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Abstract

Caldera footprints and erupted magma volumes provide a unique constraint on vertical
dimensions of upper crustal magma reservoirs that feed explosive silicic eruptions. Here we
define a Vertical Separation (VS) ratio in which we compare the geometric vertical extent with
the range of depths indicated petrologically by melt inclusion water and CO; saturation pressures
for fifteen caldera-forming eruptions spanning ~10° km® to ~10° km”® in volume. We supplement
melt inclusion saturation pressures with rhyolite-MELTS barometry and plagioclase-melt
hygrometry to generate a petrologic image of magma reservoir architecture. We find that pre-
eruptive upper crustal magma reservoirs range from contiguous bodies (where petrologic and
geometric estimates match closely) to vertically dispersed structures. Vertically dispersed pre-
eruptive reservoirs are more common among intermediate-volume eruptions than among the
smallest and largest caldera-forming eruptions. We infer that the architecture of magma

reservoirs tracks the thermomechanical evolution of large volcanic systems.
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1. Introduction

The largest silicic eruptions evacuate magma reservoir systems that can exceed 10° km’
in volume. Such eruptions, accompanied by caldera collapse (Lipman, 1997), fundamentally
restructure magma plumbing systems (Barker et al., 2015; Andrews and Gardner, 2010),
contributing to a dearth of exposed storage systems that can be directly linked to eruptions.
Models for large magma bodies differ on the timescales of assembly and the thermal and
rheological state of the magma during assembly and storage (e.g., Michaut and Jaupart, 2006;
Eddy et al., 2016; Huber et al., 2019). Key unresolved questions include the vertical structure of
upper crustal magma reservoirs (e.g., Cashman et al., 2017), how plumbing systems influence
eruptions, and whether the organization of individual magma bodies is static or evolves during
the lifetime of the overall magmatic system (e.g., Gualda et al., 2018).

These questions matter because reservoir structure relates directly to understanding the
largest explosive eruptions on Earth and the relationship between volcanic and plutonic rocks
(Bachmann and Bergantz, 2008; Cashman and Giordano, 2014). Rapid reorganization of
magmatic systems and assembly of eruptible melt-rich bodies has been linked to triggering of
large eruptions (Druitt et al., 2012; Allan et al., 2013). Proposed models for silicic magma
systems range from large, compositionally zoned, integrated magma bodies undergoing unified
thermal evolution, crystallization, and differentiation (Hildreth, 1981), to multiple, spatially
juxtaposed but compositionally distinct magma bodies (Cooper et al., 2012), to spatially and
compositionally discrete magma lenses that integrate prior to or during eruption (Cashman et al.,

2017). In all of these conceptual models, the upper crustal plumbing system is only the
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shallowest portion of a magmatic system that extends into deep hot zones near the base of the
crust (e.g., Annen et al., 20006).

Caldera-forming eruptions offer a unique opportunity to investigate the vertical structure
and evolution of upper crustal magmatic plumbing systems, because the caldera footprint itself
preserves a record of the lateral scale of the evacuated portion of a magma reservoir (Cashman
and Giordano, 2014). We use this horizontal scale, together with estimates of erupted volume, to
calculate the vertical dimension of a hypothetical magma chamber consisting of a ‘big tank’
containing only the magma that erupted. We compare this implied vertical dimension with the
vertical drainage height revealed by the observed range in melt inclusion saturation pressures.
This petrologic imaging exposes rich, scale-dependent diversity in the vertical organization of
natural upper crustal magma reservoirs. In particular, the largest and smallest magma bodies tend
towards consolidated structures. We explore hypotheses to explain consolidation of large-scale
magma chambers, including selective eruption of shallow large magma bodies with low roof
aspect ratios, upward migration of dispersed magma lenses, or emplacement of successive
magma bodies progressively occupying the upper crust. We discuss the relationship between
thermomechanical regime and reservoir structure to understand pathways for evolution of

magmatic architecture through the life cycle of the magmatic system.
2. Materials and Methods

2.1 The Vertical Separation ratio

We compiled caldera collapse areas (Acoliapse), €rupted volumes (Verpied), and melt
inclusion H,O-CO, data from fifteen silicic caldera-forming eruptions ranging in dense-rock

equivalent (DRE) erupted volume from 10°-10° km® (see Table S1 for complete database and
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data sources). Following Cashman and Giordano (2014), we used these datasets to calculate the
vertical extent, h, implied by a consolidated tank-like geometry:

h=Verupted/Acoliapse (1)
where Vempiea 1S the DRE volume including fall, ignimbrite, and intracaldera deposits. This
vertical extent is a simplification as it represents the vertical dimension of a cylinder of magma
with a horizontal area equal to that of the caldera and a volume equal to that of the erupted
deposits. We suggest that melt inclusion saturation pressures reflect a more realistic view of the
true vertical extent of the magma reservoirs that participated in an eruption (Cashman and
Giordano, 2014). We call the ratio between the vertical extent from petrologic records of
pressure (hpe, from melt inclusions or rhyolite-MELTS for example) relative to the consolidated
vertical extent (h) the Vertical Separation (VS) ratio:

VS=hy/h. (2)

This ratio captures the dispersion of a given reservoir system relative to a compact, contiguous
magma body (Figure 1).

