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Abstract
Solid-state sintering is a process wherein atomic diffusion along grain boundaries converts unconsolidated, crystalline aggregates into dense composites. It is a process that has largely been overlooked as
significant to volcanic systems. Here, we present a preliminary suite of hot isostatic pressing experiments
performed on naturally occurring crystalline dacite powders that demonstrate the efficacy of solid-state
sintering at elevated pressures (40, 70 MPa) and temperatures (700–900 °C) over short timescales (2.5
days). The experimental products are dense, low-permeability rocks, supporting the hypothesis that solidstate sintering may be an important process that acts on timescales relevant to magma rise and eruption. We
use the experimental data to constrain a preliminary model for the extent of densification as a function of
temperature, confining pressure and time. Last, we present sintering maps relevant to the time-dependent
loss of porosity and permeability in granular volcanic materials. Solid-state sintering is a densification
process with the capacity to heal fluid-flow pathways in volcanic systems within months to years.
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Introduction
All volcanic deposits contain void spaces, including pores,
fractures, and the spaces between particles in volcaniclastic deposits. These spaces, when abundant and interconnected, facilitate
the flow of volcanic fluids and outgassing. However, voids in
hot, subsurface volcanic deposits are generally ephemeral due to
various processes that reduce void space (densification). The best
understood and most common densification process in volcanic
systems is welding (compaction and viscous sintering of amorphous material) of pyroclastic deposits at temperatures above their
glass transition temperature (Tg). Welding of volcanic deposits is
well documented in nature (e.g., Smith 1960) and the timescales
are well constrained (Quane et al. 2009; Vasseur et al. 2013;
Wadsworth et al. 2017). In volcanic materials that are crystalline
and lacking glass, densification does not occur by welding. Rather,
densification of crystalline (non-glassy) materials can occur by
solid-state sintering wherein adjacent crystalline particles become
conjoined by diffusion at the grain boundaries (Rahaman 2003).
As a diffusion-driven process, elevated temperatures (T) and pressures (P), and substantial times (t) at these conditions facilitate
both densification (loss of void space) and lithification (increase
in material competence) by solid-state sintering (Rahaman 2003).
The question is: can solid-state sintering operate on timescales
relevant to volcanic processes? To address this question, we present a set of hot isostatic pressing (HIP) experiments designed to
test the feasibility of solid-state sintering occurring on the short
timescales (2.5 days) and at the P-T conditions characteristic of
volcanic settings.

An example of natural occurrence
Magmas that ascend slowly [effusion rates of 0.5–2 m3/s
(Cashman et al. 2008)] degas, crystallize, and become nearly
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solidified within the volcanic conduit (Cashman et al. 2008).
The resulting crystal-rich, glass-poor magmas have high effective viscosities that promote fracturing and cataclasis due to
high shear stresses localized along the lava-wall rock interface
(Lavallée et al. 2013). As a result, the ascending magma and
extruded lava are commonly encased by meter-scale cylindrical
fault zones comprising comminuted crystal-rich gouge (Cashman et al. 2008). In some cases, extruded lava domes arrive at
the surface still mantled by these fault zones [e.g., Mount Pelée
(Martinique) 1902–1903; Mount Unzen (Japan) 1990–1995;
Cashman et al. 2008]. The lava spines produced during the
2004–2008 eruption of Mount St. Helens also feature exhumed
fault zones (Cashman et al. 2008). Notably, the fault zones are
not comprised exclusively of unconsolidated fault gouge, but
show extreme variation in physical and textural properties,
ranging from unconsolidated powder to dense fault rock (i.e.,
cataclasite) (Kendrick et al. 2012; Pallister et al. 2013; Gaunt et
al. 2014; Ryan et al. 2018).
In Ryan et al. (2018), we measured the porosity and permeability
of variably densified cataclasites from several spines at Mount St.
Helens (Supplemental1 Table S1) and, based on these measurements
and observations of the eruption, concluded that (1) the initially
unconsolidated gouge densified during ascent in the conduit from
~1 km depth, and (2) the extent of densification depended on the
subsurface residence time (2.5 to 16 months). One explanation for
the most densified material is localized frictional melting caused
by seismogenic slip events (Kendrick et al. 2012). Rapid slip
causes heating and melting of portions of the fault zone, resulting
in the formation of thin low-porosity glassy pseudotachylite veins
(Kendrick et al. 2014). Ryan et al. (2018) put forward an alternate
conceptual model, proposing that the textural heterogeneity of
the exhumed glass-free cataclasites, which grade from variably
indurated gouge layers to low-porosity fault rocks, can be simply
due to solid-state sintering occurring in the conduit.
2028

