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Abstract

Volcanic systems are critical for the evolution and dynamics of the Earth; yet, our
understanding of the plumbing systems that feed eruptions is hampered by our inability to
directly observe magmas at depth. We present a compilation of matrix-glass data and rhyolite-
MELTS pre-eruptive storage pressures for eleven Quaternary VEI 6+ caldera-forming eruptions
worldwide with volumes ranging from 35 to 1,500 km3, and we assess the depths and
thicknesses of the magma bodies that fed these eruptions. We show that magmas that feed VEI
6+ eruptions are typically stored at median depths of 3.4-5.1 km, with magma body thicknesses
typically in the range of 1.5 to 4 km. Two smaller eruptions (i.e., < 50 km3) in the TVZ were fed
from magmas stored at deeper levels (~¥10-12 km) and are characterized by much smaller
calculated thicknesses (< 1.5 km), which may be facilitated by the extensional tectonic
environment and their eruption during the early stages of magmatic cycles. In combination,
results suggest that the interval between 3 and 5 km depth in the shallow crust is the most
favorable for the accumulation of large volumes of magma. Comparison of thicknesses
calculated using geobarometry with volume:area values shows that most magmas that feed VEI
6+ eruptions are found in melt-dominated magma bodies, rather than fed by mobilization of
melt dispersed in magma mush on eruption timescales. Finally, magma thickness is constant as
a function of volume for volumes > 200 km3, which implies growth of magma bodies that feed
supereruptions via lateral spreading. The characteristics outlined above suggest that the

behavior of magmatic systems shifts when magma volume reaches ~200 km?3.
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1. Introduction

Volcanic systems play a critical role in the evolution and dynamics of the Earth, and they are
societally important due to the hazards they pose and the economic resources they can
generate and sustain. Yet, our understanding of magmatic systems is hampered by our inability
to directly observe the processes taking place several kilometers below the Earth’s surface and
on timescales much longer than the human lifespan. Geophysical evidence is often used to infer
the distribution of material properties within the crust (Huang et al. 2015; Delph et al. 2017;
Biondi et al. 2023; Duan et al. 2025), including the distribution and crystal content of magmas at
depth — however, there are limits to what can be imaged geophysically, and we are constrained
to observing magmatic systems in their current configuration. Alternatively, we can use
modeling to understand the potential distribution of magmas within the crust (Jellinek and
DePaolo 2003; Karlstrom et al. 2010; Bachmann and Huber 2016, 2019), but such models are
typically limited to outlining possible outcomes, rather than providing information on the
properties and processes that characterize specific magmatic systems. Finally, we can make
indirect observations of magmatic processes by studying the products of volcanic eruptions,
which provide snapshots of the magmatic system at the time of eruption, to try to unravel the
architecture and evolution of magmatic systems (Wallace et al. 1999; Cooper et al. 2012;

Gualda and Ghiorso 2013a; Tavazzani et al. 2020; Black and Andrews 2020; Gualda et al. 2022).
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The key benefits of this approach are that it emphasizes natural systems, and it allows the

investigation of ancient systems that are inaccessible for direct observation.

Silicic volcanic systems have led to some of the most devastating eruptions on record, reaching
volumes of hundreds to thousands of cubic kilometers (Lowenstern et al. 2006; Self 2006; Miller
and Wark 2008; Bryan et al. 2010) erupted over relatively short periods (days to months, up to
decades (e.g., Wilson and Hildreth 1997; Wilson 2001; Hasegawa et al. 2024; Gravley et al.
2025). It is increasingly recognized that the bodies of magma that feed such eruptions are
ephemeral features of the crust (Gualda et al. 2012; Matthews et al. 2012; Cooper and Kent
2014; Till et al. 2015; Pamukcu et al. 2015a; Gualda and Sutton 2016; Shamloo and Till 2019;
Lubbers et al. 2022; Pitcher et al. 2026). The absence of eruptions with magnitude greater than
VEI 6 (VEI: Volcanic Explosivity Index; Newhall and Self 1982) in the 20%" and 21% centuries,
which could be directly observed by modern methods, emphasizes the importance of
inferences drawn from the deposits formed from eruptions of this magnitude. Importantly, we
have very limited information on the configuration of volcanic plumbing systems in the
moments leading to VEI 6+ caldera-forming eruptions. In this sense, the study of ancient
systems is critical to better understand the pre-eruptive architecture of magmatic systems that

feed such eruption.

In this study, our goal is to assess the depths and thicknesses of silicic magma bodies that feed
VEI 6+ eruptions. We take a novel approach to this problem, using the range of pressures
retrieved from rhyolite-MELTS geobarometry using matrix glass compositions (see also Black
and Andrews 2020). Our data consist of a compilation of matrix glass compositions and

associated geobarometry results from a suite of deposits of high-silica rhyolite eruptions that
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we have studied in detail over the last 15 years (Gualda et al. 2018, 2022; Pamukcu et al. 2020,
2021; Pitcher et al. 2021, 2026; Smithies et al. 2023; Harmon et al. 20244, b). This compilation
includes data from the Bishop Tuff (Long Valley, USA); three volcanic systems in Central
Hokkaido, Japan; the Aira Volcanic Center in Kyushu, Japan; and several volcanic systems in the
Taupo Volcanic Zone (TVZ), New Zealand. Importantly, though our dataset is not
comprehensive, it includes some of the largest Quaternary eruptions known from the
geological record, and it encompasses systems from varied geological settings and tectonic
regimes. We focus primarily on the depths and thicknesses of magma bodies that fed volcanic
eruptions with total erupted volumes of 10s to 1000s of cubic kilometers (VEI 6 or larger), and
we seek general patterns in the distribution of melt-dominated magmas within the crust in the
moments leading to VEI 6+ eruptions, with implications for the growth of these magma bodies

prior to storage and eruption.

2. Dataset and methods

The dataset used in this study is compiled from several prior studies of different volcanic

systems worldwide (in order of first publication):

1. Chimp, Kaingaroa, and Ohakuri Ignimbrites, TVZ Flare-Up, TVZ, New Zealand (Gualda et
al. 2018; Smithies et al. 2023)

2. TaupO and Oruanui Ignimbrites, Taupo Volcanic Center, TVZ, New Zealand (Pamukgu et
al. 2020, 2021)

3. Tokachi, Tokachi-Mitsumata, and Biei Ignimbrites, Central Hokkaido, Japan (Pitcher et al.

2021)
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4. Bishop Tuff, Long Valley, USA (Gualda et al. 2022)
5. Whakamaru Group Ignimbrites, TVZ, New Zealand (Harmon et al. 20244, b)

6. AT Eruption, Aira Caldera, Kyushu, Japan (Pitcher et al. 2026)

The dataset includes data for 391 individual pumice clasts for which we have determined matrix
glass major-element compositions, and it also includes pre-eruptive storage pressures
determined using the rhyolite-MELTS geobarometer (Gualda and Ghiorso 2014), as calculated

from the matrix-glass compositions in the original studies.

One important advantage of our dataset is that all the compositional data were collected with
the same instrument (i.e., an energy-dispersive spectrometry system attached to a scanning
electron microscope; hereafter SEM-EDS) using the same techniques and analytical protocols,
which have been shown to yield data of excellent quality for silicic glasses (Gualda et al.
revised). This facilitates comparison of compositional data. Further, calculations of pre-eruptive
storage pressures were performed using the same method — rhyolite-MELTS geobarometry
(Gualda and Ghiorso 2014) — which has been demonstrated to yield accurate and precise results
for high-silica rhyolites saturated in quartz and feldspars (Bégué et al. 2014b; Pamukgu et al.

2015b; Gualda et al. 2019a; Pitcher et al. 2021; Smithies et al. 2023).

2.1. Overview of analytical methods

All analytical data presented here were collected in the Department of Earth & Environmental
Sciences at Vanderbilt University using a Tescan Vega3 Variable-Pressure Scanning Electron

Microscope (SEM) with an attached Oxford AZtecEnergy Advanced Microanalysis System
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equipped with an X-Max 50 mm? large-area Silicon Drift Detector (SDD) Energy Dispersive

Spectrometer (EDS).