Caldera collapse areas and eruption volumes are known primarily from geologic
mapping (e.g., Geyer and Marti, 2008; Cashman and Giordano, 2014). Eq. 1 assumes that the
collapse area reflects the horizontal extent of the reservoir from which magma was extracted.
Although some small calderas do root in funnel-like geometries (Lipman, 1997), this assumption
is consistent with multidisciplinary investigation of caldera formation (Gudmundsson et al.,
2016). On the other hand, lateral movements of magmas during eruptions, such as those thought
to have taken place during the 1912 Katmai eruption (e.g., Hildreth and Fierstein, 2000) and
possibly the Bishop Tuff eruption (Cashman and Giordano, 2014), show that there are some

exceptions to this assumption (see also Kennedy et al., 2018). Significant lateral extraction from
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outside the collapse footprint would imply that Acgiiapse and thus VS are underestimates. In this
work, we address the portions of the reservoir that participate in eruption. For smaller eruptions,
this may represent a fraction of the overall reservoir volume, but for eruptions larger than ~10
km’, the caldera radius is likely to be a good approximation of the reservoir radius (Karlstrom et

al., 2012).

2.2 Pre-eruptive storage pressures

Pre-eruptive storage pressures can be estimated from experimental petrology (e.g.,
Andrews and Gardner, 2010), from thermodynamic calculations of phase equilibria (e.g., Gualda
and Ghiorso, 2014; Gualda et al., 2018), or from water and CO; concentrations in melt inclusions
(e.g., Newman and Lowenstern, 2002), taking advantage of the pressure-dependence of water
and CO; solubility in silicate glasses. Here we focus on melt inclusion saturation pressures
because water and CO; data from multiple inclusions in multiple samples are available for a
large number of caldera-forming eruptions, permitting insights into the range of estimated
storage pressures and facilitating direct comparison among magmatic systems. We use pressures
calculated with rhyolite-MELTS based on phase equilibria (Gualda and Ghiorso, 2014; Bégué et
al., 2014; Gualda et al., 2018) as an independent point of comparison with the melt inclusion
data.

Melt inclusion data (Supplementary Table 1) are from Bacon and Druitt (1988),
Lowenstern (1993), Wallace and Gerlach (1994), Wallace et al. (1999), Marianelli et al. (2006),
Di Muro et al. (2006), Mandeville et al. (2009), Smith et al. (2010), Chesner and Luhr (2010),

Bachmann et al. (2010), Johnson et al. (2011), Cadoux et al. (2014), Bégué et al. (2015),
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Iacovino et al. (2016), and Myers et al. (2016). Uncertainties in H,O and CO, measurements via
FTIR and SIMS are similar, with 2-sigma uncertainties typically in the range of ~10-20% for
H,0O and 5-10% for CO,. These uncertainties in in H,O and CO, concentrations translate to 2-
sigma uncertainties of ~15-25% in pressure estimates. In cases where saturation pressure
estimates do not accompany water and CO, data, we compute saturation pressures using the
VolatileCalc software (Newman and Lowenstern, 2002).

Calculation of saturation pressures from melt inclusions necessitates a number of
assumptions. We assume that water and CO, concentrations reflect pre-eruptive magma storage
and equilibration pressures rather than entrapment pressures, because water diffusion through
host crystals allows melt inclusions to re-equilibrate on timescales of several years at magmatic
temperatures (e.g., Qin et al., 1992). Conversion of water and CO, concentrations to pressures
assumes volatile saturation (Newman and Lowenstern, 2002), implying that our estimates give a
lower limit on the vertical extent of the system. However, abundant evidence points to volatile
saturation prior to eruption. Examples include excess sulfur in eruptions like that of Mount
Pinatubo (e.g., Wallace and Gerlach, 1994; Iacovino et al., 2016) and trace element trends in the
Bishop Tuff (Wallace et al., 1999). Melt inclusions can also record degassing during ascent
rather than storage conditions. For example, some of the spread in H,O concentrations in
Huckleberry Ridge Tuff melt inclusions has been attributed to variable degassing and diffusive
loss during magma ascent (Myers et al., 2016). We therefore rely on reconstructed H,O
concentrations and storage pressures from Myers et al. (2016). In general, the sensitivity of our
results to melt inclusion degassing is limited in that most of the systems considered here are
thought to be stored at shallow (i.e., upper crustal) depths based on a range of independent

