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Deformation rates at volcanoes vary enormously, potentially altering the way in which volcanic rock accom-
modates strain. However, relationships between deformation rate, damage patterns, and physical properties are
poorly understood. Laboratory deformation experiments are typically restricted to low strain rates (< 1 s ).
Here, we deformed samples of porous andesite in compression at strain rates from 10~° to ~370s™! at room
temperature. We show, using X-ray computed microtomography, that the failure mode changes as a function of
strain rate: macroscopic fractures form at low strain rates and samples deformed at high strain rate (> 100 sh
contain macroscopic fractures and collapsed pores. In general, high strain rate deformation results in more
pervasively damaged samples. Deformation at high strain rate also results in larger decreases and increases to P-
wave velocity and permeability, respectively. Strikingly, the change in the P-wave velocity of samples deformed
at high strain rate is very large (decreases of up to 50%). We hypothesize that faster events (e.g., explosions) can
shatter the adjacent host rock, which could destabilise the volcano and encourage mass wasting events, increase
the efficiency of outgassing by increasing permeability, and increase the ash content of plumes that accompany

Vulcanian explosions.

1. Introduction

Deformation rates at volcanoes vary tremendously, from
107'*-107 257! (Owen et al., 1995; Wadge et al., 2006; Moretti et al.,
2020) to strain rates sufficient to fragment melt (Dingwell, 1996;
Wadsworth et al., 2018) and form frictional melts (Kendrick et al., 2012;
Hughes et al., 2020). However, the majority of laboratory deformation
experiments on volcanic rocks have been performed at low compressive
strain rates of 10 > s~ (Heap and Violay, 2021). Few experimental
studies have focused on the strain rate dependence of mechanical
behavior at higher strain rates up to 107! s™! (Schaefer et al., 2015;
Coats et al., 2018; Lavallée et al., 2019; Heap and Violay, 2021). These
studies have shown that the strength of volcanic rocks increases as the
strain rate is increased. For example, the strength of porous dacite from
Mt. Unzen (Japan) increased from ~20 to ~28 MPa as the strain rate
was increased from 107> to 10~ s~ ! (Coats et al., 2018).

Experiments on granite, marble, and porous sandstone have shown
that rock can change failure mode at high strain rates (Aben et al.,
2017a). Rather than forming the few macroscopic fractures observed at
low strain rate (< 107! s‘l), very high strain rates (> 100 s h pulverize
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low-porosity granite (Doan and Gary, 2009) and marble (Doan and Billi,
2011) and compact porous sandstone (Aben et al., 2017b).

It is not clear, however, whether the failure mode of volcanic rock is
similarly changed at high strain rates. For example, while Olsson (1991)
remarked that the porous tuff samples were “reduced to dust” at strain
rates of 10% s, the failure of the low-porosity basalt was found to be
largely independent of strain rate (Lindholm et al., 1974). Indeed, there
are very few studies that have investigated the influence of high strain
rates on the damage evolution and failure mode of volcanic rocks.
Further, while studies exist that show that low strain rate deformation in
the brittle regime (< 107! s 1) can decrease P-wave velocities (Stanchits
et al., 2006; Fortin et al., 2011) and increase permeability of volcanic
rock (Fortin et al., 2011; Farquharson et al., 2016), corresponding data
for high strain rates-important for the monitoring and understanding of
volcanic systems-do not exist.

Here, we present the results of an experimental study on the influ-
ence of strain rate on the mechanical behavior of porous andesite. Room
temperature uniaxial deformation experiments were performed at strain
rates from 107® to ~370 s~ 1. The sample failure mode was assessed
using X-ray computed microtomography (uCT), and the P-wave velocity
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and permeability of select samples were measured before and after
deformation. Finally, we outline the volcanological implications of these
new data.

2. Materials and methods
2.1. Materials

The andesite block used for this study was collected from the lahar
deposits in the “La Lumbre” valley on the southwest flank of Volcan de
Colima (Mexico), a persistently-active andesitic stratovolcano located in
the Trans-Mexican Volcanic Belt (Varley et al., 2019). The block is the
same as that used in Farquharson et al. (2017). The andesite has a
porphyritic texture that consists of a microlite-rich groundmass that
hosts phenocrysts of plagioclase and pyroxene. The andesite contains
irregularly-shaped pores and microcracks.

