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Abstract

Volcanic eruptions are energetic events driven by the imbalance of
magmatic forces. The magnitudes of these forces remain poorly constrained
because they operate in regions that are inaccessible, either underground or
dangerous to approach. New techniques are needed to quantify the
processes that drive eruptions and to probe magma storage conditions. Here
we present X-ray microdiffraction measurements of volcanic stress imparted
as lattice distortions to the crystal cargo of magma from Yellowstone and
Long Valley eruptions. Elevated residual stresses between 100 and 300 MPa
are preserved in erupted quartz. Multiple volcanic forces could be culpable
for the deformation so we analyzed crystals from pyroclastic falls, pyroclastic
density currents, and effusive lavas. Stresses are preserved in all quartz but
cannot be attributed to differences in eruption style. Instead, lattice
deformation likely preserves an in situ measurement of the deviatoric
stresses required for the brittle failure of viscous, crystal-bearing glass
during ascent.

Plain Language Summary

Because of inherent danger, volcano scientists have little direct
understanding of the stresses active during volcanic eruptions. We propose
that the crystal cargo carried by a volcanic eruption may preserve a record
of those stresses. We used synchrotron X-ray microdiffraction to measure
crystal deformation in quartz from explosive and effusive eruptions from
Yellowstone and Long Valley calderas. All the crystals were strained by
stresses ranging from 100 to 300 MPa. These values are large but are not
related to eruption style. The stresses may have been caused by crystal-
crystal impingements in the crystal-rich magma chambers. More likely, we
propose that the residual stresses record those required for brittle failure of
the crystal-bearing melt in the conduit during eruptive ascent.

1 Introduction

Magma experiences stresses throughout its lifetime, including from storage
prior to eruption, during ascent in conduits, and finally upon fragmentation
and transport above ground (Gonnermann & Manga, 2007; Green et al.,
2006; Gudmundsson, 2006; Malfait et al., 2014; Patane et al., 2003). Magma
transport, eruption explosivity, and volcanic hazards are all influenced by
those stresses (Cabrera et al., 2015; Gardner et al., 2018; Gonnermann &



Manga, 2003; Tuffen et al., 2003). The magnitude and relative importance of
the magmatic stresses on these outcomes, however, have not been
measured. Here we provide the first measure of stresses that are preserved
as deviatoric elastic strains in quartz crystals erupted from volcanoes. These
stresses may have been conveyed during explosive fragmentation, shear in
flowing lavas, or arise from crystal-crystal force chains while magma was
stored prior to eruption (Bergantz et al., 2017).

To identify the processes that produced the residual stresses, we measured
crystal lattice deformation in quartz crystals from a suite of eruptions at Long
Valley and Yellowstone supervolcanoes using synchrotron Laue X-ray
microdiffraction (uXRD) at the Advanced Light Source, Lawrence Berkeley
National Laboratory, USA (Chen et al., 2015; Kunz, Chen, et al., 2009;
Tamura et al., 2009). Strained crystals produce diffraction patterns with
spots that are stretched, smeared, or misplaced (Chen et al., 2012). Elastic
strain may be preserved even after external stresses are removed if internal
stress-induced defects (vacancies or impurities), disinclinations, or
dislocations lock strains into the crystal's structure. The preserved strain is
considered residual stress held by the crystal lattice (Withers & Bhadeshia,
2001). Deviatoric elastic strain is the dominant effect measured using Laue
MXRD, which is quantified by measuring the angular difference between the
measured diffraction spot positions and those predicted for an ideal,
nonstrained quartz lattice (Kunz, Chen, et al., 2009). Residual stress is
computed from Hooke's law using the elastic stiffness tensor of quartz. We
find that all crystals from eruptions at Yellowstone and Long Valley calderas
are strained and thus preserve a record of magmatic stresses through the
deformation of the ideal crystal.

2 Materials and Methods

Samples of high silica rhyolite pumice and obsidian were collected from
outcrops of explosive and effusive eruptions from the Long Valley and
Yellowstone calderas, USA. The samples were gently crushed and then
sieved. We handpicked a suite of 1- to 3-mm diameter quartz crystals from
each unit (Table S1 in the supporting information). For all samples, crystals
were prepared by mounting them in epoxy and grinding them to produce
polished, flat cross sections of grain interiors.