All data were collected using the same analytical protocol: 15 kV incident beam, beam current
in the 2-5 nA range (the SEM does not have direct beam current control; rather, we select a
beam intensity that yields currents in the desired range), and 15 mm working distance (as
optimized for our instrument). EDS spectra live acquisition times are 15 s, using rectangular or
irregular acquisition areas (depending on the vesicle textures of each pumice clast) to help
minimize Na migration. We set the SDD process time to 4, which yields a good compromise
between spectral resolution and count rate in the detector. Pulse pileup and ZAF corrections
are applied during quantification, which is performed using the Oxford software AZtec using
factory standard measurements, with oxygen calculated by stoichiometry, and results
normalized on an anhydrous basis.

For each pumice clast, compositions for a total of 10-20 individual acquisition areas free of
vesicles or crystals are obtained. Before further data processing, we identify outlier
compositions using the interquartile range (IQR; outlier values are outside the range of
median+1.5*IQR), which usually result from accidental analysis of parts of crystals or vesicles.
The best estimate of the pumice glass composition is obtained by averaging the non-outlier
values for each oxide; the standard deviation of glass compositions for each pumice clast thus
includes both the effects of analytical uncertainty and natural variability within the analyzed
glass. Quality control is performed during each analytical session by measuring the composition
of USGS reference material RGM-1 (Flanagan 1976; Gladney and Roelandts 1988), which was

fused into glass at Vanderbilt University. For further details, the reader is referred to the
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individual studies and Gualda et al. (revised). In particular, Gualda et al. (revised) present a
large compilation of analyses of the RGM-1 standard obtained over almost 15 years, which

show excellent precision and accuracy over time.

2.2. Overview of pre-eruptive storage pressure calculations using rhyolite-MELTS

Major-element matrix glass compositions are used as input into the rhyolite-MELTS
geobarometer, which we use for the calculation of what we refer to as pre-eruptive storage
pressures (Gualda and Ghiorso 2014; Gualda et al. 2019b). The premise of the method is that
the matrix glass from pumice clasts records the major-element composition of melt that
equilibrated with the crystal assemblage observed in the studied pumice clasts. We focus on
units that erupted explosively under the assumption that equilibration of major-element
compositions during eruptive ascent is minimal. Importantly, the individual studies from which
our data are compiled do not find evidence for significant syn-eruptive equilibration of melt

compositions.

For this study, we limit ourselves to pumice clasts in which quartz and at least one type of
feldspar are observed (Table 1). Many of the systems studied are devoid of sanidine (Oruanui
and Taupo Ignimbrites of the Taupo Volcanic Center; most ignimbrites of the TVZ flare-up; AT
Eruption deposits), with only plagioclase and quartz as felsic minerals in the crystallizing
assemblage. Other systems are characterized by the presence of sanidine in all samples (Bishop
Tuff and Biei Ignimbrite). Finally, some of the systems have both sanidine-bearing and sanidine-
absent pumice clasts (Whakamaru Group Ignimbrites, Tokachi Ignimbrite, and Tokachi-

Mitsumata Ignimbrite). The systems studied here are composed primarily by quartz-bearing
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pumice, with rare or no quartz-free pumice. In the case of the Taupo Ignimbrite, quartz is
observed in only minor abundance, but Pamukgu et al. (2020, 2021) demonstrate that glass
compositions show evidence of saturation in quartz. Hence, we do not expect that our focus on

guartz-feldspar assemblages will significantly bias our results and interpretations.

We thus follow the method of Gualda & Ghiorso (2014) to calculate, as appropriate for each
pumice clast, pressures with quartz-1 feldspar (Q1F) in the sanidine-absent cases or quartz-2
feldspar (Q2F) in the sanidine-bearing cases. In both cases, rhyolite-MELTS calculations are used
to determine the saturation temperatures of quartz and feldspars as a function of pressure.
Because the composition used for each rhyolite-MELTS calculation is the matrix-glass
composition, and crystallization of any solid phase would lead to a change in melt composition,
we seek conditions along the liquidus under which the observed felsic phases are
simultaneously in equilibrium with a melt of the given composition (Figure 1). We thus look for
a 2-phase (in the case of Q1F pressures) or 3-phase (in the case of Q2F pressures) intersection
between the saturation surfaces calculated by rhyolite-MELTS v. 1.0 for each glass composition.
In practice, we use a P-T grid for the rhyolite-MELTS calculations, with typical temperature and
pressure intervals of 1 °C and 25 MPa, respectively. In order to calculate the best intersection,

we use a parabola-fitting procedure described in detail in Gualda & Ghiorso (2014).

By focusing on the felsic assemblage of quartz-bearing pumice, we leverage the fact that the
stability of quartz and feldspars is independent of oxygen fugacity, a parameter that is
notoriously difficult to properly constrain and makes pressure calculations with mafic minerals
and Fe-Ti oxides more difficult and potentially less precise (Harmon et al. 2018; Smithies et al.

2025). Since we do not need accurate information on the oxygen fugacity, we reduce the
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number of assumptions necessary in our calculations and generally simplify determination of

pre-eruptive storage pressures.

We have not determined H,0-CO; contents in melt inclusions for samples in this study (with the
exception of AT Eruption deposits), but H,0-CO; values present in the literature (Wallace et al.
1999; Anderson et al. 2000; Liu et al. 2006; Bégué et al. 2014b; Myers et al. 2019; Pitcher et al.
2026) invariably indicate high H,0 concentrations consistent with high H,O activity during
crystallization of the felsic minerals. Gualda & Ghiorso (2014) and Ghiorso & Gualda (2015)
demonstrate that, for conditions of high H,0 activity (i.e., near or at fluid saturation), quartz-
feldspar pressures are not particularly sensitive to H,O activity. This can be explained by the
fact that the effect of pressure on the saturation temperature is similar for quartz and
feldspars, such that the position of the intersection between the saturation surfaces as a
function of pressure is unchanged as a function of H,O activity, for high H,O activity values. This
is consistent with experimental evidence in the haplogranitic system (Tuttle and Bowen 1958;
Johannes and Holtz 1996; Blundy and Cashman 2001), which shows that the position of the
quartz-feldspar cotectic as a function of pressure is relatively insensitive to H.0 activity. At the
same time, these studies suggest that crystallization temperatures cannot be retrieved using
rhyolite-MELTS without appropriate estimates of H,0 activity (see Pamukgu et al. 2015b;
Pitcher et al. 2021 for more detailed discussions and comparisons between geothermometers),
because liquidus temperatures are a strong function of H,O activity (e.g., Johannes and Holtz
1996) — for this reason, we do not attempt to estimate temperatures using the rhyolite-MELTS
results, and we choose to focus on the information that can be gathered from pressure

estimates.

10
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It is important to consider uncertainties associated with pressure estimates derived using the
rhyolite-MELTS geobarometer. Bégué et al. (2014b), Pamukcu et al. (2015b), and Gualda et al.
(2019a) compare rhyolite-MELTS pressures with independently constrained pressures
determined using H,0-CO; in melt inclusions and Al-in-hornblende geobarometry. The
comparisons show that rhyolite-MELTS pressures agree with independent estimates within
error of the determinations. Pitcher et al. (2026) show that H,0-CO; saturation pressures
overlap significantly with rhyolite-MELTS pressures, with very good agreement between the
shallowest H,0-CO> pressures and the rhyolite-MELTS pressures. Further, in several of the
studies compiled here (e.g., Pamukcu et al. 2020, 2021; Gualda et al. 2022), rhyolite-MELTS
pressures are compared with expectations based on projection of the matrix-glass
compositions onto the haplogranitic ternary using the projection scheme of Blundy & Cashman
(2001). We find very good agreement between rhyolite-MELTS pressures and their position
relative to relevant quartz-feldspar cotectic curves in the haplogranitic ternary. We thus find no
evidence for systematic errors or biases in rhyolite-MELTS quartz-feldspar pressures when
compared to independent estimates. Further confirmation of this is given by pressure estimates
derived for the Krafla IDDP-1 magma body (Harmon et al. 2025), which show excellent
agreement between rhyolite-MELTS pressures and the depth at which the magma body was

intersected during drilling.

