptions did not behave according to current
paradigms. In other words, because the hybrid form
of activity is temporally dominant (lasting months to
more than a year) in the observed events, very differ-
ent hazards are implied than would be considering the
prevailing “explosive OR effusive” paradigm [e.g. Cas-
tro et al. 2014; Saubin et al. 2016; Forte 2019; Forte and
Castro 2019].

Aside from the work of Castro et al. [2014], no pre-
vious study has linked both field and geochemical evi-
dence of degassing to hybrid eruptive activity in a rhy-
olite system. Thus, our goal is to find hallmarks of
this behavior in the geochemical and physical nature of
deposits at BGM. Our results show that hybrid activ-
ity played a dominant role in the pre-historic rhyolite
eruption of BGM.

3 Samples and analytical methods

3.1 Sample collection

We collected tephra samples in September, 1997,
from a freshly exposed, 2.5 m-tall vertical outcrop
of airfall tephra in a pumice quarry (“Fouch pumice
pit” [Chesterman 1955]) on the north side of the Big
Glass Mountain obsidian flow (Figure 1). This sam-
ple location was selected in part based on field map-
ping by Heiken [1978], whose own tephra sections
and isopach maps reveal a maximum deposit thickness
ranging from ~3–6 m in the quarry we sampled from.
The bottom of the air-fall tephra was not encountered
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during our sampling but it could have extended up to
1 m beneath our lowest sample owing to an earlier pub-
lished estimated total deposit thickness at this location
of about 3.6 m [Chesterman 1955]. At the time of our
sampling, exposures in the quarry could be continu-
ously traced to the contact they made with the north-
ern obsidian flow lobe. This confirmed that the lo-
cation of our sampling corresponds to a conformable
stratigraphic (and co-eruptive) pyroclastic fall linked
the overlying effusive lava (Figure 1).

We sectioned pyroclastic samples in bulk with a
small trowel at 15 cm intervals over the entire 2.5 m
exposed section. Samples were placed into air- and wa-
tertight bags in amounts of about one kilogram. As
talus obscured the base of the fall deposit, it is unclear
where the tephra fall section ended. However, the sam-
pled section does represent a majority of the upper part
(~70 %) of the fall deposit at this location (i.e. 2.5 m of
a total 3.6 m [Chesterman 1955]). Although we can-
not establish the relative age of the tephra deposit with
respect to the neighboring lava—i.e. if they erupted
simultaneously—these pyroclastic samples collected at
a high sampling interval (about every 15 cm) do con-
tain an important record of the explosive phase at BGM
and, in the event that it did temporally overlap with
effusive activity, could reveal hydrous geochemical sig-
natures evolve during hybrid activity [e.g. Castro et al.
2014].

The pyroclastic samples analyzed in this study are
labeled from deposit top to bottom as 2a through 15a
and comprise rhyolite pumice, obsidian chips, and grey
lithic fragments (Table 1). Because the pumice samples,
comprising 1–5 cm sized lapilli fragments, are in all
likelihood hydrated by meteoric waters [Eichelberger
and Westrich 1981; DeGroat-Nelson et al. 2001; Gia-
chetti et al. 2020], we did not analyze them. We instead
focused analyses on obsidian fragments (~0.5–2 cm in
diameter). We separated 35 glass chips from the bulk
pyroclast samples, and set them aside for geochemical
analysis. The possibility that these obsidian clasts were
hydrated can be discounted on the basis of their rela-
tively young age (~103 yrs), low (<5 vol.%) to negligi-
ble porosity, and the exceptionally slow rates of glass
hydration at surface conditions (~1–10 µmkyr´1; e.g.
Anovitz et al. [2004]). For example, recent hydration
modeling of natural fulgurite glasses shows that signif-
icant uptake of meteoric water in dense silicate glass
requires thousands to hundreds of thousands of years
[Castro et al. 2020]. Based on this evidence, it is un-
likely that BGM pyroclastic and effusive obsidians have
undergone appreciable hydration since their eruption.

We also collected dense obsidian lava samples from
the northeastern and southern lobes of Big Glass Moun-
tain obsidian flow; these samples were also analyzed
for their H2O contents by FTIR using well established
techniques [e.g. Castro et al. 2005b], and were found
to be very H2O depleted (~0.13 wt.%). However, iso-
topic (TCEA) analyses (see Section 3.2) of these same

samples were problematic in that H2O contents were
erroneously high, perhaps due to clogging of the re-
action chamber in the instrument. Hence isotopic and
H2O content data of these samples have been discarded
in favour of published data on BGM effusive obsidians
from DeGroat-Nelson et al. [2001]. The inclusion of
these data shall induce no uncertainty stemming from
the types or locations of these obsidians because one of
the authors of the present study (Castro) assisted in the
sampling campaign of DeGroat-Nelson et al. [2001].

3.2 Analytical techniques

Measurements of the deuterium (2H) to hydrogen (1H)
ratio (=δD) on 74 pyroclastic obsidian clasts (Table 1)
were carried out at the Johann Wolfgang Goethe-
University in Frankfurt using TCEA-MS (Thermal Con-
version Element Analyzer-Mass Spectrometer). δD is
assessed with respect to Standard Mean Ocean Water
(SMOW) and is defined as follows:

δD“

¨

˚

˝

´

2H
1H

¯

sample
´

´

2H
1H

¯

standard
´

2H
1H

¯

standard

˛

‹

‚

ˆ 1000 %�. (1)

Standard glasses (NBS-30, NBS-22, CH7) were mea-
sured during the analysis session to verify instrument
accuracy.

We followed the sample preparation techniques out-
lined in Nolan and Bindeman [2013] and Castro et
al. [2014], which are briefly summarized here. Af-
ter selecting fresh ~1-cm-diameter obsidian chips for
analysis, the materials were cleaned in an ultrasonic
bath and individual pyroclasts where then split by
breaking them into coarse fragments with a steel mor-
tar and pestle whereupon a large (~3 mm) fragment
was set aside for FTIR analysis. In doing a replicate
FTIR measurement on the same material as would be
measured by TCEA-MS, we could compare (and in-
dependently check) H2O content assessments. The
remaining fragments of the broken clast were dedi-
cated to TCEA-MS analyses, and thusly, ground in an
agate mortar to a grain size of about 150 µm, con-
strained by passing the powdered samples through
sieves. The powders were then packed into silver
cups and folded shut before weighing on an analyti-
cal balance with 6 digit precision. The mass of ma-
terial analyzed (~3–10 mg) was determined in part
by the anticipated range of H2O in the samples [e.g.
Bindeman et al. 2012; Nolan and Bindeman 2013].
The hydrogen isotopic analyses were performed on a
Thermo Finnegan TCEA-MAT 253 system, which yields
δDSMOW “

`

rp2H{1Hqsample{p
2H{1Hqs ´ 1

˘

ˆ 103. Mea-
surements have a precision of ˘3 %� for δD. In some
cases (e.g. very dry obsidian) more sample material
was needed leading to a larger capsule, which in turn
had poor positioning within the TCEA reactor cham-

Presses universitaires de �rasbourg
Page 261

https://doi.org/10.30909/vol.04.02.257277


262

Table 1: δD and bulk H2O content of pyroclastic and effusive obsidians from Big Glass Mountain, CA, USA. S.D. =standard deviation; n.d. = not determined.
Sample name

Type
(position)

δD (%�) S.D. (%�)
H2O by

FTIR (wt.%)
H2O molec.