barometers and experimental data. An additional possibility is that some melt inclusions in
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crystal rims may be anomalous due to boundary layer effects during rapid crystallization
(Pamukcu et al., 2016). Consequently, to reduce the sensitivity of our calculations to any
outliers, we calculate VS ratios after discarding outliers defined as data points more than 1.5
interquartile ranges below or above the 1% and 3™ quartile, respectively (Figure 2; Supplementary
Table 1).

Accurate pressure estimates from water-CO; saturation depend on accurate determination
of dissolved pre-eruptive CO, concentrations. Vapor bubbles that form after melt inclusion
entrapment often contain a majority of the initially dissolved CO, (e.g., Moore et al., 2015; Aster
et al., 2016). Among the melt inclusion sample suites included here, eight of fifteen focused on
melt inclusions in which bubbles were rare to absent (Table 1). Marianelli et al. (2014) and
Iacovino et al. (2016) performed homogenization experiments to re-dissolve vapor bubbles in the
melt. lacovino et al. (2016) found that re-incorporation of vapor bubbles accounted for < 23 ppm
CO,, consistent with shallow storage conditions of Paecktu magma as inferred from stable phase
assemblages and depths of seismicity. Among the five melt inclusion suites in which bubbles
were either not described or were common features, three (Katmai, Santorini, Laacher See)
originated from relatively shallow reservoirs as independently substantiated with experimental
data (e.g., Cadoux et al., 2014) and consisted of melt inclusions with CO, below detection limits
(<10-50 ppm) in the glass, implying that post-entrapment growth of CO,-rich vapor bubbles is
unlikely. For eruptions such as Rotoiti, where melt inclusions can contain tiny vapor bubbles
(Bégué¢ et al., 2015), if these bubbles contain a significant quantity of originally dissolved CO,
the consequence would be a larger range in storage pressures and thus a higher VS ratio. In such
cases the VS ratios we calculate may represent conservative values. CO;-rich flushing can alter

dissolved water and CO, concentrations (e.g., Caricchi et al., 2018). However, the combined
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water-CO, equilibria still reflect the pressure dependence of water and CO; solubility, barring

the presence of substantial unaccounted-for CO; in vapor bubbles.

2.3 Comparison with water concentrations from plagioclase-melt equilibria and with storage

pressures from rhyolite-MELTS phase equilibria

To investigate the evolution of reservoirs prior to pre-eruptive melt inclusion re-
equilibration, we compiled measurements of plagioclase compositions for five of the caldera-
forming eruptions in our dataset (Pinatubo, Santorini, Rotoiti, Oruanui, Bishop) (Hattori and
Sato, 1996; Wilson et al., 2005; Smith et al., 2010; Druitt et al., 2012; Cadoux et al., 2014;
Chamberlain et al., 2015). We concentrated on eruptions for which plagioclase measurement
locations were constrained to crystal cores and rims. We used the plagioclase rim compositions
in conjunction with matrix glass compositions to calculate equilibrium magmatic water
concentrations with the updated plagioclase-liquid hygrometer of Waters and Lange (2015),
which describes how higher anorthite contents in plagioclase record higher magmatic water
contents at a given temperature. Temperature inputs for each unit are summarized in Table 2. For
all but one eruption (that of the Campanian Ignimbrite), the available temperature estimates
derive primarily from Fe-Ti oxides. We note that Fe-Ti oxides re-equilibrate very rapidly—in
days to weeks—at magmatic temperatures (Venezky and Rutherford, 1999), thus they are not
sensitive to longer-term variation in magmatic storage temperature. To account for some of the
uncertainty in temperature estimates, we consider both the upper and lower end of available
temperature estimates. We found sensitivity to pressure to be negligible, and therefore selected

the lower end of available storage estimates to obtain conservative estimates of magmatic water
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concentrations. Selecting the highest estimated storage pressures for each eruption does not alter
the results (Supplementary Table 2). We compare the water concentrations inferred from
plagioclase compositions with water concentrations in melt inclusions from the same units. In
contrast to rapid re-equilibration of melt inclusion water contents at magmatic temperatures (e.g.,
Qin et al., 1992), CaAl-NaSi interdiffusion in plagioclase takes place very slowly due to the
coupled substitution required to maintain charge balance (e.g., Grove et al., 1984). Plagioclase
rims thus have the capacity to retain a longer-term history of magmatic water than melt
inclusions because plagioclase compositions are unlikely to re-equilibrate in response to
degassing.