Cylindrical samples, 20 mm in diameter, were cored from the block
and were cut and precision-ground to lengths of either 40 mm (for the
“quasi-static” experiments) or 20 mm (for the “dynamic” experiments).
The connected porosity of each sample was determined using the skel-
etal volume measured by a helium pycnometer (an AccuPyc II pyc-
nometer manufactured by Micromeritics) and the bulk sample volume
(Tab. 1). The isolated porosity of samples prepared from the same block
of material was measured to be about 0.01 (Farquharson et al., 2017)
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2.2. Low strain-rate testing

The low strain rate (from 107® to 107 3s™ 1) “quasi-static” experi-
ments were performed at ITES (Strasbourg, France) using a uniaxial
deformation apparatus manufactured by Schenck and modified in-house
(see schematic provided in Heap et al., 2014). Experiments were per-
formed on dry 40 mm-long samples at ambient laboratory temperatures.
Axial displacement and axial force were measured by a linear variable
differential transducer and a load cell, respectively. Axial displacement
and axial force were converted to axial strain and axial stress using the
sample dimensions.

2.3. High strain rate testing

The high strain rate “dynamic” experiments were performed using a
Split Hopkinson Pressure Bar (SHPB) apparatus at ISTerre (Grenoble,
France), which can impose uniaxial strain rates between 10 to 103571
(Chen and Song, 2011; Gama et al., 2004). Experiments were performed
on dry 20 mm-long samples at ambient laboratory pressures and tem-
peratures. The sample is sandwiched between two long bars, one of
which is impacted by a striker launched at several meters per second
(Fig. 1a). Strain gauges on the bars quantify the stress wave loading the
sample (Fig. 1b). Stress waves in elongated rod can be modelled as
guided waves, the propagation of which can be predicted using the
Pochhammer-Chree equation (Graff, 1991). The stress waves recorded
in middle of the input bar and near the edge of the output bar can be

Table 1
Summary of the experimental results.“Compacted/Fractured” damage is labeled as “C/F”. Some data were not recorded and the corresponding cells are left blank.
Dimensions (mm) . V, (m/s) Permeability ) ) Damage
Sample Porosity (1073 m?) Max Strain rate Max strain ~ Max stress
(%) /s) (%) (MPa)
Diameter  Height Pre Post Pre Post Macroscopic ~ X-ray CT scan
CLB1 20.06 20.47 18.23 3529 1712 196 1.13 42.6 C/F C/F
CLB2 20.09 20.21 18.23 4150 3853 58 0.38 315 Fractured
CLB3 20.07 17.63 19.22 3236 3181 121 0.5 16.7 Intact
CLB4 20.09 18.89 22.12 3072 1660 183 1.25 324 C/F C/F
CLB5 20.1 17.7 22.12 3106 1846 277 2.02 32.9 C/F C/F
CLB6 20.08 20.74 22.36 2861 2816 138 0.59 15.2 Intact
CLB7 20.07 19.72 21.31 2594 1814 259 1.58 37.7 C/F C/F
CLB8 20.09 19.54 17.76 2832 224 1.59 52.5 Fragmented
CLB9 20.08 18.61 20.49 2978 1505 369 3.23 30 C/F C/F
SHPB CLB10 20.11 20 18.86 3252 2967 201 0.78 36.8 C/F C/F

CLB11 20.1 20.53 22.01 2793 1251 213 2.56 32.8 C/F C/F
CLB12 20.12 18.78 21.2 2867 2834 57 0.51 25.1 Intact Fractured
CLB13 20.09 18.88 19.76 3120 2648 190 1.95 34.8 C/F C/F
CLB14 20.1 19.46 19.22 3050 2039 259 3 40.6 C/F
CLB15 20.1 20.32 20.96 3040 2239 9.31 27.1 171 1.63 34.1 C/F C/F
CLB16 20.05 21.6 22.99 2980 233 3.5 22.4 Fragmented
CLB17 20.11 20.12 17.37 2980 2668 2.76 6.22 153 0.79 38.6 Intact C/F
CLB18 20.13 18.34 18.91 3160 2810 67 0.58 30.7 Fractured
CLB20 20.12 19.16 21.99 3250 2798 125 1.38 24 C/F
CLB21 20.14 18.67 21.3 3120 2110 139 1.79 26 C/F
LLB12 20.02 39.92 20.9 486 6.76 1074 0.74 26.6 Fractured Fractured
LLB15 20 39.75 24.15 2697 2583 10°° 0.54 20.3 Fractured
LLB18 20 40.01 21.37 1074 0.81 29 Fractured
LLB19 20 39.99 21.07 1073 1.07 32.6 Fractured
LLB21 20.02 39.87 20.2 2820 2509 10°° 0.49 31.9 Fractured
LLB22 19.99 39.68 21.65 10°° 0.48 24.1 Fractured Fractured
LLB31 19.99 39.99 21.93 10°° 0.46 22.9 Fractured Fractured