(wt.%)
OH (wt.%)

Mz_VTS0_2a3 (n=2) Pyroclastic (30 cm) ´104.6 1.6 0.40 0.10 0.30
Mz_VTS0_2a4 (n=2) Pyroclastic (30 cm) ´90.7 3.0 0.76 0.14 0.63
Mz_VTS0_2a5 (n=2) Pyroclastic (30 cm) ´99.3 0.5 0.57 0.09 0.49
Mz_VTS0_2b1 (n=2) Pyroclastic (45 cm) ´92.5 1.0 0.79 0.16 0.64

Mz_VTS0_2b2 (n=2) Pyroclastic (45 cm) ´95.0 0.2 0.75 0.14 0.61
Mz_VTS0_2b4 (n=2) Pyroclastic (45 cm) ´95.7 1.2 0.52 0.08 0.45
Mz_VTS0_3a2 (n=2) Pyroclastic (60 cm) ´115.4 1.7 0.24 0.03 0.21
Mz_VTS0_3a3 (n=2) Pyroclastic (60 cm) ´90.9 1.9 0.74 0.10 0.64

Mz_VTS0_3a4 (n=2) Pyroclastic (60 cm) ´100.4 5.0 0.53 0.12 0.41
Mz_VTS0_3b3 (n=2) Pyroclastic (75 cm) ´90.2 2.2 0.80 0.17 0.63
Mz_VTS0_3b4 (n=2) Pyroclastic (75 cm) ´105.6 2.9 0.43 0.08 0.35
Mz_VTS0_4b1 (n=1) Pyroclastic (90 cm) ´88.2 - 0.76 0.12 0.64

Mz_VTS0_4b3 (n=2) Pyroclastic (90 cm) ´98.4 4.7 0.51 0.05 0.46
Mz_VTS0_5a2 (n=2) Pyroclastic (105 cm) ´97.7 3.8 0.56 0.07 0.49
Mz_VTS0_5a3 (n=2) Pyroclastic (105 cm) ´96.8 0.3 0.49 0.07 0.42
Mz_VTS0_5b3 (n=2) Pyroclastic (120 cm) ´91.1 4.6 0.87 0.18 0.70

Mz_VTS0_5b5 (n=2) Pyroclastic (120 cm) ´89.7 2.3 0.78 0.14 0.65
Mz_VTS0_6a1 (n=2) Pyroclastic (135 cm) ´101.3 1.2 0.39 0.02 0.37
Mz_VTS0_6a2 (n=2) Pyroclastic (135 cm) ´109.8 1.1 0.29 0.02 0.27
Mz_VTS0_6b1 (n=2) Pyroclastic (150 cm) ´101.4 0.4 0.44 0.06 0.38

Mz_VTS0_6b3 (n=2) Pyroclastic (150 cm) ´99.5 0.7 0.49 0.07 0.42
Mz_VTS0_6b4 (n=2) Pyroclastic (150 cm) ´106.4 0.1 0.38 0.02 0.36
Mz_VTS0_7A1 (n=2) Pyroclastic (165 cm) ´90.7 0.4 0.77 0.12 0.64
Mz_VTS0_7A2 (n=2) Pyroclastic (165 cm) ´104.8 2.8 0.30 0.02 0.28

Mz_VTS0_7b2 (n=1): Pyroclastic (180 cm) ´99.1 - 0.56 n.d. n.d.
Mz_VTS0_7b5 (n=2): Pyroclastic (180 cm) ´100 1.5 0.48 n.d. n.d.
Mz_VTS0_8a1 (n=2) Pyroclastic (195 cm) ´99.2 3.5 0.46 0.05 0.41
Mz_VTS0_8a2 (n=1) Pyroclastic (195 cm) ´108 - 0.36 0.04 0.32

Mz_VTS0_8a5 (n=2) Pyroclastic (210 cm) ´100 0.1 0.56 0.06 0.5
Mz_VTS0_10b2 (n=1) Pyroclastic (225 cm) ´97.2 - 0.66 n.d. n.d.
Mz_VTS0_15a1 (n=2) Pyroclastic (245 cm) ´102.8 0.1 0.50 n.d. n.d.
GM94-10 (n=1)* Lava ´152.2 - 0.14 n.d. n.d.

GM94-11 (n=1)* Lava ´146.5 - 0.13 n.d. n.d.
GM95-02 (n=1)* Lava ´120 - 0.13 n.d. n.d.
GM95-06 (n=1)* Lava ´117.1 - 0.14 n.d. n.d.
GM95-07 (n=1)* Lava ´126.3 - 0.10 n.d. n.d.

GM95-11 (n=1)* Lava ´142.9 - 0.12 n.d. n.d.
GM95-15 (n=1)* Lava ´138.1 - 0.11 n.d. n.d.
GM97-01 (n=1)* Lava ´139.1 - 0.06 n.d. n.d.
GM97-02 (n=1)* Lava ´139.4 - 0.07 n.d. n.d.

GM97-03A (n=1)* Lava ´131.9 - 0.10 n.d. n.d.
GM97-03B (n=1)* Lava ´143.5 - 0.10 n.d. n.d.

* Measurements from DeGroat-Nelson et al. [2001].
: H2O contents from TCEA.



Volcanica 4(2): 257 – 277. doi: 10.30909/vol.04.02.257277

ber. The adjusted precision is estimated to be 3–6 %� for
these samples.

Analytical problems were encountered when mea-
suring the driest obsidian samples, i.e the effusive ob-
sidians, by TCEA. The reason for this was that given
the low total H2O (and hydrogen concentrations), sig-
nificant material (>10 mg) had to be loaded into the
furnace, which resulted in clogging and failure of the
TCEA reaction chamber furnace. Consequently, the
data on BGM obsidian lava were anomalous and unus-
able. We therefore supplemented our pyroclastic obsid-
ian data set with published hydrogen isotopic data of
DeGroat-Nelson et al. [2001], who made their measure-
ments via step-heating and whole rock fusion methods
on BGM effusive obsidians located near the outcrops
sampled in this study.

Even though it has been reported that the TCEA-MS
procedure returns an H2O content for the bulk sam-
ple with an accuracy of ˘0.01 wt.% [Bindeman et al.
2012], no inter-laboratory standards for H2O quantifi-
cation via TCEA exist; furthermore, a thorough H2O-
measurement error analysis on the instrument at the
University of Frankfurt has not been made. Conse-
quently, we sought an independent assessment of bulk
H2O content and hydrous speciation through the FTIR
method [e.g. Castro et al. 2012]. The bulk H2O, along
with the H2O and OH-group species in splits of TCEA-
MS measured obsidian glasses were quantified using
a Thermo-Nicolet FTIR Bench with attached Contin-
uum microscope at the Johannes Gutenberg University
in Mainz, Germany. Doubly polished pyroclastic obsid-
ians, sectioned from pyroclast interiors so as to avoid
surface alteration, and ranging in thickness (~160–
500 µm) were analyzed on spots (~50 µm) in trans-
mission mode at a spectral resolution of 4 cm´1, us-
ing 256 scans and sample-free-path background spec-
tra collected every 30 minutes. Sample thicknesses
were determined to an accuracy of ˘5 µm with a Mitu-
toyo digital micrometer. A KBr beamsplitter, and liq-
uid N2–cooled MCT detector were configured on the
FTIR system to yield maximum signal strengths over a
broad bandwidth (~6000 cm´1 to <1000 cm´1 spectral
range). The relatively thick samples were required be-
cause of the need to resolve the hydrous species peaks
at 4500 cm´1 and 5200 cm´1, which correspond to
OH and H2O molecular groups, respectively. In ad-
dition, some samples with rather low bulk H2O con-
tents (<0.1 wt.%) exhibited good quantifiable mid-IR
absorbance peaks at 3550 cm´1. We used a linear base-
line to measure the different peaks’ heights, and, these
absorbance values were then input into Beer’s Law. As
Beer’s law also requires a glass density and extinction
coefficient values, we calculated glass densities using
the approach of Lange and Carmichael [1990] and used
extinction coefficients for rhyolite glass from Ihinger
et al. [1994]. Finally, we estimated detection limits of
~0.005 wt.% H2O based on the analysis of multiple
spots yielding the 3550 cm´1 peak and observing its

topological change as we collected unknown spectra at
various scan rates.