We do not estimate pressures based solely on water concentrations from the plagioclase-
melt hygrometer owing to potential uncertainties due to the lack of a constraint on CO,. Instead,
we use pressures calculated with rhyolite-MELTS phase equilibria (Ghiorso and Gualda, 2014;
Bégué et al., 2014; Gualda et al., 2018) as independent points of comparison with melt inclusion
saturation pressures. Gualda and Ghiorso (2014) used the pressure-dependence of the quartz and
feldspar saturation surfaces to develop a new crystallization pressure barometer for rocks that
preserve glass compositions that reflect equilibrium between melt, quartz, and one or two
feldspars. The pressure that yields the requisite intersection of these saturation surfaces can be
calculated with rhyolite-MELTS (Gualda et al., 2012). Pressures estimated via this approach are
independent of melt inclusion H,O and CO,. Pressure estimates from each method are in good
agreement overall, though in some cases pressure estimates from rhyolite-MELTS can differ
slightly from melt inclusion H>O and CO; saturation pressures, possibly due to changes in melt
composition during decompression (Gualda and Ghiorso, 2014). We use the pressures tabulated

in Ghiorso and Gualda (2014), Bégué et al. (2014), and Gualda et al. (2018) for the Ohakuri,
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Mamaku, Rotoiti, Oruanui, Bishop, and Toba eruptions to calculate VS ratios, as detailed in
Tables S1 and S3. Where available, we used pressures determined using matrix glass
compositions, based on the assumption that matrix glass compositions are more consistent with

pre-eruptive storage conditions as reflected in melt inclusion saturation pressures.

3. Results

3.1 Vertical structure of magma reservoirs

Our analysis of petrologically determined storage pressures illustrates the fundamental
diversity of the magma reservoirs that feed caldera-forming eruptions, which range from highly
consolidated bodies to vertically dispersed systems. These diverse structures of magma storage
are apparent both from the raw distributions of melt inclusion data (Figure 2) and from our
comparison of melt inclusion storage pressures with consolidated vertical extent (Figures 3 and
4). For example, the Bishop Tuff and Oruanui eruptions display unimodal, continuous storage
pressure distributions, in agreement with VS ratios close to one, whereas Rotoiti melt inclusions
display a multimodal storage pressure distribution, in agreement with a VS ratio much greater
than one.

Gaps or modes in the distribution of melt inclusion storage pressures are difficult to
interpret due to uncertainties in the completeness of the melt inclusion record, even for large
sample sets. However, by comparing the vertical range spanned by melt inclusions with the
vertical dimension of a consolidated magma body (Figure 3), we can identify eruptions that tap
multiple vertically separated magmatic bodies, because they do not erupt a sufficient volume of

magma to continuously span the range of depths from which melt inclusions originate.
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We find minimum VS values of ~1 among the eruptions for which we have data (Figure
4), supporting our assumptions regarding melt inclusions and the relationship between caldera
and reservoir footprint (VS values <<I would call these assumptions into question). VS values
near unity indicate that pre-eruptive magma reservoirs were vertically compact bodies, perhaps
in the form of laterally juxtaposed but compositionally distinct magma bodies (e.g., Cooper et
al., 2012). Such consolidated reservoirs are present across the range of eruption volumes, but
predominate among the smallest and largest caldera-forming eruptions (Figure 4). Among the
largest (>500 km®) magma reservoirs, the exception to this trend towards consolidation is the
2500 km® Huckleberry Ridge Tuff (HRT), which has a VS value of ~8 and shows a bimodal
distribution of storage depths (Myers et al., 2016).

We find maximum VS values of ~10-20 among the eruptions for which we have data
(Figure 4). Taken at face value, these ratios imply that over the range in depths from which
erupted magma was extracted, only 5-10% of the volume was occupied by extracted magma,
with country rocks, cumulates, and untapped magma occupying intervening levels of the crust.
Such fragmentary, vertically extensive upper crustal magmatic systems are most prevalent
among intermediate-to-large volume explosive eruptions (with VEI ~6-7) rather than
supereruptions (VEI > 8). Vertically dispersed magmas may aggregate shortly before eruptions,
perhaps as part of the destabilization that triggers the eruptions (Cashman et al., 2017). If so, the
data in our compilation imply this aggregation must take place more rapidly than the several-year

equilibration timescale of rhyolitic melt inclusions at magmatic temperatures (Qin et al., 1992).

