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Quartz crystals in Toba rhyolites show textures symptomatic of rapid crystallization
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Abstract
Textural and chemical heterogeneities in igneous quartz crystals preserve unique records of silicic
magma evolution, yet their origins and applications are controversial. To improve our understanding of
quartz textures and their formation, we examine those in crystal-laden rhyolites produced by the 74 ka
Toba supereruption (>2800 km3) and its post-caldera extrusions. Quartz crystals in these deposits can
reach unusually large sizes (10–20 mm) and are rife with imperfections and disequilibrium features,
including embayments, melt inclusions, titanomagnetite and apatite inclusions, spongy morphologies,
hollow faces, subgrain boundaries, multiple growth centers, and Ti-enriched arborescent zoning. Using
a combination of qualitative and quantitative analyses (petrography, CL, EBSD, X‑ray CT, LA-ICPMS), we determine that those textures commonly thought to signify crystal resorption, crystal deformation, synneusis, or fluctuating P–T conditions are here a consequence of rapid disequilibrium crystal
growth. Most importantly, we discover that an overarching process of disequilibrium crystallization
is manifested among these crystal features. We propose a model whereby early skeletal to dendritic
quartz growth creates a causal sequence of textures derived from lattice mistakes that then proliferate
during subsequent stages of slower polyhedral growth. In a reversed sequence, the same structural
instabilities and defects form when slow polyhedral growth transitions late to fast skeletal-dendritic
growth. Such morphological transitions result in texture interdependencies that become recorded in
the textural-chemical stratigraphy of quartz, which may be unique to each crystal. Similar findings
in petrologic experimental studies allow us to trace the textural network back to strong degrees of
undercooling and supersaturation in the host melt, conditions likely introduced by dynamic magmatic
processes acting on short geologic timescales. Because the textural network can manifest in single
crystals, the overall morphology and chemistry of erupted quartz can reflect not only its last but its
earliest growth behavior in the melt. Thus, our findings imply that thermodynamic disequilibrium
crystallization can account for primary textural and chemical heterogeneities preserved in igneous
quartz and may impact the application of quartz as a petrologic tool.
Keywords: Cathodoluminescence, EBSD, skeletal morphology, embayment, growth twinning,
megacryst, supereruption, Youngest Toba Tuff

Introduction
Giant subsurface bodies (hundreds to thousands of km ) of
silica-rich magma pose a danger to our environment and existence, driving us to understand the ones that erupted in Earth’s
past. Key questions surround the rates at which these bodies
assemble, crystallize, and evolve, and for what duration they
reside in an eruptible state (Bachmann and Huber 2016 and
references therein). While current models indicate that their
longevity in the crust depends much on their thermal evolution
(e.g., Huber et al. 2009; Annen 2009; Gelman et al. 2013), the
thermodynamics and kinetics of multiscale processes operating in these systems are challenging to constrain and quantify.
This information, however, is crucial for understanding magma
dynamics and associated timescales, and it fundamentally lies
stored in the erupted minerals and melt.
Magmatic minerals contain compositional growth layers,
which reflect a chronologic record of their evolving subsurface
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environment and provide a basis for reconstructing magmatic
conditions. The chemical analysis and visualization of growth
layering in quartz (SiO2) through cathodoluminescence (CL)
has permitted its use as a tracer of magma temperature, pressure, and composition, because these parameters influence
trace element solubility in the crystal structure. Growth layering (CL zoning) correlates well with Ti content, which serves
as a thermobarometer (Wark and Watson 2006; Thomas et al.
2010; Huang and Audétat 2012), while Ti gradients across
layer boundaries can be used to calculate diffusional relaxation
times and crystal residence (Gualda et al. 2012b; Gualda and
Sutton 2016). Modeled timescales derived from Ti diffusion
and the faceting of melt inclusions in quartz are on the order
of decades to millennia and may suggest quartz is a timekeeper
of rhyolite crystallization and residence in the crust (Gualda et
al. 2012b; Gualda and Sutton 2016; Pamukcu et al. 2015; Seitz
et al. 2015, 2018b). Other mineral geochronometers such as
zircon, however, suggest rhyolite bodies are much longer-lived
(>100 000 years; e.g., Reid et al. 1997 and many more), bring194