3.3 Modeling volcanic degassing trends

The analytical measurements yield H2O bulk concen-
tration (wt.%) and corresponding δD (in %�) values
of pyroclastic obsidians (Table 1). We plotted these
two parameters against one another to investigate “de-
gassing trends”, particularly by fitting them with var-
ious idealized degassing models, including: closed-
system, open-system, and batched degassing [e.g. New-
man et al. 1988; Taylor 1991; Rust et al. 2004]. As
single-stage model fits were not sufficient to match the
data, we additionally investigated “two-staged” paths,
specifically, closed-to-open and closed-to-batched, both
of which simulate the magma becoming progressively
more open as degassing proceeds [e.g. Eichelberger et
al. 1986].

All model simulations were performed with the Mat-
lab program VolcDeGas [Walter 2017; Walter and Cas-
tro 2020, Supplementary Material], which allows users
to input various magmatic conditions to investigate dif-
ferent degassing mechanisms in hydrous rhyolite melts.
VolcDeGas outputs comprise plots of δD vs. H2O super-
imposed on, and statistically fit to, the original analyt-
ical data. The program’s input parameters include: 1)
the initial and final H2O content, 2) the initial δD of the
melt, 3) the hydrous speciation (determined by FTIR
and confirmed and extrapolated to other higher-than-
observed H2O contents by the program), 4) the temper-
ature (when hydrous speciation data are unavailable),
and 5) the speciation-dependent fractionation factors
(also computed by VolcDeGas based on measured H2O
speciation). VolcDeGas calculates solutions to simple
closed-system (mass conservative), open- (Rayleigh dis-
tillation), and batched-system equations by mass bal-
ance for each degassing step [e.g. Taylor 1991; Castro
et al. 2014].

Batched systems were modeled by using sequential
closed-system steps, similar to the approaches of Tay-
lor [1991] and Castro et al. [2014]. Each step is treated
as a “vapour reservoir” filling event, whereby the reser-
voir is imaginary but could represent cracks or bub-
bles. During the initial filling calculation, VolcDeGas
iteratively determines the equilibrium composition of
δD in both the vapour and melt for a given amount of
H2O loss into the reservoir. When the filling reaches the
step-size determined value of H2O decrease, the vapour
is then instantaneously removed from the system. The
result of this calculation procedure is a slightly curved
line corresponding to a single closed system step [e.g.
Dobson et al. 1989; Walter and Castro 2020].

In all degassing systems, the step size must be spec-
ified, which is the fractional amount of H2O exsolved
and lost from the initial magmatic H2O budget during
each step. In a simple closed system, this amount of
H2O loss is fixed because the vapour is forced to stay
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in isotopic equilibrium with the initial H2O budget.
However, in batched- and open-system cases, because
the amount of “residual” H2O is continually updated
with each step, and decreases, a fractional amount of
this residual H2O produces variable step sizes that will
get incrementally smaller as the bulk H2O budget di-
minishes with each degassing step [Walter and Castro
2020].

We assessed the most permissible degassing scenario
for the BGM eruption based on VolcDeGas’ internal
goodness-of-fit to data assessment routine [Walter and
Castro 2020]. More specifically, the best-fit trend for
each degassing system is the result of hundreds of sep-
arate computed degassing trends, each taking into ac-
count the user input data and degassing intervals (e.g.
step size). The best-fit is then selected by VolcDeGas on
the basis of its own determination of the minimum Root
Mean Square Error (RMSE), which indicates the stan-
dard deviation between predicted δD-H2O values and
the observed natural data [Walter and Castro 2020].
Two-stage degassing models, furthermore, have a tran-
sition point corresponding to the changeover from
closed-system process and the onset of a new mecha-
nism, be it batched or open-system degassing. These
transition points were objectively chosen by VolcDeGas,
which finds the best-fit transition with an iterative ap-
proach in which it firstly calculates the initial best-
fit closed-system degassing segment via the aforemen-
tioned calculation-intensive procedure. Next, the pro-
gram tests different transition point positions along the
previously calculated closed-system segment by adjust-
ing both the input parameters and the resultant sec-
ond stage degassing trend. VolcDeGas automatically ad-
justs the transition point to achieve the maximum coef-
ficient of determination (R2) and minimum RMSE val-
ues. Additional information on how VolcDeGas oper-
ates including its validation with case study data can
be found in Walter and Castro [2020].

4 Results

4.1 Field evidence for hybrid volcanism at BGM: key
insights from recently active rhyolite volcanoes

Recent eruptions at Chaitén and Cordón Caulle pro-
vided evidence of how rhyolite events can progress,
showing in a clear and unprecedented manner that
transitions from explosive to effusive activity may be
exceptionally drawn-out (months-long), rather than
sharp [e.g. Eichelberger 1975; Giachetti et al. 2020].
At both volcanoes, hybrid effusive-pyroclastic venting
lasted until the lavas were nearly completely emplaced,
meaning that the initial purely explosive and final effu-
sive phases were short (weeks-long), effectively “book-
ending” activity dominated by this hybrid style. Both
Chaitén and Cordón Caulle exhibited hybrid venting
for months to upwards of a year [Castro et al. 2013; Pal-

lister et al. 2013, Supplementary Material]. We contend
that field evidence for simultaneous venting of pyro-
clasts and lavas should be present in older systems that
erupted this way, yet were not observed. We therefore
firstly describe the depositional record at Chaitén and
Cordón Caulle to establish a framework to interpret
features indicative of hybrid activity in and on BGM’s
lava flow. These features, for all intents and purposes,
argue for a drawn-out transition from initial explosive
to effusive of activity during the eruption of BGM. As
we have no firm constraints on temporal scale for activ-
ity at BGM, we can only speculate that if eruption rates
at BGM resembled those of the Chilean events (~tens of
m3 s´1 Pallister et al. [2013]), the similarity in effusive
eruption deposit volumes (~1 km3) may imply similar
months-long hybrid activity at BGM.