Given that we focus on differences in pressure within a dataset collected using the same
instrumentation and protocols, and using the same thermodynamic calculation procedures,
relative uncertainties are more important than absolute errors. Gualda & Ghiorso (2014)

employ a Monte Carlo procedure to estimate the precision of the rhyolite-MELTS geobarometer

11
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due to the analytical uncertainty associated with the measured glass compositions, and obtain
uncertainties of 25 MPa for Q2F pressures and 50 MPa for Q1F pressures (1-sigma). However,
Gualda & Ghiorso (2014) use a dataset of compositions from the literature (Wallace et al. 1999;
Anderson et al. 2000), which is characterized by relatively large errors in Na,O concentrations
that lead to large uncertainties in the pressure calculations. Further, Gualda & Ghiorso (2014)
demonstrate that SiO; uncertainties also significantly impact pressure calculations, which is
understandable given that quartz-feldspar pressures are a strong function of SiO;

concentrations (Blundy and Cashman 2001; Gualda and Ghiorso 2013b).

In contrast, all the studies compiled here use the same instrument, and they employ analytical
protocols devised to minimize Na migration and to obtain precise SiO, concentrations during
analysis (for details, see Gualda et al. revised). Estimates of uncertainties on these data
obtained using a Monte Carlo approach initially employed by Gualda & Ghiorso (2014) are
presented in several of the original studies and show similar results (all values are reported at

the 1-sigma level in this work):

e 38 MPa for Q1F and 24 MPa for Q2F, Biei Ignimbrite, Central Hokkaido, Japan (Pitcher et
al. 2021)

e 8-21 MPa for Q1F for Taupo Ignimbrite, TVZ, New Zealand (Pamukgu et al. 2021)

® 9 MPa for Q1F for Chimp Ignimbrite, 21 MPa for Q1F for Kaingaroa Ignimbrite, and 13

MPa for Q2F for Whakamaru Group Ignimbrites, TVZ, New Zealand (Smithies et al. 2023)

While Gualda & Ghiorso (2014) suggest that uncertainties associated with Q1F pressures should

be higher than those associated with Q2F pressures —and that expectation is borne out in the

12
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248  results of Pitcher et al. (2021) — results from Pamukgu et al. (2021) and Smithies et al. (2023)
249  show that Q1F pressures can have low uncertainties (~10 MPa) in cases in which the glass is
250  particularly homogeneous. Such low uncertainties are particularly achievable when pressures
251  are greater than ~150 MPa because the slopes of the saturation temperature surfaces become

252  progressively more distinct with increasing pressure.

253  We complement the set of uncertainty estimates discussed above with similar determinations
254  for the Bishop Tuff dataset (Gualda et al. 2022). We use the same Monte Carlo approach used
255  in previous studies and follow the procedure of Pamukgu et al. (2021) by using 200 synthetic
256  compositions derived using the mean and standard deviation from the group of 10-20 analysis
257  obtained using the SEM-EDS. We apply the approach to three pumice clasts representative of
258  each compositional group of the Bishop Tuff (see section 3.2; i.e., F5-507 from the early-

259  erupted deposits; F9-954 from the eastern late-erupted deposits; and AB-6203 from the

260 northern late-erupted deposits). We obtain uncertainties in the range of 23-28 MPa for Q2F

261  pressures.

262  Overall, based on the published studies cited above, we conclude that uncertainties on the
263  order of 20-25 MPa are most characteristic for pressures determined using the rhyolite-MELTS

264  geobarometer with glass data collected at Vanderbilt, with a possible range of 10-40 MPa.

265  2.3. Statistical treatment of compiled data

266  One of the primary goals of the present study is to investigate the extent to which we can
267  constrain the thickness of the magma bodies that feed VEI 6+ eruptions using pressure data

268 obtained using the rhyolite-MELTS geobarometer. An important consideration, then, is how the

13
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dispersion in the dataset from each volcanic system studied compares with the pressure
uncertainties discussed above. We use the mean square weighted deviation (MSWD; Wendt

and Carl 1991) to identify under and overdispersion within our dataset.

When the MSWD is between 1 —/2/(n—1) and 1 +,/2/(n — 1), where n is the number of

pressure values in any given population of pressures, the distribution is considered
underdispersed (Klein and Eddy 2024), and the variation in pressure values can be entirely
explained by the uncertainties associated with each pressure value. This is consistent with a
single pressure population, with variability mostly imprinted from analytical uncertainty rather
than variability due to several pressure populations. In these cases, the pressure distribution we
measure provides a maximum potential pressure variation, and we use equation 9 of Klein &
Eddy (2024) to constrain the maximum thickness of the magma body represented by the

population of pressure estimates:

o
3.34 — 3.39n70:027

ARMAX —

where ARM4X is a maximum bound on the thickness of the magma body, o is the uncertainty
associated with the pressure calculations (as derived using our Monte Carlo procedure), and n
is the number of pressures in the population. In most cases in this study, we use the same
uncertainty for all pressure estimates in a population, which is also the value we use for g. In
the case of the Tokachi Ignimbrite and the Tokachi-Mitsumata Ignimbrite, Q1F pressures have a
different uncertainty from Q2F pressures; we thus follow the approach of Klein & Eddy (2024)

and calculate a weighted average uncertainty value, which we use for a.

14
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In the cases in which the MSWD is larger than 1 + \/m, the data is considered
overdispersed; in these cases, the variability in pressure values is larger than what can be
explained by the individual uncertainties associated with each pressure. It follows that a
minimum thickness can be constrained using equations 7 and 8 of Klein and Eddy (2024).

However, none of our datasets are overdispersed, so we do not consider this further.

Finally, MSWD values lower than 1 — ,/2/(n — 1) are typically interpreted to indicate that

uncertainties have been overestimated (Klein and Eddy 2024). Interestingly, we argue that this

result can —in some cases — help identify cases in which uncertainties calculated using our

Monte Carlo procedure may be overestimated.

Given that the approach above carries significant assumptions and caveats, we also use the
dispersion in each population to estimate magma body thicknesses. We use three similar
methods to quantify dispersion from a population of pressures to constrain magma body

thickness, which we hereafter refer as calculated magma thickness:

1. We select the 95% confidence interval from the observed population, by excluding the

lowermost (0%-2.5%) and uppermost (97.5%-100%) pressure values. A weakness of this
approach is that it implicitly assumes that outliers are symmetrically distributed, which

I”

is not necessarily the case. We denote this quantity as “95% CI” in figures.
We remove outlier pressure values using the IQR of each population of calculated
pressures — any values outside the range of median + 1.5 IQR are typically considered

outliers —and we calculate the thickness represented by each population as the

difference between the maximum and minimum pressures after exclusion of outlier

15
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values (i.e., maximum value minus minimum value with outliers excluded). The main
disadvantage of this procedure is that it is very sensitive to the identification of outlier
values. We denote this quantity as “Max-Min [OE]” in figures.

3. Given that non-outlier values are typically within +1.5*IQR, a third estimate of thickness
is given by the value of 3*IQR. The main weakness of this metric is that it may
overestimate the thickness in cases in which there are no outliers; thus, the bounds of
3*|QR are greater than the difference between the minimum and maximum. We denote

this quantity as “3*IQR” in figures.

We convert pressures into depths by assuming a crustal density of 2.7 * 103 kg/m?3, which leads
to a conversion factor of 0.037 km/MPa, such that, for instance, 100 MPa corresponds to a

calculated depth of 3.7 km.

We compare the thicknesses calculated using the geobarometric methods above to estimates
of thickness that can be derived from the geological evidence for known erupted volumes and
caldera footprint areas (see Black and Andrews 2020), in which case the magma body thickness
is simply the erupted volume divided by the caldera area (denoted in figures as “Vol/Area”). We
expect that the magma body thicknesses derived in this way will carry substantial uncertainties.
Further, there are questions on how to interpret caldera footprint areas in the context of
eruptions that may have been fed by multiple magma bodies (e.g., Gualda et al. 2022).
Nonetheless, comparisons of thicknesses calculated using geobarometry and those obtained
from volume:area values serve as an important check as to whether magma body thicknesses
calculated from pressure estimates are consistent with available geological evidence from each

deposit.

16
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3. Results

3.1. General characteristics of the matrix-glass compositions

All the matrix-glass compositions in our compilation are rhyolites with SiO, > 75.0 wt.% (Figure
2). The Taupo and Chimp Ignimbrites have lower SiO; (<76.0 wt.%) and higher FeO (>1.5 wt.%)
than the rest of the dataset; they also have generally high CaO and low K;O. Further, they yield

the highest pressures (285-345 MPa).