Slow tests LLB34 20.02 40.01 22.23 1072 0.96 28.3 Fractured
LLB42 19.85 39.94 25.53 2656 2351 10°° 0.44 18.3 Fractured
LLB44 20 40 20.87 107° 0.52 24.8 Fractured
LLB46 20 40 21.72 107° 0.51 22.5 Fractured
LLB48 19.88 39.95 26.76 2674 2579 1075 0.37 13.7 Fractured
LLB51 20 40 21.97 107° 0.51 20.6 Fractured
LLB52 20 40 22.4 107° 0.54 22.5 Fractured
LLB53 19.86 39.97 25.38 2807 2531 107° 0.39 15 Fractured
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Fig. 1. Split Hopkinson Pressure bars (SHPB) at ISTerre (Grenoble, France). (a) Schematics of the SHPB device and relation for the samples. (b) The four strain
gauges glued along the bars (at 120 cm and 74.4 cm from the right end of the input bar, and at 29.7 cm from the left end of the output bar) record the strain wave.
The wave propagation can be also modeled using 1D stress propagation. Sample is at location 0.

estimated at the edges of the bars, and hence at the sample, to retrieve
the first incident wave ¢;, the reflected wave &, and the transmitted wave
&;. Stresses and strain rates can then be computed as

o = 2—? E(e+¢) (€8]
A

0, = A—” Ee, @

13 c

i Z(fi —& —&) 3)

where E, ¢ are the Young modulus and the elastic bar wave speed of the
bar material, respectively, and A, and A; are the cross-sectional area of
the bar and the sample, respectively. The stresses at the input edge (;)
and at the output edge (o,) are compared to check the stress equilibrium
of the sample during loading, which can be altered for strain rates or
samples that are too high or too long, respectively. Once this quality
control has been performed, the output stress is chosen as the stress
acting on the sample during the test. Strain is computed by time inte-
grating the strain rate. Full stress-strain curves can then be reliably
retrieved (gray curves on Fig. 2).

After the first loading, the stress waves reflect perfectly at the edges
of both bars: the bars have free edges and the sample is not reloaded. The
stress-strain curves of the first loading reflects the whole loading history
on the sample. By varying the striker length, the striker speed, the pulse

shaper, and the material of the bars, a range of strain rates and stresses
can be achieved.

2.4. X-ray imaging

X-ray imaging was performed at ISTerre on select samples before and
after deformation. Damage patterns were assessed in two stages. In a
first stage, the deformed samples were inspected visually. The samples
were classified as either (1) intact, (2) fractured, (3) fractured with
apparent compaction, and (4) macroscopically fragmented. In a second
stage, the microstructure of select samples was investigated using yCT to
provide 3D volumes with a voxel resolution of 15.8 ym. Following the
uCT scans, we refined our damage classifications. A sample was classi-
fied as “fractured” when only macroscopic fractures were visible. When
some compaction was visible (pores infilled with fragments), the sample
was classified as “fractured with apparent compaction”.

2.5. P-wave velocity and permeability

Damage was also assessed using petrophysical data. The P-wave
velocity and permeability of select samples (deformed at low and high
strain rates) was measured at ITES before and after deformation using a
digital oscilloscope and a waveform pulse generator (see schematic
provided in Heap et al., 2014) and a benchtop nitrogen permeameter
(see schematic provided in Heap and Kennedy, 2016), respectively. Both
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Fig. 2. Strain-stress curves for andesite deformed quasi-statically (10°° to
1073 s71; black curves) and dynamically (up to ~370 s™}; gray curves).

P-wave velocity and permeability were measured parallel to the sample
axis and at ambient laboratory temperatures. Volumetric flow rates were
measured for different pressure differentials to calculate permeability
using Darcy’s law and to check for Klinkenberg and Forchheimer cor-
rections. Due to the high permeability of the studied andesite, a For-
chheimer correction was applied in all cases. P-wave velocity was
measured at ambient pressure and permeability was measured under a
confining pressure of 1 MPa.