The salient depositional features formed during
Chaitén and Cordón Caulle’s hybrid eruptions com-
prise mixtures of pyroclastic and effusive materials,
ranging from very large-scale depositional structures
to microscopic textures. The key deposits include: 1)
glassy to pumiceous ballistic bombs consisting of var-
ious textural components [e.g. breccia: Schipper et
al. 2021] and deposited in vent-proximal locations [e.g.
Castro et al. 2014]; 2) expansive (100s m long) pyro-
clastic ridges positioned in middle of the lava field [e.g.
Tuffen et al. 2013; Castro et al. 2014]; 3) unconsoli-
dated to well welded pyroclastic fall deposits mantling
the tops of lava; 4) interspersed mixtures of pyroclasts
and coherent obsidian lava that occur in joint-like chan-
nel structures—so-called tuffisite veins—that crosscut
massive lava bodies [Tuffen et al. 2003; Wadsworth et
al. 2018]. With the clear physical evidence for hybrid
eruption at Chaitén and Cordón Caulle in hand, in the
following passages, we describe evidence for three of
the four features that indicate significant hybrid activ-
ity at BGM.

4.1.1 Ballistic bomb fields

Ballistic bomb activity characterized the early transi-
tion from purely explosive activity to hybrid venting
at both Chaitén and Cordón Caulle volcanoes [Schip-
per et al. 2013; Castro et al. 2014]. The bomb fields
at both Chaitén and Cordón Caulle are well preserved
due to the topography and emplacement patterns of
the lavas, which precluded burial of the bombs by ad-
vancing lava. In both locations, ballistic bombs ranging
from decimeters to a couple of meters in size litter the
near-vent region, but can also be found cratering the
landscape several km from the vent.

At BGM, the lava fields are so extensive that most
vent regions are obscured by lava. Our field work,
which focused on the south-central flow fields and
tephra fall deposit (Figure 1), did not reveal the pres-
ence of a bomb field at BGM. However, because the
BGM eruption occurred along a fissure, and the north
end of this fissure was not overtopped by lava [Ander-
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son 1933; Donnelly-Nolan et al. 2016], abundant bal-
listic bombs can be found resting on tephra aprons and
the many satellite domes at these locations [Donnelly-
Nolan et al. 2016, personal communication]. We sug-
gest that the lack of bombs at BGM in more central
fissure locations may be due to the overrunning of the
bomb field by the expansive BGM lava flows.

4.1.2 Pyroclastic ridges

Pyroclastic ridges at BGM are conspicuous accumula-
tions of reddish brecciated material that have distinct
surface texture (e.g. an abundance of fine ash and
lapilli sized particles) and componentry that is atypi-
cal of rhyolite lava, which comprises coarse (decime-
ter to meter sized) blocky lava with varying vesicular-
ity (Figure 1, Figure 2, Figure 3A, B). Anderson [1933]
suggested that these ridges are evidence of how lavas
at BGM effused and destroyed large pumice cones and
that remnants of these accumulations—now present as
pyroclastic ridges—are now exposed in the southern
part of the flow (Figures 1 and 2). Eichelberger [1975]
recognized these distinct breccia zones too, and noted
that their arcuate shape and topographic relief conform
to the inferred flow emplacement mechanism and se-
quence. However, based on a lack of pumice bombs, as
is seen in the tephra cones to the north of BGM, Eichel-
berger [1975] argued that these ridges were not rafted
pyroclastic cones but rather lava bodies that had brec-
ciated in place and were subsequently hydrothermally
altered to clay.

The breccia ridges are distributed at BGM in a ra-
dial pattern with respect to the central vent of the flow,
which is the highest point from which they may have
been sourced (Figure 1). Ridges comprise large (tens of
m in width by several hundreds of m in length) curved
zones that outcrop predominantly in the SW flow inte-
rior (Figures 1 and 2), however fragments of ridges are
also present in the NE and SE flow sections (Figure 1).
The ridges are distinctly pinkish-red and highly vege-
tated in contrast to the barren grey and black lava that
surrounds them (Figure 3A, B).

Close-up examination of the components and tex-
tures of breccia zones (Figure 2) reveals that Eichel-
berger’s [1975] hypothesis positing in situ auto-
brecciation of lava could not have been the case. Specif-
ically, the breccia zones do in fact contain all of the
components of tephra cones [Donnelly-Nolan et al.
2008], including pristine pumice bombs, highly vesic-
ular pumices, dense obsidian, and polymictic brec-
cia, comprising clasts ranging from ash to block-size
(~1 mm to 1 m; Figure 2). The breccia zones, further-
more, have undergone varying degrees of welding, as
evidenced by zones of vitrophyric textured lava, ob-
servable on both mesoscopic and microscopic scales
(Figure 2E–G, Figure 4). Welding would not be ex-
pected if these zones formed solely by superficial brec-
ciation of relatively cool and blocky surface crust (Fig-

ure 3).
Breccia zones are rich in fine red ash, which forms a

supporting matrix to larger clasts (Figure 2D; Figure 4).
The clasts within the breccia range from dense glassy
to vesicular grains with internal frothy zones mantled
by outer glassy selvages (Figure 2F). Such textures are
indicative of fragmentation of initially low vesicularity
material followed by later frothing of H2O-saturated
melt. Similar textures and structures are abundant in
bombs from Chaitén, whose origin was directly linked
to hybrid activity from Chaitén’s tephra cone [Castro et
al. 2012].

The aforementioned field observations and textural
and lithological features of BGM’s breccia zones indi-
cate that these features must be of pyroclastic origin.
Unlike the typical flow-top lava, which lacks a ma-
trix component, and comprises large (decimeter to me-
ter scale) coherent, separable and movable blocks (Fig-
ure 3A, B), the breccia is much more cohesive at the
outcrop scale and lacks evidence of hydrothermal al-
teration (e.g. clay mineralization, perlite, etched glass
[Eichelberger 1975]). The welded areas within breccia
zones, furthermore, have ignimbrite-like foliated tex-
tures (Figure 2E–G), suggesting that these pyroclastic
materials were hot when they were incorporated into
the lava. Thin sections of welded breccia reveal par-
tially to completely sintered pyroclasts, some of which
retain their original outlines and are moderately to
severely stretched into a eutaxitic foliation (Figure 4).
Some larger clasts (~5 cm) appear to have re-expanded
after some time in the flow, in turn resulting in distor-
tion of the foliation. Foliated and revesiculated struc-
tures are absent in the “normal” lava flow flow top brec-
cias.

The textures of the breccia zones are consistent with
the production of their inherent pyroclasts from a vent-
ing cone, wherein the thermal energy and H2O remain-
ing in freshly erupted fragments would foster defor-
mation, welding, bubble nucleation and growth [Cas-
tro et al. 2005b]. These characteristics, along with the
macroscopic form and structure of the ridges, in turn
require that the pyroclastic materials now making up
the breccia ridges were swept away by a moving mass of
lava shortly after they were freshly lain down. Breccia
ridges found embedded within the vast Cordón Caulle
lava flow formed exactly in this manner [Tuffen et al.
2013; Castro et al. 2014, Supplementary Material], and
thus, provide a model of how this could have transpired
at BGM.