Aside from the Taupo and Chimp Ignimbrites, the matrix-glass compositions are all high-silica
rhyolite with SiO; between 76.5 and 78.3 wt.%. The concentrations of CaO and FeO separate
the high-silica rhyolite compositions into several groups. Units that are characterized
exclusively by an assemblage of quartz and plagioclase (Q1F: Oruanui, Kaingaroa, and Ohakuri
Ignimbrites in the TVZ and the AT Eruption in Kyushu, Japan) have K20 < 4.3 wt.%, while units
characterized exclusively by quartz and 2 feldspars (Q2F: Bishop Tuff in the US and Biei in
Central Hokkaido) and units in which Q1F and Q2F assemblages coexist (Tokachi and Tokachi-
Mitsumata in Central Hokkaido; Whakamaru in the TVZ) have K20 > 4.3 wt.%. In the case of
coexisting Q1F and Q2F assemblages, higher CaO values are typical of Q1F compositions
relative to Q2F compositions. Pressures for the high-silica rhyolites span the range of 50 to 200

MPa (1.9-7.4 km).

3.2. Bishop Tuff

The Bishop Tuff (Sheridan 1965; Bailey et al. 1976; Hildreth 1979) is the focus of the detailed
study by Gualda et al. (2022), in which a total of 221 pumice clasts were studied, with 143 of

them yielding Q2F pressure estimates. Gualda et al. (2022) divide the Bishop Tuff deposits into
17
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three groups, distinguished based on their stratigraphic position and matrix-glass compositions:
(1) early-erupted deposits (EBT), which appear exclusively in the eastern and southern sector of
the deposits; (2) late-erupted deposits that overlie EBT deposits in the eastern and southern
sector of the deposits (LBT-East); (3) late-erupted deposits that appear to the north of the
caldera (LBT-North). While the stratigraphic relationship between EBT and LBT-East is
straightforward, with LBT-East overlying EBT in locations where they coexist, LBT-North is
separated from EBT and LBT-East by the older Glass Mountain volcanic edifice and by the Long
Valley Caldera, such that contact relations between the two sectors are unknown (Wilson and
Hildreth 1997). Nonetheless, since both LBT-East and LBT-North are characterized by pyroxene-
bearing pumice, and EBT pumice is pyroxene-free, it is generally assumed that LBT-East and
LBT-North erupted simultaneously (Hildreth 1979; Hildreth and Wilson 2007). This is also
consistent with inferred vent locations based on the distribution of lithic clasts in the deposits
(Hildreth and Mahood 1986; Wilson and Hildreth 1997). Available Q2F pressure estimates from

Gualda et al. (2022) include 75 pressures for EBT, 50 for LBT-East, and 18 for LBT-North.

Results for the Bishop Tuff are shown in Figure 3, Figure 4, and Table 2. Overall, as originally
observed by Gualda et al. (2022), the pressure ranges and distributions show significant overlap
between all units (EBT, LBT-East, and LBT-North), with LBT-North showing slightly lower median
pressures (133 MPa for EBT, 135 MPa for LBT-East, 115 MPa for LBT-North; see Figure 3a-b).
Geobarometric thicknesses (i.e., those calculated using the 95% Cl, IQR*3, and Max-Min [OE]
methods) are similar to each other, ranging between 1.1 and 2.6 km (see Figure 4). Assuming
uncertainties of 25 MPa (as calculated using our Monte Carlo procedure), the maximum bound

on the thickness (labeled “Ah_MAX”) is similar to the calculated thicknesses for EBT and
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somewhat larger than those for LBT-East and LBT-North; the trend of increasing maximum
thickness (i.e., Ah_MAX) from EBT to LBT-East to LBT-North is due to the different number of
pressure estimates for each unit, and does not necessarily imply significant differences in
thicknesses between the inferred magma bodies. Interestingly, calculated MSWD values for
each compositional subgroup are smaller than the expected lower thresholds (see Table 2),
suggesting that our estimated uncertainties for the Bishop Tuff might be overestimated. For
comparison, we also show MSWD and maximum thickness values for an uncertainty of 20 MPa,
which reveals MSWD values that fall in between lower and upper MSWD thresholds, and

maximum thicknesses that are closer to the calculated thicknesses.

In order to compare the thickness calculated from the rhyolite-MELTS pressures with that
suggested by the volume:area value (see Table 1), we combine all pressures and treat them as a
single population (Figure 3b). This seems warranted given the similarities in pressure
distribution between the three compositional groups of Gualda et al. (2022)(see Figure 3a). Our
results suggest that magmas were present at a single horizon centered around 135 MPa (~5 km)
and vertically spanning ~2.5 km, consistent with the geological evidence given by the
volume:area value of 3.0 km. Similarly to the individual compositional groups, when all Bishop
Tuff results are combined, the MSWD value is lower than the minimum threshold calculated
with uncertainties of 25 MPa, while the MSWD value for uncertainties of 20 MPa falls between
the minimum and maximum thresholds (Table 2). Regardless of the choice of uncertainty, the

low MSWD values confirm that the data can be considered a single pressure population.
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3.3. Whakamaru Group Ignimbrites

The Whakamaru Group Ignimbrites (Brown et al. 1998) include some of the largest eruptions in
the TVZ, and they are the focus of detailed studies of both the ignimbrite and pyroclastic fall
records by Harmon et al. (20244, b). Harmon et al. (20244, b) follow the compositional grouping
defined by Brown et al. (1998) and divide 83 individual pumice clasts into four types (labeled A-
D) based on compositional characteristics. While types A, B, and C are readily differentiated
from one another by matrix glass major and trace-element compositions, type D can only be
distinguished from type A using whole-rock data, which could not be obtained for the small
pumice lapilli of the pyroclastic fall material studied by Harmon et al. (2024a); however,
Harmon et al. (2024b) present whole-rock compositions for pumice clasts from the ignimbrite
deposits, which resulted in only one out of 42 pumice clasts classified as type D. Similarly,
Brown et al. (1998) argue that type D is significantly less abundant than types A-C. Given that
the pyroclastic fall pumice clasts classified as type A by Harmon et al. (2024a) may include a
small number of type D pumice clasts, but no substantial differences in storage pressures were
observed by Harmon et al. (20244, b) between types A and D, we combine the single type D
pumice clast from the ignimbrites studied by Harmon et al. (2024b) and any misidentified type
D pumice clasts from the pyroclastic fall material with type A. Given the small fraction of
pumice and magma represented by type D pumice, this choice does not change our

interpretations.

The rhyolite-MELTS pressure results for the three compositional types yield similar and
overlapping pressures (Figure 5a), with median values between 95 and 100 MPa (3.5-3.7 km)

and calculated thicknesses of 2.3-3.8 km (Figure 4 and Table 2. The MSWD values obtained for
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the three types are all between the minimum and maximum threshold values. Treated as
individual populations, the maximum thicknesses (Ah™4%X) obtained for the three compositional

types are between 3.4 and 4.4 km (Figure 4 and Table 2).

Similarly to the case of the Bishop Tuff, we combine the results for all compositional types
(Figure 5b) in order to compare the thickness derived from geobarometry with the ratio of
geological estimates (from Miller et al. 2026) of erupted volume (1,500 km3) and caldera area
(900 km?; see Table 1). Also, similarly to the case of the Bishop Tuff, combining the data into a
single population is justified by the fact that all three compositional types show overlapping
pressure distributions. The MSWD value for the combined dataset is within the minimum and
maximum threshold values, such that our data are consistent with magmas occupying a horizon

of 2.6-3.5 km thickness (Figure 4 and Figure 5).

3.4. Taupd Volcanic Center

The Taupo Volcanic Center is the locus of the most recent supereruption on Earth —the ~25 ka,
530 km?3 Oruanui Ignimbrite (Wilson 2001; Wilson et al. 2006) — and is also the site of one of the
most recent VEI 6 eruptions on Earth —the ~1.8 ka, 35 km? Taup®d Ignimbrite (Wilson 1993;
Hogg et al. 2019). The Oruanui and Taupo eruptions are the focus of Pamukgu et al. (2020), and
the relevant pressure estimates are summarized in Figure 4 and Figure 6a. In our compilation,

we present only matrix glass data, and we exclude pressures determined using glass inclusions.

