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Caldera size modulated by the yield stress within
a crystal-rich magma reservoir

Leif Karlstrom*, Maxwell L. Rudolph and Michael Manga

The largest volcanic eruptions in the geologic record have
no analogue in the historical record. These eruptions had
global impacts™?, but are known only through their eruptive
products. They have left behind calderas that formed as the
surface collapsed when eruption evacuated magma chambers
at 5-15km depths34. It is generally assumed that calderas
reflect the spatial dimensions of underlying magma reservoirs.
Here we use a numerical model of conduit flow and dynamic
magma-chamber drainage to show that caldera size can be
affected by the material properties of crystal-rich silicic
magma. We find that magma in the chamber can experience
a rheological transition during eruption. This transition causes
magma near the conduit to behave as a fluid, whereas
magma farther away behaves elastically and remains locked.
The intervening surface—the yield surface—expands through
the chamber as eruption progresses. If a yielding transition
occurs, calderas can form before complete mobilization of
the entire reservoir. The resulting distribution of eruption
volumes is then bimodal, as observed in the geologic record.
We suggest that the presence or absence of a magma yield
stress determines whether caldera size reflects the true spatial
extent of magma storage.

Magma chambers function both as repositories for melt rising
through the crust and as reservoirs that feed individual volcanic
eruptions. During silicic caldera-forming eruptions, these functions
occur on vastly different timescales as many cubic kilometres
of magma gradually assembled and maintained at high crystal
fraction® in the crust are probably erupted in hours to days>®.
Such eruptions have global impacts and leave behind calderas
10-100 km in diameter as evidence of contiguous magma chambers
at depth*. Petrologic evidence from supereruptions (>500 km’
erupted') as well as smaller recent eruptions such as Pinatubo
indicates that these magma reservoirs are incrementally assembled
over timescales that vary from 10 to 10° years®®. Mobilization
of this reservoir and eruption triggering may be caused by the
injection of hot, volatile-rich, mafic magma to the base of the locked
crystal mush”'®. However the relationship between the initiation
of eruption and the pre-eruptive development of these systems
remains a challenge to constrain.

Our study is motivated by the observation that many magmas
from caldera-forming eruptions, such as the Fish Canyon tuff*
and Atana ignimbrite’, are crystal rich. Crystal fractions in
these ignimbrites approach the maximum packing limit'"' where
a rheological (yield stress) transition from liquid- to solid-
like behaviour occurs. Many other smaller deposits have crystal
fractions in the 10-30% range, in which connected networks of
crystals may impart the suspension with an effective yield stress
on eruptive timescales'>*. We focus on caldera-forming silicic
eruptions because these events have a significant impact on other
Earth systems' and because large erupted volumes minimize
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Figure 1| The coupled conduit-flow and chamber-deformation model.
Removal of magma through the conduit mobilizes locked magma in a
reservoir at depth. The inner boundary of this magma chamber (the yield
surface) grows in time as magma erupts, represented by an expanding
cavity in an elastic half-space with overpressure AP¢. The outer interface
between the locked magma and country rock remains fixed with initial
overpressure APg. This prestressed condition generates two zones of
stress concentration around the reservoir during mobilization (shaded,
warm colours indicate larger von Mises stress). In this case APc =10APg,
with APc =10 MPa.

the nonlinear feedbacks between chamber and conduit processes
exhibited by smaller silicic eruptions'.

The yielding behaviour of very viscous and crystal-rich fluid
has two important consequences for erupting stored magma.
Foremost, it creates an evolving partition between mobile and
locked portions of the magma chamber set by the position
of the yield surface. Second, the yield surface maintains a
difference in pore pressure between the rheologically locked and
mobilized portions of the magma chamber. Thus the differential
stress state on eruptive timescales (set by magma overpressure
relative to lithostatic pressure) in country rocks may differ
from that of locked magma, which may itself differ from
mobilized magma (Fig. 1).

Overpressure develops gradually during magma-chamber con-
struction, producing elastic stresses that grow in time unless they
relax through deformation of the crust. Surface eruption is triggered
once stress reaches the threshold for failure. Because elastic devia-
toric stresses induced by the free surface become significant when
the lateral extent of a pressurized magma chamber approaches its
depth'®, calderas with lateral dimensions that exceed their depth
by up to an order of magnitude (such as La Garita caldera of
the Fish Canyon tuff') are proxies for magma chambers that,
fully mobile, would be extremely mechanically unstable. Hence we
argue that it is unlikely that complete reservoir mobilization always
occurs before eruption.
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Figure 2 | Dynamics of yielding and Monte Carlo results. a, Sample evolution of chamber growth during an eruption, with (grey) and without (black)

yielding magma. Locked-magma-zone radius is 25 km, conduit radius is 200 m,

magma yield stress is 1 MPa, crust yield stress is 500 MPa, magma water

content is 5 weight %, APc — APg = 0.1 MPa, tenfold difference in Young's modulus between locked magma and crust. Other parameters in Supplementary
Information. Initial mass flux is 13.6 x 10% kg s~. b, Evolution of chamber pressure. ¢, Monte Carlo results (n=3,000), demonstrating the effect of yield
stress. d, The effect of overpressure (APc — APp) normalized by magma yield stress for Monte Carlo results. Colour indicates logyo total erupted volume

in km3.