3.2 Comparison of melt inclusion storage pressures with pressures from rhyolite-MELTS phase

equilibria (Gualda and Ghiorso, 2014)
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We calculated VS ratios for the Ohakuri, Mamaku, Rotoiti, Oruanui, Bishop, and Toba
eruptions from rhyolite-MELTS barometry (Gualda and Ghiorso, 2014; Bégué et al., 2014;
Gualda et al., 2018) as an independent check on VS ratios calculated from melt inclusion H,O-
CO; saturation. Overall, the absolute pressure estimates from rhyolite-MELTS and melt
inclusion H,O-CO, saturation pressure are consistent, with some exceptions. These exceptions
include the Ohakuri eruption, for which rhyolite-MELTS estimates extend to lower pressures,
and the Oruanui and Toba eruptions, for which rhyolite-MELTS estimates extend to higher
pressures (Figure 2; Table S1). Despite these incongruities in absolute pressure for some
eruptions, the ranges in pressures (and thus the VS ratios) are generally in good agreement
between rhyolite-MELTS and melt inclusion saturation pressure data (Figure 4). This agreement

supports the robustness of the VS ratios that form the basis for our interpretations.

3.3 Comparison of melt inclusion water concentrations with magmatic water calculated with the

plagioclase-liquid hygrometer of Waters and Lange (2015)

We calculated magmatic water concentrations from plagioclase-melt equilibria using the
hygrometer of Waters and Lange (2015). While we used plagioclase rim compositions as most
likely to be in equilibrium with matrix glass, calculations performed with plagioclase core
compositions as a sensitivity test yielded similar results (Figure 5). Uncertainties in temperature
estimates, mainly determined from Fe-Ti oxides (Table 2), introduced significant uncertainties in
calculated water concentrations. Within these uncertainties, water concentrations from melt

inclusions broadly agree with water concentrations predicted independently from plagioclase rim
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compositions (Figure 5). This agreement is not without exceptions. In particular, water
concentrations implied by plagioclase compositions from Oruanui, Rotoiti, and early and middle
Bishop Tuff appear to be 1-2 wt% higher than water concentrations in melt inclusions. In our
comparison between the melt inclusion and hygrometer datasets, we focus on water
concentration rather than depth. Estimates of depth from volatile saturation require both H,O
and CO; concentrations. CO, concentrations are available for melt inclusions from most of the
eruptions considered here, but only water concentrations are predicted by the plagioclase-liquid
hygrometer. Therefore any estimates of depth based on water concentrations from the
plagioclase hygrometer would represent minimum depths compared with those estimated from

melt inclusions.

4. Discussion

4.1 Diverse upper crustal magma reservoirs

The VS ratio provides a view of the upper crustal architecture of individual reservoir
systems that is consistent with both the full melt inclusion datasets (Figure 2) and with other
independent petrologic and geochemical constraints from those systems. For example, the VS
ratio indicates that the reservoirs feeding the Rotoiti and climactic Mazama eruptions were
particularly vertically complex and extensive; the Rotoiti deposits include evidence for multiple
discrete magma batches that participated in the eruption (Schmitz and Smith, 2004), and the
climactic Mazama deposits are a classic example of an ignimbrite with a compositional gap
between early rhyolite and later, crystal-rich andesite-dacite (e.g., Bacon and Druitt, 1988). To

date, geophysical imaging of upper crustal magmatic systems beneath calderas lacks the
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resolution to resolve fine-scale vertical structure, but supports the existence of upper crustal
magma bodies situated beneath collapse regions of some large systems (e.g., Jaxybulatov et al.,
2014). We consider the VS ratio a form of petrologic imaging because it uses petrologic
constraints to capture a picture of hidden magmatic systems that is complementary to the view
from seismic or other geophysical imaging.

The diversity and apparent size-dependence of the upper crustal structure of silicic
caldera-forming magma reservoirs raise questions about the physical factors that govern the
vertical structure of pre-eruptive magma bodies, and how reservoir organization evolves as
magmatic systems develop and alter the rheology of the surrounding rocks (e.g., Gualda et al.,

2018; Huber et al., 2019).