We analyzed all quartz crystals using synchrotron X-ray microdiffraction
(LXRD) at beamline 12.3.2 of the Advanced Light Source, Lawrence Berkeley
National Laboratory, USA (Kunz, Tamura, et al., 2009; Stan & Tamura, 2018;
Tamura et al., 2009). The synchrotron source produces a very bright, high
flux X-ray beam (~10* photons s™!) over a wide, polychromatic energy range
of 5-24 keV. The incident X-ray beam is focused on the sample via a system
with Kirkpatrick-Baez mirrors and produces a stable spot size of ~1 um?2. The
sample is mounted on a mobile scanning stage driven by motors with
submicron control in both orthogonal directions in the plane of the sample
surface. Diffraction patterns were collected using a DECTRIS Pilatus 1M



detector. We produced 35 pXRD microstructural maps of individual quartz
crystals, collected on 5 separate visits to the Advanced Light Source from
2016 to 2018. Individual mapping experiments lasted between 2 and 4 hr,
depending on the area analyzed and step size. For reference, a typical
experiment involved a ~300 by ~300 um domain of a crystal using a ~1 um?
spot and a 4 um step. Exposure time for each analysis was 1 s.

All measurements were performed in Laue diffraction mode, in which
polychromatic X-rays impinge upon a stationary sample at a fixed angle,
such that crystal lattice planes satisfy Bragg's law for specific wavelengths.
Each set of lattice planes in the crystal diffracts the X-ray beam to produce a
spot, and the positions of the spots are a function of the lattice spacing and
symmetry of the crystal (Figure 1). The Laue diffraction patterns are
automatically indexed using the X-Ray Microdiffraction Analysis Software
(XMAS, Tamura, 2014), providing information on crystallographic orientation,
deviatoric strain, crystal dislocations, and other defects. Strained crystals
produce Laue diffraction patterns with spots that are stretched, smeared, or
misplaced (Chen et al., 2012). Crystals may be strained by plastic or elastic
deformation. Smeared spots in the diffraction pattern record dislocation
density from plastic deformation (Chen et al., 2015). Domains within many of
the quartz crystals preserve uXRD evidence for plastic deformation, but
petrographic observations of the crystals never identify structures produced
by plastic deformation, such as undulatory extinction, lamellae, or subgrain
boundaries. Because we are unable to extract causal magmatic stresses we
do not address plastic deformation here.

Figure 1. Laue yXRD patterns for (a) an undeformed quartz standard, (b) less deformed, and (o) more deformed domains of a single quarts crystal from the Tuff
of Bluff Point, Yellowstone caldera. The positions of the spots reflect lattice spacing and crystal symmetry, which is why Figure 1a has different spot positions
than Figures 1b and lc. Plastic strain produces smeared spots, whereas elastic strain is a function of the differences between the measured positions and those
predicted for an ideal, unstrained crystal.

In this study, we focus on deviatoric elastic strains. These can be considered
the strains that are associated with the shear components of the strain
tensor, after the isotropic strain is removed. Geobarometers are used to
constrain the hydrostatic or lithostatic pressure that some parcel of rock or
magma experienced. Those pressures are isotropic stresses and are not the
stresses measured with Laue uXRD. Instead, we calculate deviatoric elastic
stresses that cause nonorthogonal distortion to the crystal structure.
Deviatoric elastic strains are determined by measuring the angular



differences between the Laue pattern spot positions and those predicted for
an ideal, unstrained crystal (Chen et al., 2012; Kunz, Chen, et al., 2009). The
uncertainty of a strain measurement is a function of the number of
diffraction spots and the crystal lattice standard used in XMAS. Prior to our
experiment, analyses of an unstrained synthetic hydrothermal quartz crystal
suggest the instrumental uncertainty for quartz is 0.3 x 1073 strain, which is
at least an order of magnitude less than strains measured in the target,
strained quartz crystals (supporting information Figure S1).