As discussed in detail by Pamukgu et al. (2020, 2021), data for the Oruanui system is consistent
with eruption of magmas located in the shallow crust, and we obtain a median pressure of 140

MPa (~5.2 km), with calculated magma body thicknesses between 1.8 and 2.3 km (Figure 4 and
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Table 2). The MSWD value is consistent with magmas being present in a single crustal horizon.
Because the number of compositions yielding pressure determinations is relatively small (n =
18), the maximum thickness (ARM4X) is calculated to be relatively large (I.e., 3.6 km). Using the

erupted volume and caldera area listed in Table 1, we obtain a volume:area value of 3.9 km.

For the Taupo system, also following Pamukcu et al. (2020, 2021), we infer a much deeper
(median of 330 MPa; ~12.2 km) magma body, with a calculated thickness of 1.1-1.3 km; the
MSWD value indicates a single pressure population, with a maximum thickness of 2.7 km
(Figure 4 and Table 2). While the maximum thickness (Ah™4%) is more than double the inferred
thickness, we emphasize that the dataset includes only eight datapoints, which leads to a large

maximum thickness estimate.

3.5. TVZ Flare-Up Ignimbrites

The TVZ Flare-Up (Gravley et al. 2016) was a period in which copious volcanism in the Central
TVZ led to —in addition to the Whakamaru Group Ignimbrites — at least six caldera-forming
eruptions with a total magmatic volume at least 1,000 km3 over a timespan of <100 ka (~320-
240 ka; Smithies et al. 2023). Ignimbrites of the TVZ Flare-Up were the focus of studies by
Gualda et al. (2018) and Smithies et al. (2023). Here we focus on three eruptions from these

studies that show variable results, as summarized in Figure 4 and Figure 6b.

The Chimp Ignimbrite (50 km3 DRE; see Table 1), which originated from the Kapenga Caldera,
was one of the first ignimbrite eruptions in the TVZ flare-up. It is characterized by relatively
deep (290 MPa, 10.7 km) calculated pressures (Gualda et al. 2018; Smithies et al. 2023). There

is a very tight distribution of pressures for the Chimp-A compositional group, resulting in
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calculated thicknesses between 0.1 and 0.3 km (Figure 4, Figure 6b, Table 2), in excellent
agreement with the volume:area value of 0.2 km (Table 1). We note that at least four caldera
collapse events have been attributed to the Kapenga Caldera (Wilson et al. 2009), thus this area
is @ maximum for the Chimp eruption and the resulting volume:area value is a minimum
estimate. The MSWD value is low but within the range given by the lower and upper MSWD
thresholds (Table 2). The maximum expected thickness (AhM4X) is much larger than the
calculated thicknesses, despite the small uncertainties — this is a result of the low number of
pressures for this unit (i.e., n = 9). Our dataset includes an additional 5 compositions that
correspond to other compositional groups from the Chimp Ignimbrite, and which give
distinctively shallower pressures (e.g., ranging between 170 and 260 MPa). These data points
are not included in Figure 6b because they do not belong to the tightly clustered population
representative of the Chimp-A compositional type — these data points suggest that other crustal
levels may also have contributed to the eruption (see Smithies et al. 2023). Nonetheless, our
data show that a significant volume of magma was located at relatively deep crustal levels, and

it could explain the bulk of the volume of the eruption.

The Kaingaroa Ignimbrite (100 km?3 DRE) is a younger unit of the TVZ Flare-Up, and it also
reveals a tight distribution of pressures, but at shallower crustal levels (160 MPa, 5.9 km), with
calculated thickness of 0.6-1.0 km (Figure 4, Figure 6b, Table 2), in excellent agreement with the
volume:area value of 1.0 (see Table 1). The MSWD value is low but within the lower and upper
threshold values. Similarly to the case of the Chimp Ignimbrite (and also the Taupd Ignimbrite),
the relatively large maximum expected thickness (AhM4X) is substantially higher than the

calculated thicknesses due to the low number of pressures (n = 11).
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Finally, data for the Ohakuri Ignimbrite (50 km3 DRE) reveal magmas at a shallower crustal level
(100 MPa, 3.7 km), with calculated thicknesses of 1.3-2.8 km (Figure 4, Figure 6b, Table 2). The
MSWD value is within the lower and upper threshold values, and the maximum bound
thickness (AhM4%) is 4.1 km. The volume:area value of 2.0 km (Table 1) suggests magma
distribution over a thickness smaller than the calculated thicknesses. We did not include data
from the Ohakuri Fall deposits, which have been inferred to represent a different batch of

magma emplaced outside of the Ohakuri Caldera (Bégué et al. 2014a).

3.6. Central Hokkaido Ignimbrites

The Island of Hokkaido (northern Japan) is a volcanically active area with abundant caldera-
forming volcanism since the Pleistocene (lkeda and Mukoyama 1983; lkeda 1991). Pitcher et al.
(2021) focus on three main Quaternary ignimbrites from Central Hokkaido: Biei (BIEI), Tokachi
(TOKA), and Tokachi-Mitsumata (TOKM) Ignimbrites. The Biei Ignimbrite is composed of a single
pumice compositional type, which is characterized by the presence of quartz and two feldspars.
In contrast, both the Tokachi and Tokachi-Mitsumata Ignimbrites have two pumice types,
distinguished by major and trace-element compositions, as well as by the fact that types 1F of
Pitcher et al. (2021) are characterized by quartz and plagioclase with no sanidine, while types 2F

are characterized by quartz and two feldspars.

As originally demonstrated by Pitcher et al. (2021), despite the presence of different
compositional groups in the Tokachi and Tokachi-Mitsumata Ignimbrites, both types 1F and 2F
yield overlapping pressures, which are also similar to those for the Biei Ignimbrite. Results for

all three ignimbrites are summarized in Figure 4, Figure 7a, and Table 2. All three ignimbrites
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yield median pressures of ~110-130 MPa (4.1-4.8 km), and 95% Cl thicknesses of 1.7-2.0 km.
The IQR*3 thicknesses are quite a bit more variable, with the more dispersed distribution for
the Tokachi Ignimbrite leading to a thickness of 4.1 km and the tighter distribution for the
Tokachi-Mitsumata Ignimbrite yielding a thickness of 0.9 km. The Max-Min [OE] pressures are
more tightly distributed, giving a range between 0.6 and 2.0 km. Pitcher et al. (2021) calculate
uncertainties of 25 MPa for Q2F pressures and 40 MPa for Q1F pressures, which we use in our
treatment. As a result, average uncertainties for the Tokachi and Tokachi-Mitsumata
Ignimbrites depend on the number of Q1F and Q2F pressures in each eruption; we calculate
average uncertainties (weighted by the number of pumice clasts with one or two feldspars) of
28 MPa for the Tokachi Ignimbrite and 35 MPa for the Tokachi-Mitsumata Ignimbrite. The
MSWD values for all three ignimbrites are between the lower and upper thresholds. Because
the uncertainties estimated by Pitcher et al. (2021) are larger than in the other datasets
included in this study, the maximum bound on magma thicknesses (AhM4%) are also large,
between 5.1 and 7.6 km. The volume:area values are 2.0 km for Tokachi and 0.9 km for
Tokachi-Mitsumata. The caldera size of Biei is not well constrained, so we are unable to

calculate a volume:area value for this eruption.

3.7. AT Eruption

The 30 ka Ito Ignimbrite (Nagaoka et al. 2001; Smith et al. 2013; Geshi et al. 2020) is the largest
eruptive unit of the Aira Caldera in the Island of Kyushu in southern Japan, and it is the focus of
a detailed study by Pitcher et al. (2026). Ignimbrite deposition was preceded by deposition of

an important pyroclastic fall unit, the Osumi Fall. Since both units are inferred to have been
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formed from the same eruptive event, we treat them in combination here — collectively, the
400 km? caldera-forming eruption is referred to as the AT Eruption. The Osumi Fall unit includes
grey pumice, which is not quartz-saturated — it is thus unsuitable for the analysis performed
here. Importantly, the grey pumice is a volumetrically minor constituent of the erupted magma,
and it is isotopically distinct from the volumetrically dominant white pumice (Kuritani 2023;
Nishihara et al. 2024). We thus exclude results from grey pumice, but such exclusion should not
affect the conclusions drawn here. Results suggest a single magma body at a median pressure
of 115 MPa (4.3 km) and calculated thickness between 2.5 and 3.7 km (Figure 4, Figure 7b,
Table 2). The MSWD values are within the lower and upper thresholds, and the maximum
bound on thickness (AhM4%) is 3.1 km, generally in agreement with the calculated thicknesses.