3. Results
3.1. Mechanical behavior at different strain rates

A total of 35 experiments were performed: 15 quasi-static and 20
dynamic experiments. The stress-strain curves for all experiments are
provided in Fig. 2. The stress-strain curves for the quasi-static tests
(black curves) are similar to those for porous volcanic rock deformed in
uniaxial compression (Heap and Violay, 2021). There are no qualitative
differences between the stress-strain curves at strain rates between 10~°
to 1072 571, The stress-strain curves for the dynamic tests are similar to
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those for the quasi-static tests, although the samples deformed dynam-
ically were typically deformed to larger strains (axial strains up to 3%,
compared to 0.5-1% for the quasi-static tests, see Fig. 4b).

Fig. 3 shows the peak stress as a function of porosity for all samples
(if the sample failed, the peak stress is equivalent to the uniaxial
compressive strength). The strain rate of the quasi-static experiments is
also indicated on Fig. 3. The peak stress of the samples deformed quasi-
statically decreases as a function of increasing porosity, from ~33 MPa
at a porosity of ~20% to ~13 MPa at a porosity of ~26.5%. The rela-
tionship between peak stress and porosity is similar for the samples
deformed dynamically: peak stress decreases from 53 MPa at a porosity
of 18% to 20 MPa at a porosity of 22.5%. Our data extend the findings of
Heap and Violay (2021) and show that porosity exerts a first-order
control on the uniaxial compressive strength of the studied andesite,
at all strain rates (Fig. 3).

For a similar initial porosity (20-22%), although the strength at low-
strain-rate (blue squares in Fig. 3) is lower than the strength at high
strain rate (colored circles in Fig. 3), the influence of strain rate on
strength plays a second order role compared to porosity. An increase of
strength as a function of increasing strain rate has been previously
observed in low (Schaefer et al., 2015; Coats et al., 2018; Lavallée et al.,
2019; Heap and Violay, 2021) and high (Lindholm et al., 1974; Olsson,
1991) strain rate experiments on volcanic rocks, and it is typically
explained in terms of the time available for subcritical crack growth
processes (Heap et al., 2011). However, potential differences in fracture
patterns have not been considered so far, and are discussed below.

3.2. Damage at different strain rates

The damage classification for each sample is presented in Fig. 4a,
which shows that the type of damage depends on the strain rate. All of
the quasi-statically deformed samples (10~ and 10~%s7!) formed a
macroscopic fracture, a failure mode that characterizes brittle defor-
mation. However, apparent compaction occurred in addition to frac-
turing at strain rates above 120 s~* and, at the highest strain rates, two
of the samples macroscopically fragmented. 4CT images of an intact
sample, of a sample deformed quasi-statically, and of three samples
deformed dynamically to different axial strains are shown in Fig. 5. The
microstructure of the undeformed sample is complex, containing irreg-
ularly shaped and heterogeneously distributed pores (as shown in 3D
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Fig. 3. Influence of porosity on the peak stress of porous andesite deformed over a wide range of strain rate (10~ to ~370 s~ ). The squares represent the quasi-static
experiments, and the circles represent the dynamic experiments. The damage classification for the samples tested at high strain rate was determined in two phases

(visual macroscopic inspection and optional 4CT imaging). All samples tested

at low strain rate were fractured. Errors on the porosity and peak stress are <1%.
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uCT reconstructions of a similar andesite in Heap et al., 2020).

The quasi-statically deformed sample contains a macroscopic frac-
ture, which extends from the middle of the sample on the right-hand-
side to the bottom of the sample in the middle (Fig. 5e). The deforma-
tion is very localized in the quasi-statically deformed sample and little or
no damage is observed outside the macroscopic fracture.

The damage accumulated in the sample dynamically deformed to a
very similar axial strain is very different to the quasi-statically deformed
sample (Fig. 5b). There is no macroscopic fracture, although some
axially orientated fractures are present (e.g., at the bottom of the sample
in the middle) and the large pores are now absent. The pores subsisting
within the sample are infilled with fragments. Further, pore collapse in
the sample deformed dynamically to an axial strain of 0.8% appears to
be localized on a plane sub-perpendicular to the maximum principal
stress, similar to the compaction bands seen previously to develop in
porous volcanic rocks (Heap et al., 2015, 2020). The damage accumu-
lated in the samples deformed dynamically to higher axial strains (2.6
and 3.2%) is similar to that described for the quasi-static sample to an
axial strain of 0.8%, but much more pervasive (Figs. 5¢ and 5d).