4.1.3 Pyroclastic air-fall lava mantles

Evidence for pyroclastic fallout during lava emplace-
ment is difficult to find on obsidian flows. This is due
in part to the pervasive fracturing that the lava sur-
face undergoes as it deforms and cools. Unconsoli-
dated pyroclastic material deposited on that dynami-
cally deforming and brecciated surface may be ingested
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Figure 2: [Caption on next page]
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Figure 2: [Previous page] [A] NAIP (National Agriculture Imagery Program) satellite image of Big Glass Moun-tain. Breccia zones are highlighted by color enhancement in the lower left and upper right to distinguish themfrom “normal” flow top lava textures. Frames [B] and [C–E], correspond to field photographs of the boxed in ar-eas in frame [A]. These views show breccia zones [C] comprising meter-scale massive red breccia, pumice andobsidian bombs [D], and ash-rich polymictic breccia fragments [D]. Some breccia zones contain massive obsidianblocks interwoven with channels containing unconsolidated pyroclasts [E]. Such features may represent mega-tuffisites that were actively venting as lava effused from the vent [e.g. Castro et al. 2014]. Frames [F] and [G] showrepresentative welding textures in breccia blocks thatmost likely underwent intense shear deformation during em-placement of the lava flow. That fragments as small as a centimeter are re-expanded through vesiculation (seerounded clasts in frame [F]) and also densely welded [G] indicates that pyroclasts retained significant heat andH2O during the process of post-fragmentation welding. In the most densely welded case, breccia has a eutaxiticfoliation like that found in welded tuffs. Such textures—not found in “normal” flow top breccia—indicate that littleif any time elapsed between the explosive activity that made the breccias and lava emplacement that swept themaway.

Figure 3: [A]–[B] Field photographs showing typical lava flow top morphology and texture on Big Glass Mountain.Lava comprises meter-sized angular blocks of finely and coarsely vesicular pumice (FVP and CVP) and denseblack obsidian (OBS). Frames [C] and [D]) show rare exposures of pyroclastic mantle deposits on normal obsidianlava flow top. In frame [C], pyroclastic deposits are confined to a small swale (enclosed in white dashed lines)in the flow, which corresponds to a valley formed during folding of the flow top. These pyroclasts are shown inmagnified view in frame [D]. Like pyroclastic material in the breccia zones, these deposits have a reddish huethat contrasts sharply from the surrounding lava. The overall grain size is highly variable, ranging from lapilli tobomb size fragments, and grading from blocky pyroclasticmaterial on top to progressively denser partially weldedpyroclasts in contact with the lava at its base. The presence of pumice lapilli and unconsolidated obsidian blockssuggest these materials were deposited from the air on an actively effusing lava (see also equivalent features atCordón Caulle in the Supplementary Material).

Presses universitaires de �rasbourg
Page 267

https://doi.org/10.30909/vol.04.02.257277
https://doi.org/10.30909/vol.04.02.257277


Hybrid rhyolitic eruption at Big Glass Mountain Castro & Walter 2021

Figure 4: Optical light photomicrographs of breccia material sampled from the BGM lava flow. In thin section, thebreccia comprises variable amounts of fine ash matrix and lapilli-sized clasts. The fragments themselves consistof dense, often flow banded glass, to moderately vesicular pumice [A], [B]. Frames [A] and [B] show relativelyoutsized flow banded obsidian clasts that underwent secondary vesiculation that disrupts flow banding. Suchevidence, along with prevalent fiamme structures (white arrows in frames [A], [C], [E], and [F]) indicates that post-fragmentation welding and expansion occurred while material was pyroclasts were still hot, relatively hydrous,and above the glass transition point [~740 °C: Castro et al. 2005a]. Frame [C] shows the abundance of diverseclasts with sutured grain boundaries and some remnant pore space (void). Frames [D] through [F] indicate theprogression of increasing welding intensity in dense sintered ash, from moderate [D] to extreme [F].
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by the flow itself as cracks provide space for clasts to
fall into. This behavior was observed at both Cordón
Caulle and Chaitén, where newly effused near-vent lava
was initially covered with falling pyroclastic debris, but
then quickly incorporated that thin mantle as the flow
moved from the vent (Supplementary Material; see also
Figure 1 in Castro et al. [2014]).

At BGM, however, some sections of lava remain
draped with thin pyroclastic units (Figure 3C, D). These
rare, meter-thick exposures consist of poorly sorted,
unconsolidated pumice and obsidian blocks that grade
downward into poorly welded pumice and ash de-
posits. The pumice lapilli then grade into moderately
well welded breccia whose foliation is parallel to the
flow surface. In a similar context to the breccia ridges,
we interpret these deposits as products of hot pyroclas-
tic deposition—likely by proximal air fall—and incipi-
ent welding of the pyroclasts as they accumulated on a
hot flow surface.

Nearly identical pyroclastic veneers are found on the
distal parts of the Cordón Caulle lava, corresponding to
products that were effused early in the eruption when
simultaneous pyroclastic venting was elevated in en-
ergy (Supplementary Material; Figure S1). Like those
at BGM, these deposits are thin (~1 m), spatially con-
strained (2–5 m2), and exhibit the same sequence of
coarse to fine pyroclasts overlying incipiently welded
tuffs on the flow surface (Supplementary Material; Fig-
ure S1). The striking similarity between field relations
of these airfall deposits, along with the observed mode
of formation at Cordón Caulle, strongly supports the
field evidence for simultaneous effusive-explosive ac-
tivity at BGM.

4.2 Hydrous geochemical signature of degassing:
H2O-δD measurements

Figure 5 shows the results of H2O (via FTIR) and hy-
drogen isotopic measurements (TCEA) on BGM pyro-
clastic obsidians. Also shown for reference are H2O-δD
data from BGM lavas analyzed by DeGroat-Nelson et
al. [2001]; these are included because they extend the
range in data to lower H2O contents, thereby providing
a more complete picture of degassing history (e.g. see
also Giachetti et al. [2020], who use data from DeGroat-
Nelson et al. [2001]). The collective trend in δD is at
first subtle (Figure 5) followed by a very pronounced
drop in δD quite similar to those of other rhyolite sys-
tems (e.g. Inyo Domes [Taylor 1991]; Chaitén [Castro
et al. 2014]).

The distribution of H2O contents of pyroclastic and
lava samples shows a range of H2O (~1.1 to ~0.1 wt.%),
which are similar to, and within the range of values
observed at other rhyolite systems, including Chaitén
[e.g. Castro and Mercer 2004; Castro et al. 2012; Forte
and Castro 2019, Figure 5]. We interpret these hydrous
data to represent the true “magmatic H2O” component
and contend that BGM pyroclasts have not suffered any

post-depositional H2O loss due to, for example, hot de-
position and slow cooling of clasts within the pyroclas-
tic pile. Drawing on the work of Castro et al. [2012],
who performed diffusive H2O outgassing calculations
of 1-cm-sized spherical obsidian fragments at 625 ˝C,
we note that particles of this size require exceedingly
long timescales (~340 days) to diffusively release just a
minor amount of H2O (~0.2 wt.% in the interval 0.8–
0.6 wt.% H2O [Castro et al. 2012]). As it seems un-
tenable that a pyroclast could stay hot for upwards of
a year within a deposit, notwithstanding the potential
for significant cooling during that pyroclast’s flight, we
believe that the H2O contents measured on pyroclastic
(and effusive) obsidians are robust records of hydrous
geochemical processes during eruption.

As shown in Figure 5, the δD of obsidians measured
in this study (Table 1) range from ´88.1 %� at high-
H2O to ´116.6 %� at the low-H2O limit. However, ef-
fusive obsidian data of DeGroat-Nelson et al. [2001] ex-
tend the range of BGM values to extremely deuterium-
depleted values (~´152 %�) at low bulk-H2O contents.
Finally, we found no systematic variation in either H2O
or δD with stratigraphic position in the pyroclastic de-
posit (Table 1). This corroborates the results of Gia-
chetti et al. [2020], whose own H2O-δD data also lack
a vertical trend in these variables. The lack of pattern
may stem from the eruption of BGM along a fissure,
and the possibility that pyroclastic lobes sourced from
different vents might overlap with one another [C. Dan
Miller, 2007, personal communication], thereby collud-
ing potential systematic variation in hydrous compo-
nent values.