Elastic strains should relax when stresses are removed, but each quartz
crystal from the Long Valley and Yellowstone calderas preserve elastic
strains. This demonstrates that the lattice and lattice defects preserve
internal residual stresses that retain elastic strain (Noyan & Cohen, 2013).
Hexagonal B quartz is the thermodynamically stable polymorph of silica in
the majority of rhyolitic, quartz-producing, magmatic systems. During
cooling, B quartz spontaneously and reversibly undergoes a displacive
transformation to trigonal a quartz (Heaney & Veblen, 1991). The change in
symmetry produces a 0.86% change in volume such that a quartz is denser,
but the strain occurs orthogonal to the axes and does not change axial
angles. Laue diffraction uXRD only measures deviatoric elastic strain; thus,
a-B transition strains are not expected to modify deviatoric strains caused by
magmatic stresses (Carpenter et al., 1998).

We quantify the residual stress by employing Hooke's law, which relates
stress to strain: 0’ = cjw * €'w where ¢ is the deviatoric stress tensor, €' is
the measured deviatoric strain tensor, and cj is the elastic stiffness tensor
of the mineral. The elastic stiffness constants of B quartz are 120, 10, 35,
116, 40, and 50 GPa for the c11, c12, c13, ¢33, c44, and c66 orientations,
respectively (Carpenter et al., 1998). XMAS uses these elastic stiffness
constants and the measured strain in each sample to generate
microstructural maps of the residual stress. We report residual stress as von
Mises stress, which serves as a scalar measure of the magnitude of shear
deformation prior to plastic yield. The reported residual stress for each
sample represents the mean and 1o standard deviation of the individual spot
measurements, n, whose distributions produce the stress maps. Residual
stress uncertainty is estimated to be ~30 MPa, which we calculated using the
observed distribution of residual stress in the undeformed quartz standard.
The standard was prepared as a thin section similar to unknowns; thus,
sectioning, grinding, and polishing effects are minimal.

3 Results

We mapped two-dimensional domains of residual stresses preserved within
crystal interiors at micron-scale spatial resolution (Figure 2 and supporting
information Figures S2-S9 for all other crystals). Crystal domains from
Yellowstone and Long Valley all preserve near-Gaussian probability
distributions of residual stress with means between 90 and 220 MPa. The
positively skewed tails in the distributions are produced by subdomains of



higher residual stress along curvilinear crystal defects and linear dislocation
bands that account for 1 to 15% of the mapped areas. Here we restrict our
analyses to the overall stress distributions preserved within the mapped
domains, rather than providing a detailed analysis of the full range of
microstructures (see Figures S2-59). To isolate the contributing processes
and environments that produced the deformation, we analyzed the residual
stresses in quartz crystals from eruptions with a range of eruption styles,
magnitudes, ages, and volumes (Table 1). Crystals from individual eruptions
preserve similar residual stresses, marked with consistent means and
standard deviations. Noticeable differences exist between crystals from
separate eruptions, likely resulting from different preeruptive magmatic
conditions or eruption dynamics.
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Figure 2. Quartz crystals preserve strain shown here in photomicrographs, 20 von Mises residual stress maps, and probability distributions of stress for
representative samples from {a) Bishop Tuff, (b) Huckleberry Ridge Tuff, {c) Lava Creck Tuff, and (d) Summit Lake lava flow. The residual stress scale is the
same for all maps and is shown in Figure 2a. Color and texture differences in the analyzed domains (Figures 2h-2d) are produced by beam damage to epooy, not the
quartz.



Table 1
Eruption Characteristics and Residual Stresses in Quartz

Caldera Eruption unit Eruption style Age (ka) Volume (!(mﬁl Stress (MPa) n

Long Valley, USA Bishop Tuff Fall Explosive (Fall") 759 £ 4 650 210 £ 53 4 (16595)
Bishop Tuff PDC Explosive (PDC") 193 + 37 2(11018)

Yellowstone, USA Huckleberry Ridge Tuff Explosive (PDC) 2053 £ 6 2160 115 £ 45 5 (19696)
Mesa Falls Tuft Explosive (Fall) 1292 + 5 300 226 + 71 4 (30058)
Lava Creek Tuff Explosive (PDC) 640 + 2 1000 145 £ 47 4 (19420)
Tuff of Bluft Point Explosive (PDC) 173+ 5 50 112 + 34 6 {21407)
Summit Lake Lava Effusive (near vent) 124 + 10 37 113 + 41 5(19442)
Summit Lake Lava Effusive (distal) 126 + 66 5(28439)

Note. Data for Long Valley (Hildreth, 2004: Sarna-Wojcicki et al., 2000; Wilson & Hildreth, 1997). Data for Yellowstone (Christiansen, 2001; Christiansen et al.,
2007). n is the number of anmalyzed crystals with the combined number of individual spot pXRD analyses in parentheses. pXRD = synchrotron X-ray
microdiffraction.