Samples characterised by both fracturing and compaction have a
higher strength than those that simply fractured (Fig. 3). This can be
explained by the higher fracture energy required to accommodate
microfracturing and grain crushing (Doan and D’Hour, 2012). To verify
this, we have plotted the dissipated energy [;° o(t) a“a—(:) dt as a function of
the maximum strain experienced by a sample during loading (Fig. 6).
These data show that the samples affected by the additional compaction
dissipate more energy than the samples that only endured fracturing.
Since the latter type of damage only occurs above 120 s™1, it offers an
explanation as to why most high strain rate samples exhibit higher
values of strength.

3.3. Change in petrophysical properties at different strain rates

Fig. 7 shows the relative P-wave velocity decrease as a function of
porosity, strain rate, strain, and dissipated energy. The P-wave velocity
decrease does not depend on the initial sample porosity (Fig. 7a), but
increases as a function of increasing strain rate (Fig. 7b). P-wave velocity
decrease is < 10% for the low strain samples (Fig. 7c), which also
dissipated more energy (Figs. 6 and 7d). But the P-wave velocity
decrease can exceed 50% at high strain (Fig. 7). It should be noted that
such strains could only be achieved for the damage pattern “compacted/
fractured”, which is the most diffuse and occurs only for the dynamic
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tests (Fig. 4).

The pre- and post-deformation permeability was also measured for
samples deformed at a strain rates of 107* 49,and 171577, respectively,
and showed a positive correlation of permeability increase with strain
rate (Tab. 1). The increase in permeability following deformation is
therefore higher (increase of about a factor of three) for the dynamic
tests than for the quasi-static tests (increase of about 40%).

4. Discussion and implications
4.1. Change in failure mode at higher strain rates

Our data show samples accommodate strain differently at strain rates
above 100 — 150 s™!, from “fractured” to “fractured with apparent
compaction” (Fig. 5). The occurrence of compaction bands“planes of
collapsed pores connected by microcracks that formed sub-
perpendicular to the maximum principal stress” has been observed
during high-pressure quasi-static deformation experiments on porous
andesites (Heap et al., 2015, 2020). Typically, effective pressures of
30-40 MPa would be required to form compaction bands in andesite
with a similar porosity to the andesite studied here (Heap et al., 2015).
Dynamic loading is known to induce a dynamic confinement effect, but
the confining pressures generated are typically on the order of 5 MPa
(Forrestal et al., 2007) and cannot therefore explain the presence of pore
collapse during our dynamic tests (Fig. 5). Aben et al. (2017b) showed
that compaction was also observed in porous sandstone deformed
dynamically. These authors provided modeling to explain how the
competition between intragranular fracturing (i.e. grain crushing) and
intergranular fracture is resolved by kinetic effects. The stress intensity
factor increases as the axial stress increases, and fracturing can occur
when the stress intensity factor is greater than the fracture toughness,
which is sensitive to stress rate (Bhat et al., 2012). This threshold stress
occurs earlier in the deformation process for intragranular processes, but
at higher stresses. Intergranular fracturing (i.e. macroscopic fracture
formation) is therefore favored thermodynamically but is inhibited
kinetically, explaining why compaction can occur at higher strain rates
under uniaxial conditions (Aben et al., 2017b).

4.2. Changes in petrophysical properties

Our study has shown that changes to permeability and P-wave ve-
locity following macroscopic failure are larger at higher strain rates
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experiments, and the circles represent the dynamic experiments. Errors on the P-wave velocity and porosity are <1%, all other errors are <5%.

(Table 1; Fig. 7). Previous studies have shown that brittle failure in
compression increases the permeability of volcanic rock (Fortin et al.,
2011; Heap et al., 2015; Farquharson et al., 2016), and that cataclastic
pore collapse decreases the permeability of volcanic rock (Heap et al.,
2015, 2020; Farquharson et al., 2017). Our data show, however, that the
permeability of samples deformed at high strain rates that are “fractured
with apparent compaction” increased by about a factor of three
(Table 1). In other words, the observed compaction (pores infilled with

fragments and possible compaction bands; Fig. 5) did not result in a
decrease in permeability and is likely the result of presence of axially
orientated fractures (Fig. 5), not present in samples deformed quasi-
statically at high pressure (Heap et al., 2015, 2020; Farquharson et al.,
2017). The larger increase in permeability with increasing strain rate is
likely the result of the more pervasive damage in the samples deformed
at high strain rates (Fig. 5).