4.3 Modeling BGM degassing with VolcDeGas

In order to investigate potential degassing mechanisms
that could have given rise to this geochemical trend,
we used VolcDeGas, a Matlab-based utility for mod-
eling degassing trajectories [Walter and Castro 2020].
VolcDeGas allows the user to determine the statistically
best-fit degassing paths to natural δD-H2O data by sim-
ulating single and multi-staged degassing paths (e.g.
closed-to-open system). The accuracy of these model
paths is objectively determined by the program through
an iterative data-fitting algorithm [further details in
Walter and Castro 2020].

Modeling potential BGM degassing paths required
that initial pre-eruptive conditions (e.g. H2O content
and δD) of the magma be established as starting points
for VolcDeGas simulations. Waters et al. [2015] and
Waters and Lange [2016] determined the storage con-
ditions of BGM rhyolite based on phase petrology ex-
periments and plagioclase hygrometry. Their results
suggest a range of possible pre-eruptive P -T conditions
(T = ~850–930 ˝C; P = ~25–80 MPa), that collectively
imply an initial volatile budget of ~2–4 wt.% H2O. We
have chosen to run models based on the average of these
estimates, i.e. a pre-eruptive water content on the order
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Figure 5: δD–H2O (bulk) compositions of Big Glass Mountain rhyolite. Blue diamonds are obsidian pyroclastsanalyzed in this study whereas orange squares are data collected by DeGroat-Nelson et al. [2001] on flow marginobsidian lavas. Grey circles are data derived from pyroclasts sampled fromChaitén volcano by Castro et al. [2014].Error bars demarcate the measurement uncertainty for the TCEA-method applied in this study (isotopic error is
˘3 o{oo), whereas the DeGroat-Nelson et al. [2001] data carry a ˘2 o{oo error. Measurement uncertainty in H2Ocontents (determined by FTIR; ~0.01 wt.%) are well within the breadth of the symbols. The curve fit (R2 = 0.88)to the pyroclastic obsidian data is a logarithmic expression of form: y = 17.6 ln(x)´87.7; meant for statisticalrepresentation of trend and not as a degassing model.

of 3 wt.% H2O, consistent with an intermediate pres-
sure. As CO2 went undetected in all measured obsidi-
ans [e.g. see also Giachetti et al. 2020], we proceeded
with modeling under pure H2O-saturated conditions.
The initial δD of the magma is not known a priori, how-
ever, for modeling degassing paths this parameter is
varied iteratively over a set range of possible starting
conditions by the program that lead to a best fit to data
[e.g. Castro et al. 2014; Giachetti et al. 2020]. In par-
ticular, the best fit models described below (e.g. two-
staged closed-to-open and batched) were achieved with
initial δD of ´68 %�, which corresponds well with val-
ues measured on similarly aged hydrous rhyolitic ob-
sidians (~3.1 wt.% H2O) from Little Glass Mountain
[Taylor et al. 1983].

Figure 6A, B shows VolcDeGas model fits to natural
data assuming a single-staged (either closed- or open-
system) degassing mechanism. In general and per-
haps unsurprisingly, single-staged models do not fit
the complete range of data. In particular, the closed-
system degassing path from an initial δD of ´70 %� fits
only the first segment of data ranging from approxi-
mately 1.0 to 0.5 wt.% H2O, resulting in poor RMSE
and R2 values (>14.7, 0.8, respectively). Open-system
degassing starting at a δD of ´53 %� provides a better
fit to the data than closed-system model (Figure 6B),
however this model does not match the H2O-rich sam-
ples at the start of the trend, which in part arises
from the relatively high initial δD required to ensure

that final degassing steps yield the very δD-depleted
values at low-H2O content (effusive obsidians). Over-
all, the open system (with a small degassing step
~0.001 wt.%) yields moderately improved fit param-
eters (RMSE = 8.5, R2 = 0.89) over the closed-system
case, but still leaves much of the data not adequately
fit.

The poor fits of single-stage models to the data (Fig-
ure 6A, B) imply that a two-staged, open-to-closed sys-
tem model would globally fit the natural isotopic obser-
vations better [e.g. Taylor et al. 1983; Eichelberger et al.
1986; Newman et al. 1988; Giachetti et al. 2020]. Thus,
in Figure 6C we show the results of a two-stage, closed-
to-open system path using an initial δD of ´68 %�. The
transition point (0.4 wt.%) from closed- to open-system
degassing was determined by VolcDeGas iterative fitting
process [e.g. see Walter and Castro 2020], and signifies
the best-fit change in degassing mechanism based on
data. It is important to note that this transition point is
purely empirical and does not implicate a sharp phys-
ical shift in eruptive activity in nature. As we can see
in Figure 6C, the two-stage model conforms nicely to
the data, yielding RMSE of ~6.7 and an R2 of 0.87, a
considerably better fit than the single-stage systems.

Another type of degassing mechanism is a batched
system, whereby an initial closed-system step is fol-
lowed by many smaller closed-system steps of ever-
decreasing size (batches). Taylor [1991] and Castro et
al. [2014] both employed similar models to explain de-
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Figure 6: Best-fit VolcDeGasdegassing simulations (blue curves) ofmeasured δD–H2Odata (dots) frompyroclasticand effusive obsidians from Big GlassMountain. VolcDeGas iteratively determines the best-fit path based on initial
δD (in o{oo) and H2O content, hydrous speciation calculations, variable degassing step size, and a degassing modetransition point (in the case of two-stage and batched degassing, frames [C] and [D], respectively). The best-fitparameters are shown in the figure insets along with statistical model errors. All simulations start at 3.0 wt.% H2O.Lava data points (at lowest H2O, <0.2 wt.%) are measurements made by DeGroat-Nelson et al. [2001]. Frames [A]and [B] show single-stage, end-member closed- and open-system degassing paths, which appear to only partiallyfit the high- and low-H2O content segments of data, whereas frames [C] and [D] indicate best fit models involvingtwo-staged, closed-to-open system and batched-system degassing respectively [e.g. Taylor 1991].
gassing of the Inyo and Chaitén eruptions, respectively,
and found good correspondence between models and
data across all types of eruptive products. Accord-
ingly, Figure 6D shows a batched degassing model ap-
plied to the BGM data, involving a large initial closed-
system step, followed by multiple repetitive batches of
decreasing size (65 % H2O drop at each step).

As before, the degassing step size is determined by
iterative best fitting in VolcDeGas. The variable, ever-
diminishing batched steps result in strong δD decrease
at the end of degassing, and could mimic the tendency
for and erupting magmatic system to “dry out” with
time. Consequently, as the H2O budget decreases, there
is less energy to supply plumes and explosive degassing

[e.g. Schipper et al. 2013]. The result of this batched
model (Figure 6D) shows a good statistical fit to the
natural data. In comparison to the closed-to-open sys-
tem (Figure 6C), the batched system yields a slightly
better fit as determined by both R2 and RMSE values
(Figure 6D).