The volume:area value is 2.0 km (Table 1).

4, Discussion

4.1. Depths of magmas feeding VEI 6+ silicic eruptions

We summarize the results presented above in Figure 4 and Figure 8. Inspection of these figures
reveals that most magmas associated with VEI 6+ silicic eruptions are stored at a range of
depths from ~2 to 7 km, with median depths of 3.0-5.1 km. This suggests that the magma
bodies that feed VEI 6+ eruptions are primarily stored at similar crustal levels in the shallow
crust. This does not preclude deeper crustal levels from being important locations of magma
reservoirs; however, if such reservoirs exist, they are not typically mobilized during large-scale

eruptions like those investigated here.
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Comparison of median depth with volume (Figure 9) shows that, for magma volumes > 50 km3,
there is no correlation between depth and volume. Our results strongly suggest that large
volumes of melt-dominated magma were present — likely ephemerally (e.g., Gualda et al. 2012;
Matthews et al. 2012; Allan et al. 2013; Cooper and Kent 2014; Pamukgu et al. 2015a; Gualda
and Sutton 2016) — in the shallow crust in volcanically active areas. The fact that erupted
magmas emanate primarily from the shallow crust is consistent with the idea that the low
density of the exsolved fluid phase at shallow crustal levels is an important driver of explosive
eruptions (Tramontano et al. 2017; Huber et al. 2019). This is also consistent with the idea that
high-silica rhyolites (> 76 wt. % SiO3), such as many of the eruptions detailed here, can only be
formed in the shallow crust (< 350 MPa) due to the location of the quartz-feldspar cotectic as a

function of depth (see Gualda and Ghiorso 2013b).

Results for two smaller eruptions from the TVZ show that magmas erupted from deeper crustal
levels: Chimp-A (50 km?3) at 10.7 km and Taup6 (35 km?3) at 12.2 km. This suggests that, under
suitable conditions, melt-dominated rhyolitic magmas from deeper levels can reach the surface
and feed explosive eruptions. The TVZ is characterized by significant crustal extension (Villamor
and Berryman 2001; Spinks et al. 2005; Villamor et al. 2017), which may facilitate eruption to
the surface from deeper levels than what is possible in other tectonic environments.
Interestingly, the Chimp eruption took place at the early stages of a magmatic cycle during the
TVZ flare-up (Gravley et al. 2016; Gualda et al. 2018; Smithies et al. 2023), while the Taupo
eruption followed substantial changes in the Taupo Volcanic Center that may hint at the onset
of a new magmatic cycle. This may suggest that specific conditions at the early stages of

magmatic cycles in the TVZ facilitate eruption of magma from deeper levels.
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4.2. Thicknesses of magma bodies feeding VEI 6+ silicic eruptions

We propose three methods to calculate magma thickness using pressures at which matrix-melt
compositions were in equilibrium with the observed felsic assemblage in pumice clasts. The
results from our analysis are shown in Figure 4b and Figure 8. Thicknesses calculated using the
95% Cl, IQR*3, and Max-Min (OE) metrics range from 0.6 to 4.1 km, with a few exceptions.

hMAX

Thicknesses inferred using A are much more variable, but this is a result of the variable

number of pumice clasts studied for each of the units and subunits, rather than reflecting real

differences in thickness — in this sense, AhMAX

only provides a maximum bound on the possible
thickness. Considering the large volumes involved in these eruptions, we find that the melt-
dominated bodies of magma involved in these eruptions had high aspect ratio
(diameter/thickness) — from 3 to 23 — indicating oblate shapes that are consistent with the
development of calderas at the Earth’s surface. Our data further suggest that typical
thicknesses for these very large magma bodies are less than ~4 km —a future avenue of
research would be to consider what parameters in the magma bodies themselves and in the

surrounding crust lead to such relatively homogeneous thicknesses for magma bodies that vary

in erupted volume by more than two orders of magnitude.

Importantly, it is usually found that, at shallow crustal depths (~3-12 km), geophysical methods
would have difficulty in unambiguously detecting melt-rich magma parcels with thickness
similar to or smaller than 1-2 km (e.g., Rasht-Behesht et al. 2020; Maguire et al. 2022; Paulatto
et al. 2022). Our data provide direct information on the thicknesses of magma bodies that fed
Quaternary VEI 6+ eruptions, and they could help guide the search for thin (<1 km thick) bodies

of melt-dominated magma potentially present today. This could have potential implications for
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hazard assessment in areas of ongoing unrest (e.g., Campi Flegrei, Italy; Santorini, Greece; TVZ,

New Zealand).

4.3. Dispersed versus concentrated magmas

Up to this point, the pressure data we have presented have been interpreted to represent the
location of melt-dominated magma bodies within the crust. An alternative interpretation is that
melt that is dispersed within the crust can be rapidly mobilized to feed eruptions (see, for
instance, Cashman and Giordano 2014). In this interpretation, accumulations of large melt-
dominated magma may never exist, and eruptions could tap storage regions where melt is
dispersed within large volumes of crystal-rich magma mush, as is inferred to be the case in

some currently active volcanic areas (e.g., Yellowstone; Huang et al. 2015).

Comparison of the thicknesses derived from geobarometry that we calculate here with
volume:area values (Figure 10a) allows us to assess the likelihood of this alternative scenario.

We envision three possibilities (Figure 10b):

1. If the estimated thickness agrees with the volume:area value, we infer that erupted
magma was concentrated in melt-dominated magma bodies, and these bodies can
account for the full volume of erupted material.

2. If the estimated thickness is much larger than the volume:area value, we infer that it is
possible that melt was dispersed within crystal-rich magma mush; the larger the

difference, the lower the inferred melt concentration within the magma mush.
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3. If the estimated thickness is much smaller than the volume:area value, we infer that a
melt-dominated magma body existed; however, other crustal levels — not included in

analyzed samples — would also have to have contributed to eruption.

In Figure 10a, case 1 is represented by examples that fall along the 1:1 line (labelled “Melt-
dominated in Figure 10b). Because of multiple potential sources of uncertainty in both the
determination of thickness from geobarometry data and in the volume:area values from
geological information, we also show reference lines with deviations from the 1:1 line in
increments of 10%, from 7/10:1 to 10/7:1 in Figure 10a. With the data we currently have
available, we find that most of the examples studied here fall within a reasonable error
envelope of the 1:1 line, consistent with our interpretation that the pressures determined from
matrix-glass compositions for these systems reveal the locus of shallow crustal melt-dominated

magma bodies that fed eruptions to the surface.

Case 2 is represented by datapoints that fall significantly above the 1:1 line in Figure 10a
(labelled “Fully dispersed” and “Hybrid” in Figure 10b). The main candidates for this case
include the Taupo Ignimbrite, the deposits of the AT Eruption, and the Whakamaru Group
Ignimbrites. We note that the Taupo Ignimbrite yields the deepest pre-eruptive storage
pressures of all the deposits studied here. It is also the deposit with the smallest volume (i.e.,
35 km?3). As such, it is possible that mobilization of smaller volumes may be easier at deeper
crustal levels. It is also worth emphasizing that our dataset only includes eight datapoints for
the Taupo Ignimbrite, and further work could significantly improve our understanding of this
system. In the case of the AT Eruption, Pitcher et al. (2026) argue that the magma that fed the

eruption was mobilized in less than 1,000 years, possibly triggered by the influx of volatiles into
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the system. This may have made it possible to erupt a large volume of magma (i.e., 400 km3)
from a reservoir that was more dispersed than in other systems. Interestingly, the AT eruption
consisted of three phases: the Osumi fall (40 km?3), the Tiramazu fall (10 km3), and the Ito
Ignimbrite (350 km?3), which can be reconciled with extraction of melt from magma mush within

eruptive timescales.