Mobilization as a result of mafic intrusion proceeds much more
slowly than eruption and is prone to buoyancy instabilities',
implying that free-surface stresses will facilitate eruption before
chamber-wide mixing is complete. This is corroborated by evidence
that many silicic eruptions exhibit an eruptive episode that precedes
caldera collapse, often through a central vent system'”'°. Available
historical analogues also indicate that a significant fraction of
the total output (>50% for Pinatubo and Katmai’®) may be
erupted before caldera formation. The syn-eruptive progression
of caldera collapse into a fully mobile chamber is important
after fractures decouple the caldera roof from country rocks?'.
However it does not necessarily represent the majority of erupted
magma or the primary vehicle of mass transfer during many large
caldera-forming eruptions.

As an alternative, we assume that some combination of rapid
recharge, crystallization and volatile exsolution?? mobilize a subset
of the reservoir and pressurize it past a failure threshold, triggering
eruption (Fig. 1) while much of the reservoir remains locked.
Yielding then sets the progression towards caldera formation.
Eruption begins with the evacuation of initially mobilized magma
from a shallow, low-aspect-ratio chamber. Pressure gradients
are homogenized across mobile magma by viscous flow, but
low-suspension permeability and high-melt viscosity” maintain
high pressures in locked magma. As the yield surface expands
(Fig. 2a), mobilization of material buffers pressure in the fluid
chamber towards its initial value (Fig. 2b). If the crustal strength

is similar to the initial overpressure that triggers eruption, caldera
collapse may occur during growth of the mobilized chamber as the
aspect ratio and hence stress concentration increases. However, if
the crust can sustain this stress accumulation around the growing
chamber, all available magma will be mobilized and decompression
continues until mechanical failure of the roof rocks occurs.

The eruptive dynamics predicted by this model are
straightforward. Rather than exponentially decreasing discharge
during decompression-controlled eruptions®, buffering of the
chamber pressure and thus discharge occurs throughout the
mobilization period (Fig. 2b). Decompression and vesiculation of
ascending magma induces acceleration to choked flow near the
surface, so poorly known parameters of conduit flow (magma
volatile content, conduit geometry, mixture viscosity) play no
role in average eruption dynamics and do not affect total volume
erupted. If chamber mobilization is complete or magma yield stress
is large enough to allow chamber underpressure during yielding,
the eruption is a siphon-like flow driven primarily by gas exsolution
with a lower limit to basal pressure given by the potential energy of
dissolved gas in the chamber rather than lithostatic pressure?*. After
caldera collapse begins, eruption dynamics are driven by interaction
with the subsiding caldera roof*! and are not modelled here.

Important but unknown parameters in our model include
the depth and lateral extent of the locked magma reservoir, the
overpressure in locked magma as well as the initial eruption-
triggering pressure and the yield stresses of immobile magma and
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Figure 3 | Comparison of modelled eruption magnitude and frequency with available data. Sources in Supplementary Information. Bottom scale is logio
total erupted volume in km3; top scale is the eruption magnitude M. a, Distribution of erupted volumes from Monte Carlo simulations. The bimodal
distribution of volumes reflects whether or not the magma reservoir completely mobilizes before caldera formation. b, Distribution of erupted volumes

from worldwide felsic collapse calderas'®

overlaid on that of all Holocene eruptions. The model distribution is similar to that observed for collapse calderas

as eruption size increases. The magnitude and frequency of non-caldera-forming eruptions is distinct, with small eruptions dominant (off the scale in two

cases indicated).

overlying roof rocks. Although unknown in general, constraints
on these parameters come from field, laboratory and petrologic
work®!®25 " Geometrical parameters are better constrained than
evolving intensive variables such as pressure or the rheology and
yielding behaviour of crystal-rich, bubbly magma. To deal with such
uncertainty we assume a uniform distribution of all parameters
(Supplementary Information) and carry out a suite of stochastic
Monte Carlo eruption simulations. Despite this uniform prior we
find a bimodal distribution of eruption volumes, reflecting caldera
failure before and after the complete mobilization of locked magma
(green and blue symbols in Fig. 2¢c). A small subset of eruptions
(red symbols in Fig. 2¢) end without caldera formation; in these
cases, country rocks are strong enough to sustain underpressure that
exceeds the potential energy available for conduit flow. Eruptions
in which the magma yield stress is >1% of crust yield stress and
is similar to the initial pressure difference between mobile and
locked magmas exhibit caldera failure before complete mobilization
(Fig. 2b—c). Other parameters do not greatly affect these results
(Supplementary Fig. S3). In particular, details of our conduit-flow
model do not affect the progression to caldera failure.