“Fall is emplacement by settling in pyroclastic fall, whereas PDC indicates emplacement via pyroclastic density current.

3.1 No Strain From Pyroclastic Surface Processes

The influence of pyroclastic transport processes on crystal strain was
evaluated using the Bishop Tuff. The Bishop Tuff contains interbedded
pyroclastic fall and pyroclastic density current deposits generated
contemporaneously by the supereruption from Long Valley caldera at ~760
ka (Hildreth, 2004). Pyroclastic density currents form when the eruption
column fails to ingest sufficient atmosphere to buoyantly rise, causing the
eruption column to collapse into a turbulent density current of volcanic gas,
ash, pumice, and crystals. Conversely, pyroclastic fall deposits are produced
by the comparatively gentle gravitational settling of pumice, ash, and
crystals from the umbrella region of a fully buoyant eruption column.
Importantly, the magmatic and fragmentation processes that lead to
pyroclastic fall and pyroclastic density currents are identical. Thus, crystal
deformation prior to eruption for both processes should be the same. Bishop
Tuff quartz crystals preserve the same amount of residual stress (~200 MPa)
in both the pyroclastic fall and pyroclastic density currents, indicating that
pyroclastic processes have no detectable effect on lattice strain. Preserved
stresses in the Bishop Tuff quartz instead record subsurface processes.

3.2 No Strain From Lava Transport

Elastic strain in quartz crystals from near-vent and distal portions of the
Summit Lake rhyolitic obsidian lava at Yellowstone caldera was measured to
isolate the contribution of viscous shear stress on quartz deformation during
transport in a lava flow. The near-vent and distal samples traveled <200 m
and ~9 km from the vent, respectively. Near-vent quartz crystals preserve
stresses of 113 + 41 MPa, with some variability between and within samples.
The distal crystals preserve stresses of 126 + 66 MPa, indistinguishable from
the near-vent crystals. Shear during lava emplacement did not significantly
modify the residual stresses, again suggesting that crystal deformation must
record subsurface magmatic processes.

3.3 Similar Strain From Different Eruption Styles

We assess the contribution of fragmentation culminating in explosive
eruption by comparing preserved stresses in quartz from the explosive Tuff



of Bluff Point and the near-vent Summit Lake lava. The Tuff of Bluff Point and
Summit Lake lava are age-equivalent, high silica rhyolites that are
magmatically consanguineous (Befus & Gardner, 2016; Christiansen, 2001).
Efficient gas loss during ascent led to effusion of the Summit Lake lava.
Conversely, the Tuff of Bluff Point magma was unable to degas during ascent
and instead erupted in a powerful explosive eruption that produced a large
caldera. Crystals from the explosive Tuff of Bluff Point have low residual
stresses of 112 + 34 MPa, similar to the Summit Lake lava, indicating that
different fragmentation and eruption processes within the conduit did not
cause resolvable differences in deviatoric elastic strains.

4 Discussion

Uniformly, quartz crystals from eruptions at Long Valley and Yellowstone
preserve elevated residual stress. Several magmatic environments could
impart such stresses. Initially, crystal-containing magmas were stored in
chambers where crystal-crystal impingement may exert compressive
stresses (Bachmann & Bergantz, 2004; Cooper & Kent, 2014). Eruptions only
begin after the crystal mush is mobilized, likely by a thermal event
(Burgisser & Bergantz, 2011; Huber et al., 2011; Mahood, 1990). After the
eruption begins, magma ascending a conduit experiences viscous shear
against conduit walls, potentially straining the lattices of the crystal cargo
(Hale & Muhlhaus, 2007; Polacci et al., 2001). Magma viscosity increases
substantially during ascent as it degasses (Giordano et al., 2008). If the
magma becomes too viscous then it can fragment leading to an explosive
volcanic eruption (Caricchi et al., 2007; Papale, 1999). Rarefaction waves
produced during fragmentation would induce tensile stress in crystals (Best
& Christiansen, 1997). Postfragmentation, high-velocity crystal collisions in
the conduit or during deposition from pyroclastic density currents, may
produce compressive deformation in the crystals (van Zalinge et al., 2018).
Finally, magmas may effuse to form lava flows. Although nonexplosive,
crystals in lavas may record the accumulation of significant viscous shear
produced during emplacement (Kendrick et al., 2017). During an eruption,
many processes may deform crystals via tension, compression, or shear
stresses.