In summary, the best fits to BGM H2O-δD data are
those that involve either a two-stage degassing model,
mimicking a progression from an early closed system to
an open system, or a batched system with successively
smaller batched-system steps that alleviate the volatile
budget (Figure 6).
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5 Discussion

5.1 Physical evidence for simultaneous pyroclastic
and effusive activity at Big Glass Mountain

Field relations, in addition to geochemical data, all sug-
gest that hybrid explosive and effusive activity occurred
at BGM. To our knowledge, only scant physical evi-
dence for this eruptive behavior has been previously
recognized in the tuffisite structures of Panum Dome
[Black et al. 2016], which nonetheless link that eruption
to hybrid activity. At BGM, the close spatial association
of coherent (effusive) and pyroclastic deposits suggest
that explosive and effusive activity were closely over-
lapping in space and time. In this discussion we link
salient field depositional relations and structures at
BGM to possible eruption modes and evolution thereof.

Early in the eruption, one or more active tephra cones
vented pyroclastic material, producing thick, overlap-
ping airfall deposits (Figure 7; C. Dan Miller [personal
communication 2005]). Given clear contact deposi-
tional relations, these vents were in close proximity to,
and likely sourced, the voluminous obsidian lava flow
as it effused. This interpretation corroborates previous
work [Anderson 1933; Eichelberger 1975] indicating
that the BGM lava flow was emitted from three separate
vents, along an ~1.5 km NNW-trending fissure, each
erupting at different initial stages, but also simultane-
ously later in the eruption (Figure 7). In such a multi-
vent eruption scenario, the conditions for pyroclast de-
position on co-eruptive flows would have been met [e.g.
Lara et al. 2004]. Indeed, the presence of pyroclastic
deposits laying conformably atop BGM lava (Figure 3;
Supplementary Material) speaks to this, and indicates
that pyroclastic venting had not stopped when effusion
started.

Further evidence for simultaneous explosive-effusive
activity is provided by numerous pyroclastic ridges po-
sitioned within the flow, and not at the flow’s mar-
gins (Figure 1). Pyroclastic deposits positioned at the
flow’s edge—were they to exist—would imply a sharp,
unidirectional explosive-to-effusive eruption sequence.
However, we have found no flow-bounding pyroclas-
tic ridges, making this scenario implausible in light
of the actual positioning of pristine lavas outboard of
the pyroclastic units, particularly in the SW flow (Fig-
ure 1). Thus, the observed arrangement of lava → brec-
cia ridge → lava (Figure 1) found in the SW flow re-
quires that some of the lava was firstly emplaced unhin-
dered to the SW before the inboard pyroclastic units—
at the time comprising actively venting cones—were
rafted away. Later, as the pyroclastic cones were dis-
rupted by lava sourced from different vents and trans-
ported, the breccia deposits became buttressed by both
the early and later-erupted lava (Figure 7). The lava
that rafted the pyroclasts would have been sourced
from a different vent than the SW cone and accord-
ingly must have been somewhere to the north along the

fissure (Figure 7). That the form of the ridges is con-
formable with the large scale flow ridges indicates sig-
nificant deformation of the pyroclastic cones and that
integration of the pyroclasts in lava must have occurred
well before the flow reached its final position.

Collectively, the formation of both the flow-top py-
roclastic mantles and internal pyroclastic ridges re-
quire initial unhindered lava effusion from a actively
venting pyroclastic cone or cones (Figure 7). Simul-
taneous eruption of lava away from the pyroclastic
source would allow the first unhindered lava to come
to rest without significant impediment of earlier built
pyroclastic cones. We therefore envision at least early
emission of lava from multiple horseshoe-shaped cones
whereby lava could flow out from one side of the struc-
ture, as was observed at Cordón Caulle in 2011 [Castro
et al. 2014, Supplementary Material].

5.2 Degassing during pyroclastic and effusive activ-
ity: the H-isotopic record

Hydrous geochemical measurements comprising δD
and bulk H2O content on eruption products provide
clues into the mechanism(s) of degassing that drove the
most recent explosive and effusive activity at BGM [e.g.
Eichelberger and Westrich 1981; Newman et al. 1988;
Taylor 1991; Rust et al. 2004; Giachetti et al. 2020].
The data from this system—like those observed in other
young rhyolite systems—shows an initial slight decline
in δD over an extensive drop in H2O from high low val-
ues, followed by a sharp drop in δD in the low-H2O
content realm (Figures 5 and 6). This geochemical pat-
tern reflects an enhancement in fractionation of deu-
terium into the vapor phase, which is strengthened in
the latest stages by both the shift in hydrous speciation
(to more OH-rich composition) and consequent change
of the melt vapor fractionation factor [e.g. Walter and
Castro 2020]. Typically, the sharp drop in δD is at-
tributed to late-staged opening of the system to gas loss
[e.g. Newman et al. 1988].

As we showed in Section 4.3, batched degassing,
involving an initial large closed-system step followed
by repetitive and progressively smaller batched-system
steps [e.g. Taylor 1991, Figure 6] provided the best fit
to natural δD-H2O data. This good fit suggests that
a repetitive degassing mechanism involving numerous
outgassing pulses was important following what may
have been an initial purely explosive Plinian stage at
Big Glass Mountain.

Batched degassing behavior as described above was
also identified in the δD-H2O data of pyroclasts and
lavas from Chaitén, and linked to the action of tuffisites
during its 2008 hybrid eruption [Castro et al. 2014].
This recently active system provides a working model
for how BGM’s δD-H2O data may have arisen from
physical eruption processes. In particular, the ballistic-
bomb hosted tuffisite veins at Chaitén were found to
alternately act as mass conservative and mass liberat-
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Figure 7: Schematic showing possible erup-tive events leading to the formation of jux-taposed explosive and effusive deposits atBig Glass Mountain. Multiple eruptive ventswere aligned along a NNW trending fissure(bold diagonal line), as shown in this per-spective view from the southwest [see alsoChesterman 1955; Eichelberger 1975]. [A]Initial pyroclastic eruptions occurred fromnorthern and southernmost vents (Cones 1and 2) along the main fissure [Eichelberger1975]. [B]–[C] A third, middle vent (Cone 3)probably formed later, and may have beeninitially explosively active with later syn-chronous hybrid venting with the other twovents [Eichelberger 1975]. [D] The advancinglava from the Cone 3 vent would have even-tually destroyed the southernmost pyroclas-tic cone leading to its entrapment in the lavathe observed pattern of Lava-Breccia Ridge-Lava on the SW flow front. Lava emittedfrom Cone 1 could have also breached itssouthern wall, leading to impingement ofthis flow on Cone 3 (Frame [D]), ultimatelycausing the destruction and rafting of Cone3 and incorporation as a breccia ridge intothe final flow field. The intense welding,vesiculation, and deformation of pyroclastswithin the breccia zones (Figure 4) showsthat little time passed between pyroclasticventing and subsequent disruption and raft-ing of cones by lava.

ing systems, both storing pyroclasts and gas for short
periods (10s of minutes) and then explosively releas-
ing them (c.f. Figure 7 in Castro et al. [2014]). In
this sense, Chaitén’s tuffisites behaved like valves, en-
abling “batched” degassing cycles comprising closed-
system filling (e.g. via vesiculation and gas percola-
tion into a crack) and explosive draining of volatile
“aliquots”. All the while that tuffisites were active, lava
poured out from the same vent, its own degassed state
an outcome of vigorous pyroclastic degassing through
tuffisites. The outcome of this physical behavior is
manifested in Chaitén’s H-isotopic array, which shows
clear geochemical continuity between early Plinian py-
roclasts and later erupted lava [Castro et al. 2014, Fig-
ure 5].