A decrease in P-wave velocity following quasi-static loading to
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failure (Fig. 7) has been observed previously in volcanic rocks and is due
to the formation of dilatant microcracks (Stanchits et al., 2006; Fortin
et al., 2011). The very large decrease in P-wave velocity (a decrease of
up to 50%) following dynamic loading to failure, not observed previ-
ously, is likely consequence of the pervasively damaged and fragmented
nature of the samples deformed at high strain rate (Fig. 5). A decrease of
50% is higher than previously recorded reductions in P-wave velocity
associated with high strain rate damage. For crystalline rocks, Aben
et al. (2015) recorded P-wave velocity reductions up to 30% for the
diffuse fracturing associated with high strain rate damage. Rempe et al.
(2013) showed through subsurface seismic studies that velocities in
pulverized zones of the San Andreas Fault Zone (USA) can be as low as
1 km/s, a reduction to 20% of the expected values for the granitic
protolith.

4.3. Volcanological implications of intense high strain rate damage

The decrease in P-wave velocities after high-strain-rate loading is
spectacular, especially considering they were obtained on laboratory
samples, which tend to have higher P-wave velocities than those
observed in the field (Lesage et al., 2018b). Although our porous
andesite samples were not pulverized at high strain rates (as was the
case for low-porosity granites; Doan and Gary, 2009), the significant
decrease in P-wave velocity (Fig. 7) and the pervasively damaged and
fragmented nature of the samples deformed at high strain rate (Fig. 5),
suggests that high strain rate damage will result in a permanent deco-
hesion that could severely weaken the rock units of the volcanic edifice
or the magma, both inside the conduit and above (e.g., the lava dome).
Although our dynamic experiments were performed at room tempera-
ture, we consider that our results are relevant for magma at depth that
can locally respond in a brittle way to high strain rates (Dingwell, 1996).
Therefore, we anticipate that high strain rate damage at depth will
texturally resemble the observed microstructures in our post-mortem
samples (Fig. 5). However, evidence may well be eventually erased if
a combination of magma glass transition temperature, continued
deformation, and time allow for the particles to viscously sinter
(Wadsworth et al., 2014).

Field measurements at Volcan de Colima show that the center of the
volcano exhibits similar decrease in seismic velocity at the kilometric
scale, extending down to 30 km (Escudero and Bandy, 2017). A decrease
in P-wave velocity is sometimes attributed to an increase in temperature,
due to the decrease in elastic wave velocities associated with thermal
cracking (Vinciguerra et al., 2005; Nara et al., 2011), and may indicate
the presence of magma. At Volcan de Colima, however, the velocity
change is more intense and wider in the shallow subsurface. We hy-
pothesize that a combination of repeated addition of magma into the
volcanic edifice, several related heating and cooling cycles, as well as the
seismic energy imparted during fracture opening (i.e. local) and explo-
sive eruptions (i.e. entire edifice), resulted in considerable volumes of
weakened material at Volcan de Colima, and also at other frequently-
active stratovolcanoes worldwide. Indeed, Lesage et al. (2014) found
that the velocity of shallow layers of the volcano could change as the
waves generated by earthquakes pass through them.

Such weakened volcanic rock will respond differently to subsequent
deformation episodes (at any deformation rate) and could (1) mask pre-
eruption deformation (which was difficult to discern before the 2015
eruption at Volcan de Colima; Lesage et al., 2018a), (2) destabilize the
volcanic edifice and promote mass wasting events (Voight and Elsworth,
1997; Borselli et al., 2011) and associated hazards, (3) increase the ef-
ficiency of outgassing by increasing permeability (Lavallée et al., 2013;
Farquharson et al., 2015), and (4) increase the ash content of eruption
plumes of explosive eruptions (Webb et al., 2014). Indeed, fragments of
shattered host rock (’lithics’) may be readily incorporated into the gas-
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particle jet of a subsequent high-energy explosive eruption. Finally,
increasing the permeability (Table 1) and the surface area available for
fluid-rock interactions (Fig. 5) could encourage efficient hydrothermal
alteration, a process that could also further reduce the stability of the
volcanic flank or lava dome (Heap et al., 2021).
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