The key observation from our measurements is that the residual stresses
from effusive and explosive eruptions, large and small eruptions, and
proximal and distal samples are similar. This implies that stresses arise
where magma is stored in reservoirs or during ascent in conduits.

4.1 Is Strain Imparted in the Magma Reservoir?

Our analyses of samples with distinct histories indicate that quartz lattice
deformation may be the vestige of forces applied to crystals in the magma
chamber environment, rather than from surface or conduit processes (Figure
3). This lattice strain does not originate from melt inclusions because we do
not see a decay of strain away from melt inclusions (Figure 2).
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Figure 3. Potential causes of residual stress in volcanic crystals. Stresses maybe related to brittle fragmentation during
ascent, or they are generated in the magma chamber where force chains, depicted in black, redistribute lithostatic
stress. Voleano schematic after USGS circular.

Strained quartz crystals at Long Valley and Yellowstone may provide the
mineral physics evidence to support the widespread notion that the magmas
originated from crystal mushes that in turn were the source of erupted
crystal cargo. Compelling lines of petrologic and seismic evidence suggest
that most silicic magmas may reside in the crust as bodies of liquid-poor
crystal mush for much of their lifetime (Bachmann & Bergantz, 2004). The
crystal mush is conceived as a porous network of touching crystals. Crystal-
crystal contacts support the crystal mush (Bergantz et al., 2017). Short
duration thermal events precede volcanic eruptions, which defrost and
mobilize the crystal network and allow crystal-bearing magmas to erupt
(Burgisser & Bergantz, 2011; Cooper & Kent, 2014; Mahood, 1990).

In magma mushes, as crystals impinge upon each other they create force
chains between particles (e.g., Bergantz et al., 2017). The force chain model
for the generation and preservation of residual stresses in quartz makes two
predictions that are not obviously consistent with our measurements. First,



the spatial distribution of stresses within crystals differs from that expected
in a mush. Hertzian contacts between particles should produce gradients in
stress with magnitudes that decay away from contacts (Johnson, 1985).
About a third of our stress maps preserve gradients across subdomains
within the crystals, but these are not clearly related to particle contacts.
Other variations are found along curvilinear trends within the crystals instead
of domains near the margins. Second, we do not see a range of mean
stresses similar to that expected for a mush. In a packed granular material,
the force chains between particles create a distribution of forces on particles
that decays approximately exponentially above the mean and is closer to
uniform below the mean (e.g., Radjai et al., 1999). The details of the
distribution are sensitive to the history of deformation, the types of applied
stresses, the degree of crystal packing, and other types of heterogeneity
(e.g., Bergantz et al., 2017; Majumdar & Behringer, 2005). We should thus
expect to find crystals with a range of stresses, from negligible to much
greater than the mean—this variability arises because the stresses are
supported by some crystals in force chains whereas others are in stress
shadows. We are not able to measure the large number of crystals needed to
determine the distribution of mean residual stresses that could be
quantitatively compared with those from experimental studies or numerical
simulations. However, all quartz from a specific eruption have similar
residual stresses and we do not see crystals with the low stresses expected
from the predicted force chain distributions. One way to remove a wide
distribution of stress would be for force chains to repeatedly break down and
reform by the stirring or remobilization of magma bodies such that all
crystals spend some time in force chains. Indeed, force chains are expected
to be ephemeral. If so, the stresses are preserved rather than relax when
crystals leave force chains.