Long-term reservoir assembly in the shallow crust probably
buffers magma crystallinity near the maximum packing fraction®
while the reservoir grows and pressurizes, although magnitudes
of magma overpressure and yield stress are uncertain. Effective
yield stresses similar to stresses that trigger the eruption thus
seem reasonable, augmented on eruption timescales by high
stress that may endow the suspension with additional elastic

strength through a jamming phase transition”. This implies that
many caldera-forming systems fail before complete mobilization.
However, volumes typical of supereruptions generally cannot be
attained in this regime. The largest eruptions require strong country
rocks (a critical von Mises stress of >10%Pa) and large magma-
storage zones (radii of >20km) irrespective of other parameters
(Fig. 2 and Supplementary Figs S3 and S4), ending always in an
underpressured state.

Our simulations generate a size distribution of caldera-forming
eruptions that may be compared to the geologic record (Fig. 3).
Despite model assumptions and the incomplete nature of available
data, the predicted magnitude—frequency distribution is statistically
similar to that derived from available data on worldwide collapse
calderas (more detailed exploration of this data in Supplementary
Figs S6 and S7). The distribution of large eruptions aligns best
with that of completely mobilized chambers (blue bars in Fig. 3a).
However, the data exhibit a more complex and multimodal
distribution as erupted volume decreases. In our model, premature
caldera failure leads to an increase in small eruptions as is
observed in the data (Supplementary Fig. S7). We do not strive
for quantitative agreement between modelled eruptions and data,
as the true distribution of governing parameters is unknown.
Nevertheless, similarity between modelled erupted volumes and
the observational record is robust. Both modelled and real caldera
distributions are distinct from that of recorded Holocene eruptions
(Fig. 3b). The conditions leading to and dynamics of caldera-
forming eruptions are thus not common to all volcanic eruptions.
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We suggest that basic observables of caldera-forming eruptions,
such as erupted volume and caldera size, reflect the natural
variability of crustal strength and magma rheology. Yielding
during eruption may generate calderas that do not reflect the
lateral dimension of the underlying magma reservoir, leaving a
significant fraction of magma locked as roof failure occurs. For
caldera radii much less than that of the reservoir (Supplementary
Fig. S4) residual magma may not be mobilized syn-collapse,
providing a seed for future eruption and development of caldera
complexes*. Heterogeneity of phenocryst populations and inferred
differentiation times within single eruptive units observed in
multicycle caldera systems?® may be a consequence of similar
episodic magmatic processes. Our work challenges models for
silicic eruptions that require complete mobilization and chamber-
wide convection before eruption triggering!®, however it does not
preclude bulk chemical homogenization through the recharge-
driven stirring of silicic magma reservoirs®.

The timescale dependence of magma rheology plays a funda-
mental role in magma transport through the crust, as it does for
controlling the style and magnitude of volcanic eruptions. This
study views magma chambers dynamically, defined by a rheological
transition that occurs on the timescale of eruptions. It is therefore
separate from the dynamics of magma-chamber convection and
from the petrologic role of these structures in facilitating magma
differentiation and ascent through the crust. Such a distinction is
similar in spirit to the geodynamic and geochemical definitions
of the lithosphere?” and highlights the general problem in Earth
science of relating static measurements and dynamics on human
timescales to inaccessible domains of time and space.

Methods

To explore the consequences of yielding rheology on eruption dynamics, we
developed a numerical model that couples flow in a conduit with the evacuation of
a laterally extensive but finite magma chamber located beneath a free surface. We
model time-dependent magma-chamber evacuation and steady, isothermal flow
through a cylindrical conduit (Fig. 1). Chamber deformation is calculated with
an equation of state that relates mass removal by eruption to deformation of the
(assumed elastic) surroundings. Yielding, chamber growth and roof-rock failure
occur according to the von Mises criterion (Supplementary Information).

Our one-dimensional model for conduit flow contains simplified
representations of the generally unsteady, multiphase fluid dynamics of volcanic
eruptions®, solving conservation equations of mass and momentum for a mixture
of solid, liquid and gas. We model fragmentation of the flow and the vertical
variation of apparent viscosity with water content, crystal fraction, vesicularity
and strain rate (Supplementary Information). We neglect non-equilibrium bubble
growth and the effects of lateral strain-rate variations in the conduit, justified
as our primary focus is the coupling between magma-chamber evacuation and
conduit flow. Processes that occur on magma mixing rather than much shorter
eruptive timescales, such as magma recharge, are also neglected. We assume that
overpressure gradually develops during magma-chamber construction, producing
elastic stresses smaller than the crust-failure strength but larger than lithostatic
stress. Surface eruption is then triggered by some combination of rapid recharge,
crystallization and volatile exsolution?? that mobilize a subset of the reservoir and
pressurize it past a crust-failure threshold.
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