4.2 Mechanisms for building and erupting very large, consolidated magma reservoirs

The diverse structures of upper crustal magmatic systems, including in many cases
evidence for vertically separated reservoirs tapped during eruptions, are consistent with an
emerging view of complex, multi-level transcrustal magmatic systems (e.g., Annen et al., 2006;
Cashman and Giordano, 2014; Cashman et al., 2017). However, in this context the vertical
compactness of three out of four of the upper crustal reservoirs that feed supereruptions is
surprising. This trend is based on only four systems for which data are available (HRT, Bishop,
Toba, and Oruanui), and therefore must itself be substantiated by additional saturation pressure
data. Nevertheless, we consider some initial hypotheses: (1) selective eruption of shallow, large
magma bodies (Gregg et al., 2012), (2) ductile reorganization and consolidation of the largest

magmatic systems encouraged by thermal priming, and (3) in-situ assembly of the largest magma
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reservoirs through incremental addition of magma batches to a finite volume within the upper
crust, leading to near-complete occupation of the region of magma storage and development of a
contiguous reservoir.

As the largest magma reservoirs heat the surrounding crust, viscosity decreases,
promoting creep that relieves stresses due to magma replenishment (Jellinek and DePaolo, 2003).
In this regime, bubble-induced overpressure and roof failure have been proposed as trigger
mechanisms (Tait et al., 1989; Gregg et al., 2012; Caricchi et al., 2014; Black and Manga, 2017);
each mechanism is sensitive to reservoir depth, and roof failure is sensitive to chamber aspect
ratio (Gregg et al., 2012), raising the prospect of selective triggering and eruption of shallow,
high aspect-ratio reservoirs. As shown in Figure 6, larger volume eruptions converge towards
critical roof aspect ratios, supporting selective eruption of shallow large magma bodies rather
than deep or vertically dispersed large magma bodies (Gregg et al., 2012).

Two end-member scenarios describe how these large, shallow magma bodies might
develop as consolidated reservoirs. In the first, more dynamic scenario, thermal priming and
associated decreases in viscosity favor ductile reorganization. Within an extensive mush-rich
system, if some magma lenses are more buoyant, and if compaction timescales are sufficiently
fast, consolidation in the upper reaches of the mush system is possible (e.g., Bachmann and
Bergantz, 2008; Floess et al., 2019). This is similar to the relatively deep magma extraction and
relatively shallow magma storage model discussed by Gualda et al. (2019). Likewise, if magma
bodies are buoyant relative to host rocks, warm ductile crust favors local diapirism (e.g., Marsh,
1982), which could take place even during intervals when the magmatic system appears to be
mostly quiescent and aseismic (Lu et al., 2000). In the second, more static scenario, if magma

addition and heat input is focused within a finite volume of upper crust, this volume will become
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fully occupied with magma (Annen, 2009; Michaut and Jaupart, 2006). In this view, a region of
the upper crust gradually fills in with successive magma bodies. If these magmas are able to
erupt when the system is still fragmentary, the resulting high VS ratios reflect dispersed reservoir
systems. Magma chamber modeling shows that magma chambers grow when recharge and
relaxation timescales are shorter than cooling timescales (e.g., Degruyter and Huber, 2014;
Townsend et al., 2019). Huber et al. (2019) suggest the optimum conditions for magma chamber
growth exist in the upper crust from ~1.5 to 2.5 kbar, where warm, viscous crust accommodates
magma addition but where occasional eruptions are still possible. Addition of magma thermally
primes this incubation region, potentially enabling the magma pile to rapidly thaw through latent
heat released when formerly glassy material experiences crystal nucleation and growth when
reheated to ~700°C (Michaut and Jaupart, 2006). Eruption of a large magma reservoir that has
fully occupied a region of the upper crust will yield low VS ratios, as observed for the Toba,
Bishop, and Oruanui eruptions.

Comparison of water concentrations calculated from plagioclase composition with water
in melt inclusions offers a test of these two consolidation models. If dynamic consolidation takes
place and is more rapid than plagioclase re-equilibration but slower than melt inclusion re-
equilibration, and if H,O concentrations roughly track pressure as predicted by water solubility
models (e.g., Newman and Lowenstern, 2002), the prediction is that H;O concentrations from the
plagioclase-melt hygrometer should be greater than or equal to H,O concentrations in melt
inclusions. If, on the other hand, static magma bodies reside at specific levels in the upper crust,
H,O concentrations from the plagioclase-melt hygrometer should match those in melt inclusions.