It is also important to note that the pyroclastic fill in
some of Chaitén’s tuffisites [Castro et al. 2012; 2014]—
comprising densely sintered ash and obsidian lapilli—
exhibits markedly heavier H-isotopic signatures than
the dense obsidian hosts that contain them. Castro
et al. [2014] interpreted this as evidence that tuffisite

veins accessed deep portions of the conduit where they
tapped into more primitive, deuterium-rich gas and py-
roclasts, before conveying them to the surface and lead-
ing to some local pyroclast and lava buffering [e.g. Rust
et al. 2004]. Tuffisites are, in this context and some-
what paradoxically, the physical hallmarks of “open-
system” behavior—the deep conveyance of material re-
flects this—but at the same time, such pyroclastic ma-
terial lacks the classical geochemical signature of open-
system degassing, that is, the extreme deuterium de-
pletion stemming from Rayleigh fractionation. Unlike
δD-depleted obsidian lavas from Chaitén, the previ-
ously described tuffisites remain δD-enriched despite
being relatively poor in H2O. Thus, owing to these
complexities, which collectively demonstrate that tuff-
isite structures may cycle through various different de-
gassing modes (e.g. closed, batched, open, buffered; see
Figure 7 in Castro et al. [2014]), a simple two-stage,
unidirectional shift in degassing mode (e.g. closed-to-
open) does not sufficiently explain Chaitén’s hydrous
geochemical array while also remaining consistent with
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the physical eruption events causing that data array.
We view the remarkable similarity in δD-H2O sys-

tematics between eruption products from BGM and
Chaitén (Figure 5), along with field relations pointing
towards hybrid activity at BGM (e.g. breccia ridges),
as strong evidence that the eruptive underpinnings of
the degassing history at BGM were similar to those at
Chaitén. While we have yet to find and analyze tuff-
isites from BGM, we contend that the conduit(s) at
BGM could very well have undergone periods of shift-
ing degassing mode as its degree of openness changed
during hybrid activity. In other words, the conduits at
BGM, acting like scaled-up tuffisites, would have ex-
perienced episodes of gas and pyroclast storage and
transmittance, all of which could have been governed
by fine-scale conduit processes involving cycles of frag-
mentation and re-healing of material [e.g. Schipper et
al. 2013; Wadsworth et al. 2018; Kolzenburg et al. 2019;
Schipper et al. 2021]. Indeed, Schipper et al. [2021]
showed that brecciated rhyolite bombs repeatedly cast
from the conduit at Cordón Caulle behaved like “super-
sized” tuffisites. The internal structures of these bombs
indicate alternating modes of vesiculation, fragmenta-
tion, and sintering that led to densification of degassed
magma that was in turn periodically forcefully ejected
from the conduit during hybrid explosive-effusive ac-
tivity [Castro et al. 2016].

Finally, it is also important to note that a two-staged,
closed-to-open-system model also fits the data rather
well (Figure 6C). Despite similar goodness of fit to nat-
ural data, this closed-to-open model is physically differ-
ent than the batched-system model in that it requires
a sharp unidirectional change in degassing and erup-
tion mechanism, something that is not consistent with
previously described field relations, degassing mecha-
nisms and requisite geochemical patterns, or observa-
tions of active systems [e.g. Castro et al. 2013]. Future
work should aim to sample and measure the hydrous
signatures of bomb-hosted tuffisites at BGM to confirm
the proposed geochemical and physical eruptive par-
allels between this and other active rhyolite systems.
We recognize however that a geochemical dataset alone
(i.e. in the absence physical eruption deposit evidence
and/or real-time eruption observations) cannot impli-
cate a particular eruption style or sequence.

5.3 Divining eruptive activity from hydrous geo-
chemical trends and field relations

In terms of how the eruption may have physically tran-
spired, the batched-degassing path is consistent with
both an early purely explosive phase of activity (closed-
system degassing)—as evidenced by thick pumice fall
deposits—and later hybrid eruptive behavior, involv-
ing repetitive blast and simultaneous lava effusion ac-
tivity [e.g. Schipper et al. 2013; Castro et al. 2014]. The
initial closed-system, and effectively large degassing
amounts that mark the beginning of the sequence,

could have come about from initial magma rise and at-
tendant volatile exsolution into closed bubbles that re-
mained in contact with the melt. The start of the erup-
tion (the Plinian phase) would therefore have marked a
massive closed-system, explosive release of these early
exsolved volatiles. This interpretation has been vali-
dated by historically active subaerial rhyolites where
the degassing pattern and eruption mechanism were
found to be consistent across a wide range of samples
(Chaitén and Cordón Caulle; e.g. Castro et al. [2014]).
Most importantly, instead of sharply distinct degassing
and eruption mechanisms—closed first then open, and
first explosive then effusive—the Chilean eruptions ex-
hibited pulsed, batched degassing, with explosive out-
bursts declining in intensity during prolonged effusive
activity [Schipper et al. 2013].

On the whole, our hydrous geochemical data provide
evidence of the nature of degassing that accompanied
hybrid volcanism during the most recent explosive-
effusive eruption of BGM. This geochemical evidence
points to a repetitive degassing process that physically
coincides with distinctive, intercalated effusive and ex-
plosive deposits. This geochemical and physical ev-
idence places the BGM eruption squarely in the be-
havioral class of Chaitén and Cordón Caulle eruptions.
Thus, as concerns potential future rhyolite eruptions
and hazards either at Medicine Lake or other poten-
tially active systems, we would envision extensive hy-
brid activity with month-long periods of ash produc-
tion alongside effusive activity and extensive pyroclas-
tic flows [e.g. Schipper et al. 2013].

6 Conclusions

Detailed analyses of field relations, microtextures and
hydrous geochemical signatures preserved in pyroclas-
tic and effusive obsidians at BGM suggest that the
most recent BGM eruption followed an hybrid eruptive
course, one very much like the recent rhyolite events
at Chaitén and Cordón Caulle. There was not likely a
sharp shift in activity from explosive to effusive behav-
ior, but rather a gradual shift from early intense Plinian
explosions to long, drawn-out repetitive explosive vent-
ing accompanied by lava effusion. That the effusive
lavas are so voluminous suggests that BGM would been
explosively active for a very long time, perhaps months
to years. Such activity would have produced ash clouds
while the voluminous obsidian flow was emplaced [e.g.
Black et al. 2016; Forte and Castro 2019]. Clearly, were
such persistent ash venting and lava effusion to happen
again today, this would present a most critical threat to
air traffic, the local farming economy and regional vol-
canic threat [Forte et al. 2018].

Our work on BGM adds to the growing evidence
that effusive rhyolitic volcanism is inextricably linked
to explosive eruption [e.g. Black et al. 2016] and thusly
calls for reassessment of prior models involving tempo-
rally abrupt change-overs in activity linked to thresh-
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olds in magmatic properties, such as bulk permeability
[e.g. Eichelberger et al. 1986; Newman et al. 1988; Gia-
chetti et al. 2020]. New models that incorporate cycles
of volatile exsolution, melt fracturing, explosive out-
burst and release, followed by re-sintering of fragmen-
tal magma will contribute to better hazard assessments
of the impacts of rhyolite events [Schipper et al. 2021].
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