Finally, case 3 is represented by datapoints that fall significantly below the 1:1 line in Figure 10a
(labelled “Missing magma” in Figure 10b). The Oruanui Ignimbrite is the primary candidate for
this case. The dataset we have accumulated for it is relatively small (n = 18), but the eruption
has been inferred to have been fed from a complex magmatic system (Allan et al. 2017;
Pamukgu et al. 2020). It is therefore understandable that the relatively small sample set used
here may not encompass all the variability in the deposit. As such, we cannot discern from our
dataset whether the magma system was characterized by a thicker magma body, or if
additional data would reveal different magma bodies at other crustal levels. This emphasizes
the importance of studying larger numbers of pumice clasts to gain an adequate understanding

of the pre-eruptive architecture of magmatic systems.

Overall, we conclude that most VEI 6+ eruptions are fed from melt-dominated magma bodies.
This is consistent with the geological evidence given by the usual presence of well-defined
caldera structures in the geological record, which are most easily explained by evacuation of
shallow bodies of melt-dominated magma in rapid eruption events (e.g., Smith and Bailey 1968;

Acocella 2007; Cashman and Giordano 2014; Mullet et al. 2023).
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4.4. Growth of supereruption-forming magma bodies

The data compiled here can also be used to explore relationships between estimated thickness
and erupted volume. Data in our compilation show that the smallest eruptions (i.e., < 50 km3)
yield thin calculated thicknesses (< 1.5 km), while eruptions with volumes ~100 km3 show a
wider range of thicknesses, possibly as thick as 4 km (Figure 11). In contrast, eruptions with
volumes > 200 km?3 all show thicknesses between 2 and 4 km. This may suggest that magma
bodies become thicker — at relatively constant aspect ratio — until they reach ~200 km3. With
increasing volume, the thickness remains relatively constant, which suggests that growth takes
place by lateral spreading, with a progressive increase in aspect ratio (i.e., magma bodies
become progressively more oblate). Future work could investigate the reasons why the
thickness of magma bodies that feed the most voluminous eruptions (i.e., VEI 7+) does not

seem to surpass ~4 km.

5. Conclusions

In this work, we present a compilation of matrix-glass data and rhyolite-MELTS pre-eruptive
storage pressures for several VEI 6+ caldera-forming eruptions worldwide with volumes ranging
from 35 to 1,500 km3, and we assess the thicknesses of the magma bodies that fed these
eruptions. Critically, because data in this compilation were collected using the same procedures
on the same instrument, we can make meaningful comparisons between these eruptions. The

main conclusions of our work are:

1. Magma bodies that feed VEI 6+ eruptions are typically stored at median depths of 3.4-

5.1 km, with no clear variation in depth with erupted volume for eruptions with volume
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> 200 km3. The shallow location of these magma bodies is consistent with the fact that
high-silica rhyolites can only form in the upper crust due to the phase relations in high-
silica magmatic systems (Gualda and Ghiorso 2013b). This is also consistent with the fact
that exsolved fluids have low density in the upper crust, which helps propel eruptions to
the surface. Two smaller eruptions (i.e., < 50 km3) in the TVZ come from deeper levels
(~10-12 km), which may be facilitated by the extensional tectonic environment in the
TVZ. The deep origin of these eruptions is also likely linked to their occurrence at the
early stages of magmatic cycles in two different volcanic centers of the TVZ.

For eruptions with volumes > 50 km3, thicknesses are typically in the range of 1.5 to 4
km, irrespective of erupted volume. The two smaller eruptions from the TVZ (Chimp and
Taupo) are characterized by much smaller calculated thicknesses (<1.5 km).

In combination, this suggests that the interval between 3 and 5 km depth in the shallow
crust is the most favorable for the accumulation of large volumes of magma, and it may
also suggest that there are crustal or magmatic controls on the maximum thickness of
magma bodies that feed large-scale eruptions. Constraints on the thicknesses and
locations of ancient melt-dominated magma may help guide geophysical studies aimed
at identifying and imaging current magmatic systems.

Comparison of magma body thicknesses calculated using geobarometry with
volume:area values suggests that most magmas that feed VEI 6+ eruptions are found in
melt-dominated bodies of magma, rather than such eruptions being fed by rapid
mobilization (on eruption timescales) of melt dispersed in large volumes of magma

mush.
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5. While magma body thickness shows a positive correlation with volume for erupted
volumes up to 50 km?3, no systematic trend is observed for larger volumes, and
thicknesses for magma bodies feeding eruptions with 200-1,500 km? have the same
range of thicknesses. This suggests that the growth of bodies of magma that feed
supereruptions takes place via lateral spreading with increasing aspect ratio of the

magma bodies involved in such eruptions.

Our study of Quaternary deposits of silicic VEI 6+ eruptions reveals important general patterns
regarding the architecture of the magmatic systems that cause very large and supereruption-
forming volcanic events. Many of the characteristics outlined above suggest that the behavior
of magmatic systems shifts when magma volume reaches ~200 km?3, such that the mechanisms
of magma accumulation, pre-eruptive storage and eruption for events > 200 km? are distinct
than those for smaller events. Given that eruptions of such magnitude have not been observed
using modern scientific methods, efforts like ours focusing on the study of the geological record
are the only source of information for such geologically important and potentially societally
impactful events. While the data presented here provide rich information on the level of pre-
eruptive storage, further work is necessary to better characterize deeper crustal levels where

magma is located prior to pre-eruptive storage.
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8. Figures
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Figure 1. Schematic diagram showing the principles behind rhyolite-MELTS geobarometry. Top
diagram shows the case of simultaneous equilibration between melt (in yellowish color) and
three mineral phases (dark blue rectangles, red hexagons, and light blue parallelogram),
equivalent to the case of quartz and two feldspars. Bottom diagram shows the case of
simultaneous equilibration between melt (yellow) and two mineral phases (dark blue and red),

equivalent to the case of quartz and one feldspar. In both cases, we seek the condition in which
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melt of the given composition (yellow region) appears in simultaneous equilibrium with all
mineral phases present in the observed assemblage, which is only possible at the pressure

marked as Pest.
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Figure 2. Harker diagrams showing matrix-glass compositions and corresponding rhyolite-
MELTS pressures for the units studied here. Only compositions that yield rhyolite-MELTS
pressures are shown. Compositions are all rhyolites, with the majority corresponding to high-
silica rhyolites. Low K>O compositions are characteristic of units characterized exclusively by a
quartz and plagioclase assemblage. CaO and FeO values separate the compositions into various
subgroups. Rhyolite-MELTS pressures broadly correlate with SiO,, as previously shown (e.g.,

Gualda and Ghiorso 2013b, 2014).
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1048

1049  Figure 3. Rank-order diagrams showing results for the Bishop Tuff. (a) Results separated into 3
1050 subunits: early-erupted deposits (EBT), southern and eastern late-erupted deposits (LBT-East),
1051  and northern late-erupted deposits (LBT-North). (b) All results for the Bishop Tuff in

1052  combination. Outliers are indicated by white fill; error bars are 20 MPa. Depths and thicknesses
1053  are similar for the 3 subunits, and the combined dataset suggests all magmas were located at a

1054  single crustal level.
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Figure 4. Summary diagrams showing the depths and thicknesses of magma bodies that fed
Quaternary VEI 6+ eruptions included in this study. (a) Box and whisker diagram showing
magma depth distribution for all studied units; inner, darker gray box encompasses the 25t to
75t percentiles, with the median shown as a solid line within it; outer, lighter gray box shows
the 2.5% and 97.5" percentiles; whiskers extend to minimum and maximum values. (b) Diagram
showing magma thicknesses calculated from the pressure data, converted to depth; three
different estimates are shown (“95% CI”, “IQR*3”, and “Max-Min [OE]”), as well as the
maximum bound given by ARMA4X : volume:area values are shown where appropriate. See text

for details. Data for the Taupo and Chimp Ignimbrites suggest these eruptions tapped deeper,
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thinner magma bodies. Data for the Kaingaroa Ignimbrite reveals tapping of a shallow, thin
magma body. Other units suggest tapping of magmas primarily located between 2 and 7 km,

with median depths between 3 and 6 km, with calculated thicknesses between 1 and 4 km.
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Figure 5. Summary of results for the Whakamaru Group Ignimbrites. (a) Results subdivided into

types A, B, and C of Brown et al. (1998). (b) All results shown in combination. Symbols as in