We interpret the general agreement between water concentrations from plagioclase

compositions and melt inclusions (Figure 5) as evidence for dominantly in situ growth of the
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largest magma chambers. This interpretation is further supported by the raw melt inclusion
distributions in Figure 2, which show that the range of storage depths (at 2-10 km) is broadly
consistent across eruptions. Within this range there are fewer gaps in melt inclusion data from
the largest volume eruptions, suggesting that magma progressively occupies a preferred storage
level (Huber et al., 2019), perhaps as melts percolate out of deeper melt generation and
extraction regions (Cashman et al., 2017; Gualda et al., 2019). On the other hand, our data do not
exclude any role for dynamic reorganization during assembly of large magma bodies. In
particular, hints of higher water concentrations recorded by plagioclase crystals from the
Oruanui, Rotoiti, and early and middle Bishop Tuff eruptions may point to ascent and re-
equilibration of melt inclusions in an upper crustal storage region prior to eruption. This is
consistent with evidence for decompression of Oruanui magmas to form a shallow magma
chamber <1,600 yrs prior to eruption (Allan et al., 2013). Variations in melt viscosity as a
function of chemical composition could further influence the degree of melt-crystal segregation
and thus the reorganization of eruptible melt that takes place within crystal-rich magma
reservoirs (e.g., Floess et al., 2019).

Depending on recharge, volatiles, and the rheology of the magma and surrounding rock
(Townsend et al., 2019; Huber et al., 2019), magmatic systems can find their own trajectories—
their own life cycles—that balance chamber growth, eruption, and freezing. How does the
physical architecture of magmatic systems change through these life cycles? Our dataset
comprises snapshots of magmatic systems of different sizes. Because the size of magma
reservoirs is related to the thermomechanical regime of the magma and surrounding crust (e.g.,
Jellinek and DePaolo, 2003; Caricchi et al., 2014; Townsend et al., 2019; Huber et al., 2019),

these snapshots can be mapped onto a regime diagram relating thermomechanical state to
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eruption initiation mechanisms (Figure 7). This leads to the hypothesis that the
thermomechanical state, eruption initiation mechanisms, and architecture of magmatic systems

are all intertwined as depicted in Figure 7.

5. Conclusions

The structure of magma reservoirs is linked with mobility of bubbles and melt,
rheological evolution of magma and surrounding rock, and triggering of eruptions (e.g.,
Cashman et al., 2017). Geophysical imaging techniques provide a means to characterize the
vertical structure of upper crustal reservoirs in a range of settings, but large magma reservoirs
may spend the majority of their lifetimes in subsolidus states (e.g., Rubin et al., 2017). Using
petrologic records, we find that the magma reservoirs that feed caldera-forming eruptions are
architecturally diverse, ranging from consolidated bodies to dispersed lenses that span the upper
crust. Dispersed magma lenses tapped during eruptions are either spread out within a larger mush
body or separated by country rock and solidified magma. The vertical structure of the magma
bodies tapped during caldera-forming eruptions is scale-dependent, with a tendency towards
vertically consolidated upper crustal reservoirs among the smallest (<10 km® DRE) and largest

(>500 km® DRE) eruptions.

VS ratios calculated from rhyolite-MELTS geobarometry (Gualda and Ghiorso, 2014)
agree with VS ratios based on melt inclusions. Magmatic water concentrations calculated from
plagioclase-melt equilibria (Waters and Lange, 2015) also broadly agree with water
concentrations in melt inclusions, further supporting the magmatic storage pressures inferred

from melt inclusions. Coupled CaAl-NaSi interdiffusion in plagioclase is slow compared to re-
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equilibration of water in melt inclusions (Grove et al., 1984; Qin et al., 1992), implying that melt
inclusions reflect storage conditions just prior to eruption whereas plagioclase compositions offer
a longer-term window into magma storage. We interpret agreement between melt inclusion and
plagioclase records as evidence for a more static view of large magma bodies, in which
consolidation takes place primarily through progressive emplacement of more magma into the

upper crust rather than through upward migration of initially distributed magma bodies.

Potential eruption initiation mechanisms depend on the thermomechanical regime of the
magmatic system, which in turn depends on magma chamber size (Jellinek and DePaolo, 2003;
Degruyter and Huber, 2014; Townsend et al., 2019). Here we find evidence that the vertical
architecture of upper crustal magmatic systems also varies systematically with the scale of the
magmatic system. Consequently we hypothesize that changes in scale and thermomechanical
regime develop and evolve in tandem with magmatic architecture through the life cycle of a

magmatic system.
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600  Figure 1. Cartoon illustrating the Vertical Separation (VS) ratio, and how it reflects the vertical
601  structures of the upper crustal portions of the magmatic systems that feed caldera-forming