Despite these two apparent weaknesses, the force chain model remains
appealing because, if correct, it might provide a measureable mechanical
window into magma mushes. The mean stress is equal to the confining
pressure (e.g., Sun et al., 2015). The mean residual stress we measured is, in
fact, similar to the storage pressure of the magmas. The magnitudes of
preserved residual stresses in quartz from the Bishop Tuff are
indistinguishable from preeruptive petrologic estimates of storage pressures
that range from 170 to 220 MPa based on melt inclusions and petrologic
geobarometers (Wallace et al., 1999). Residual stresses in Yellowstone
quartz range from 100 to 250 MPa. Such values align with petrologically
inferred storage depths for past eruptions and with geophysical imaging of
Yellowstone's modern, but volcanically dormant, magmatic system (Befus &
Gardner, 2016; Farrell et al., 2014; Myers et al., 2016).

Given the two shortcomings we identified, we thus provide an alternative,
conduit-level explanation for the preservation of residual stresses in quartz
crystals from supervolcanoes.

4.2 Shear stresses at the fragmentation threshold



Preserved residual stresses in quartz crystals are very similar, ranging only
by a factor of ~2, irrespective of volcano geography, eruption size, or
eruptive mechanism. Such similarity suggests that a shared process
deformed these crystals during ascent. We propose that the deviatoric
elastic strain preserved in the quartz crystals may be an in situ measure of
the fragmentation threshold in the conduit. Indeed, our residual stress
measurements of 90 to 220 MPa correspond to experimental limits for the
shear stresses associated with failure of rhyolite, which have been shown to
be ~100 MPa (Cordonnier et al., 2012; Wadsworth et al., 2018). Prior to
fragmentation, viscous deformation in the conduit produces similar stresses
in both the melt and crystals. When those stresses become large enough the
melt fragments and the strained crystals preserve a record of the stress.
Both explosive and effusive fragmentation events could thus produce the
same strain because it is related to the shear stresses required for the brittle
failure of viscous, crystal-bearing glass. If true, then pyroclastic explosions
may fragment once and directly record associated shear stresses in the
crystal cargo. Textures of natural and experimental samples suggest that
effusive silicic magmas may also fragment but subsequently reweld in the
conduit (Gardner et al., 2018; Tuffen et al., 2003). It remains uncertain if the
process occurs once or countless times (Gonnermann & Manga, 2003).
Residual stresses in quartz crystals from effusive eruptions are
indistinguishable from explosive eruptions, supporting the inference that
these magmas also fragmented during ascent.

Relative timing constraints may provide additional clues that deformation
was a conduit process. Quartz crystals from Long Valley and Yellowstone are
marked by pronounced growth bands visible in CL (Girard & Stix, 2010;
Loewen & Bindeman, 2015). Quartz crystals from the Bishop Tuff have
bright, Ti-rich rims that may have grown in the days and months preceding
the eruption (Gualda & Sutton, 2016). However, upXRD maps spanning core to
rim positions in Bishop Tuff quartz crystals show no differences in residual
stress. Similarly, residual stresses in Yellowstone quartz do not correlate with
growth banding. Together, these observations support the theory that
deviatoric strains were imparted after crystal growth, possibly by shear
stresses leading up to fragmentation in the conduit.

5 Final Thoughts

Recent advances in microanalytical capabilities and interpretation allow
geochemical measurements within crystals to be used as clocks in rocks,
providing new insights into timescales for magma storage, mobilization,
mixing, and ascent (National Academies of Sciences, Engineering, and
Medicine, 2017). Microscale measurements of residual stresses offer new,
complementary insights into the mechanical state and evolution of magmas
prior to, or during, an eruption. Here we show that for all erupted magmas,
whether explosive or effusive, the residual stresses are similar and hence
originate prior to erupting on the surface. We propose that the strains are an
in situ measure of the fragmentation threshold in the conduit, which



previously has only been estimated with lab experiments. Further
experimental studies to quantify how crystals are deformed and stresses
relax, combined with additional analytical techniques (e.g., electron
backscatter diffraction and transmission electron microscopy; Dresen et al.,
1997; Wallis et al., 2017) and samples from other volcanic systems, may
help us more reliably distinguish stresses from fragmentation and those
inherited from magma bodies.
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