Figure 3. Error bars are 25 MPa. Data are consistent with shallow crustal storage at a single

level.
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1075

1076  Figure 6. Summary of results for the Taupé Volcanic Center (a) and the TVZ Flare-Up (b).
1077  Symbols as in Figure 3. Error bars 20 MPa for the Oruanui Ignimbrite, 10 MPa for the Taupo
1078  Ignimbrite, 10 MPa for the Chimp Ignimbrite type A (CHP-A), 20 MPa for the Kaingaroa

1079  Ignimbrite type C (KNG-C), and 25 MPa for the Ohakuri Ignimbrite (OHK). Data for the Taupo
1080 and Chimp Ignimbrites suggest tapping of deep and thin magmas; the Kaingaroa Ignimbrite
1081 reveals a thin magma body at shallow pressures; finally, the data for the Ohakuri Ignimbrite

1082  suggest a thicker shallow magma body. See text for details.
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Figure 7. Summary of results for ignimbrites from Central Hokkaido (a) and deposits from the AT
eruption (b). (a) Results for the Biei Ignimbrite (BIEl), Tokachi Ignimbrite (TOKA), and Tokachi-
Mitsumata Ignimbrite (TOKM). (b) Results for the AT eruption shown in combination. Symbols as
in Figure 3. Error bars in (a) are 25 MPa for Q2F pressures and 40 MPa for Q1F pressures. All
magmas in Central Hokkaido erupted from similar shallow crustal levels. Error bars in (b) are 25

MPa. Data are consistent with tapping of shallow magma for the AT eruption.
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Figure 8. Diagrams showing the calculated depths and thicknesses of magma bodies that fed
Quaternary VEI 6+ eruptions included in this study. (a-c) Histograms showing the distribution of
calculated thicknesses. (d) Histogram showing the distribution of volume:area values. (e) Binary

diagram showing calculated depths versus calculated thicknesses. (f) Histogram showing the
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distribution of calculated median depth values. Data suggest magmas predominantly erupted

from depths of 3-6 km, from magma bodies with thicknesses between 0.5 and 4 km.
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Figure 9. Binary diagram showing the relationship between calculated depth and observed
erupted volume. For relatively small volumes (the 35 km?® Taupé Ignimbrite and the 50 km?
Chimp Ignimbrite), erupted magma was stored at deeper crustal levels (median depths of 10.7

and 12.2 km). For volumes > 100 km3, median depth is not a function of volume, with median

depths between 3.6 and 5.9 km.
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Figure 10. Binary diagram and schematic showing possible relationships between calculated
thickness and volume:area values. (a) Binary diagram showing the relationship between
calculated thicknesses and volume:area values. Black dashed line shows 1:1 relationship, in
which calculated thickness is equal to volume:area value. Below the 1:1 line, the volume:area

value is larger than the calculated thickness, suggesting that not all erupted magma has been
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accounted for in our sampling. Above the 1:1 line, the region from which magma was tapped is
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larger than what can be explained by the volume:area value, suggesting that magma may have
been dispersed within more crystal-rich material. Blue and red dashed lines show different
values of the ratio between thickness and volume:area value. The Oruanui Ignimbrite is the
main example of a case in which the distribution of pressures in our dataset cannot explain the
observed volume:area value. The Taupo Ignimbrite and AT Eruption are the clearest examples of
magma that may have been dispersed within more crystal-rich material. Data for the Tokachi
Ignimbrite is ambiguous, but only the IQR*3 calculated thickness falls away from the 1:1 line,
suggesting that it is unlikely that it represents an example of eruption of melt dispersed in
crystal-rich magma mush. (b) Schematic diagrams showing the possible pre-eruptive
configurations. Melt-dominated magma bodies shown in yellow; magma not sampled is shown
in orange with question marks; blue diagonally hatched domains represent country rocks;
coarse-dotted domains with yellow background represent magma mush with interstitial melt.
Evidence suggests that most Quaternary VEI 6+ eruptions studied here tapped melt-dominated

magma bodies.
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Figure 11. Binary diagram showing the relationship between calculated thicknesses and volume.
Thickness increases with volume for volumes < 200 km?3, with significant scatter for volumes of
~200 km?. For larger volumes, there is limited or no increase in thickness with volume. This

suggests that, for volumes > 200 km?3, growth of magma bodies takes place by lateral spreading.
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Table 1. Characteristics of the eruptive units that are part of this study.

Deposit Volume
(km?)
Bishop Tuff 650
Oruanui Ignimbrite 530
Taupo Ignimbrite 35
Whakamaru Group 1,500
Ignimbrites
Chimp Ignimbrite 50

Kaingaroa Ignimbrite 100

Ohakuri Ignimbrite 100
AT Eruption 400
Biei Ignimbrite 150
Tokachi Ignimbrite 200
Tokachi-Mitsumata 130

Ignimbrite

Reference

Wilson &
Hildreth
(1997)
Wilson
(2001)
Wilson
(1993)

Miller et al.
(2026)
Wilson et
al. (2009)
Beresford &
Cole (2000)
Gravley
(2004)
Geshi et al.
(2020)
lkeda
(1991)

Nishiki et al.

(2017)
Ishii et al.
(2008)

Area
(km?)

220

140

70

900

310

100

50

390

100

140

Reference

Wilson &
Hildreth
(1997)
Wilson
(2001)
Davy &
Caldwell
(1998)
Leonard et
al. (2010)
Stagpoole
et al. (2021)
Stagpoole
et al. (2021)
Leonard et
al.
Geshi et al.
(2020)

Nishiki et al.
(2017)
Ishii et al.
(2008)

Volume/Area
(km)
3.0

3.8

0.5

2.4
0.2
1.0
2.0

1.0

2.0

0.9

Assemblage

Q2F

QlF

QlF

Q1F+Q2F

Q1F

Q1F

Q1F

Q1F

QlF

Q1F+Q2F

Q1F+Q2F
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Table 2. Summary of thicknesses and related quantities for the eruptive units that are part of this study

EBT
n
o (MPa)
MSWD
MSWD [0=20 MPa]
Threshold (+)
Threshold (-)
AhMAX (km)
AhMAX [0=20 MPa] (km)
95% Cl (km)
IQR*3 (km)
Max-Min [OE] (km)
Vol/Area (km)

ORU
n
o (MPa)
MSWD
MSWD [0=20 MPa]
Threshold (+)
Threshold (-)
AhMAX (km)
AhMAX [0=20 MPa] (km)
95% ClI (km)
IQR*3 (km)
Max-Min [OE] (km)
Vol/Area (km)

75
25
0.50
0.78
1.33
0.67
2.9
2.3
2.6
2.4
2.1

18
20
0.77

1.69
0.31
3.6

2.2
2.3
1.8
3.9

LBT-East

TPO

50
25
0.47
0.74
1.40
0.60
3.2
2.6
2.4
2.3
2.1

10
1.22

2.07
0.00
2.7

11
13
1.2
0.5

LBT-North
18
25

0.35
0.55
1.69
0.31
4.5
3.6
1.8
1.8
1.1

CHP-A

10
0.05

2.00
0.00
2.5

0.3
0.2
0.1
0.2

BT-All

143
25
0.53
0.83
1.24
0.76
2.5
2.0
2.4
2.6
2.5
3.0

KNG-C
11
20
0.14

1.89
0.11
4.6

0.8
1.0
0.6
1.0

WHAK-A
41
25
0.72

1.45
0.55
3.4

3.0
2.8
2.3

OHK-AIl
23
25
0.89

1.60
0.40
4.1

2.8
2.5
1.3
2.0

WHAK-B
26
25
0.71

1.57
0.43
3.9

2.5
3.8
2.9

BIEI
14
25
0.41

1.78
0.22
5.1

2.0
1.8
14

WHAK-C
19
25
1.13

1.67
0.33
4.4

3.5
3.1
2.6

TOKA
14
28
0.58

1.78
0.22
5.7

1.9
4.1
2.0
2.0

WHAK-AII
86
25
0.82

1.31
0.69
2.8

3.5
3.2
2.6
2.4

TOKM
12
35
0.28

1.85
0.15
7.6

1.7
0.9
0.6
0.9

ITO-All
53
25
0.77

1.39
0.61
3.1

2.5
3.7
2.6
2.0
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