602  eruptions. For simplicity, dikes and lower and middle crustal portions of the magmatic system
603  are not shown here.
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Figure 2. Melt inclusions record distributions of entrapment pressures that reflect the vertical
structure of the reservoir system in which magma resided (and within which melt inclusions were
entrapped and equilibrated) prior to eruption. Here we show distributions of saturation depths for
magmatic systems for which at least 20 melt inclusion data points are available (references in
text and Table 1; plots for eruptions with fewer than 20 melt inclusions are shown in
Supplementary Figure 1). Red lines indicate cutoffs for depth calculated as 1.5 times the
interquartile range above and below the third and first quartile, respectively (see text for details).
Blue solid and dashed lines indicate distributions and interquartile cutoffs respectively for

rhyolite-MELTS pressure estimates (Supplementary Table 1).
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619  Figure 3. Vertical extent of pre-eruptive reservoirs inferred from erupted volumes and caldera
620  footprints. Consolidated vertical extents, shown with black crosses from Geyer and Marti (2008)
621  and red circles from our compilation, are compared with vertical extent reflected in the range of
622 melt inclusion saturation pressures (yellow circles). After Cashman and Giordano (2014).
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Figure 4. Vertical structures of the magma reservoirs that feed caldera-forming eruptions are
diverse, ranging from vertically compact equant shapes to vertically dispersed lenses to high
aspect ratio, vertically compact, consolidated magma bodies. The ratios of vertical extent from
melt inclusion saturation pressures (light yellow) and rhyolite-MELTS barometry (dark navy,
from Gualda and Ghiorso (2014); Bégué et al. (2014), and Gualda et al. (2018)) relative to the
consolidated vertical extent shows that intermediate-scale eruptions in particular tap vertically
distributed reservoir systems. Rhyolite-MELTS barometry for the Ohakuri, Mamaku, and Toba
eruptions is based on matrix glass compositions; rhyolite-MELTS barometry for the Oruanui,
Rotoiti, and Bishop Tuff eruptions is based on melt inclusion glass compositions (Supplementary
Table 1). The large uncertainty in VS ratio for the Kos Plateau Tuff reflects uncertainty in

caldera collapse area.
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Figure 5. Comparison of water concentrations measured in melt inclusions relative to water
concentrations calculated with the plagioclase-liquid hygrometer of Waters and Lange (2015).
Data sources in text, Table 2, and Supplementary Table 2. Solid lines indicate water
concentrations calculated from plagioclase rim compositions and matrix glasses; dashed lines
(Bishop Tuff only) indicate water concentrations calculated from plagioclase core compositions
and matrix glasses. The plagioclase-liquid hygrometer gives H,O concentration in the melt,
whereas melt inclusions give H,O and CO, concentrations in the melt, and depth estimates are
calculated from combined H,O and CO, concentrations (CO; is reported). Therefore we compare
water concentrations rather than depths in this figure, because depths estimated from water
concentrations given by the hygrometer would represent minimum depths compared with those

estimated from melt inclusions.
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651  Figure 6. Roof aspect ratios for caldera-forming eruptions. The roof aspect ratio = Dyop/a, where

652 Diop 1s the depth to the top of the magma chamber, excluding any outliers as defined in the text,
653 and a is the horizontal half-width of the magma chamber, calculated as a = \/Acopapse /™. The

654  critical roof aspect ratio (Gregg et al., 2012) for roof failure (~0.2) is shown as a horizontal solid

655 line.

656
657

31



658

659

660

661

662

663

664

665

666

667

668

rapid crystallization

rapid injection

<
<

»
>

10°
107 L
10' L

10°

relaxation timescale / recharge timescale

1021

103L

.

T T T T T

' small
consolidated

second boiling reservoirs

=

o= diverse

no eruptions

G)

recharge

upper crustal storage zone

T T T T T

= =

large magma bodies fully occupy

= reservoirs — ==
= -

buoyancy or roof failure

Figure 7. Hypothesized regime diagram linking thermomechanical evolution of magma
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chambers with reservoir structure. Regime diagram modified from Degruyter and Huber (2014)

and Townsend et al. (2019), with eruption trigger mechanisms indicated in blue text and

approximate regime boundaries demarcated by dashed lines. Sa=Santorini pre-Minoan

thermomechanical regime and CI=Campi Flegrei Epoch 2 thermomechanical regime, as
determined by Townsend et al. (2019). The hypothesized evolution of reservoir architecture is

based on thermomechanical considerations—namely that as magma chambers grow the overall

magmatic system is expected to shift from an elastic to viscous regime—combined with the data

in Figure 4, which constrain the architecture of magmatic systems of different sizes. The

potential trajectories through the life cycle of a magmatic system are intended as idealized
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669  hypotheses. Some systems are likely to follow trajectories in which they do not experience a
670  large eruption until late in their life cycles; others may never progress beyond small,

671  consolidated magma reservoirs.
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