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ABSTRACT

Volcanic deposits compact and deform following emplacement and burial. Here, we experimentally investigate the compaction
of volcaniclastic material through gravitational loading (i.e. burial). Two lithologies (scoria and hyaloclastite) of different grain
size (ash and lapilli) were held in a cylindrical container and compressed between two pistons to target stresses of 2, 5, 10,
or 20 MPa, whilst monitoring axial displacement and acoustic emissions, enabling quantification of strain, densification, and
comminution. In a second suite of experiments, samples were loaded and held at each stress to creep for six hours. The density
and porosity of all samples were measured pre- and post-experiment. For all experiments, most deformation occurred during the
early loading phase, then strain rates diminished with increasing compaction. During early loading, the hyaloclastite compacted
faster than the scoria, but due to efficient early compaction, deformed more slowly at higher stresses and during creep. Grain
size was also important for the amount of compaction; lapilli samples were initially less efficiently packed than ash samples
and accumulated higher strain during the early part of loading. The strain experienced by all samples was substantial: even
2 MPa (equivalent to an overburden of ~180-230 m for our porous lithologies) caused volume reductions of 10-30 % due to
grain rearrangement and crushing. Interpolation and extrapolation of the data were used to forecast instantaneous and time-
dependent surface deformation of volcaniclastic deposits of different thicknesses. The findings yield important new constraints
for the interpretation of ground deformation signals and development of models of volcanic flank instability.

KEywoRrDs: Load compaction; Volcaniclastic deposit; Volcano subsidence; Creep deformation; Grain comminution.

1 INTRODUCTION

Volcanic deposits are known to deform for years to decades
after their emplacement [e.g. Wittmann et al. 2017]. At ac-
tive volcanoes, long-term flank motion constitutes a significant
hazard, as the associated deformation may be a cause or con-
sequence of structural instability [e.g. Chen et al. 2017; Zorn et
al. 2023]. However, the interpretation of deformation signals
is still challenging due to the variable contribution of mag-
matic/hydrothermal unrest, compaction of erupted volcanic
deposits, and flank motion [e.g. Schaefer et al. 2019]. At volca-
noes, ground subsidence is commonly attributed to (1) cooling
contraction [Wittmann et al. 2017}, (2) degassing and crystalli-
sation [Caricchi et al. 2014, (3) flow of magma or hydrothermal
fluids and associated alteration [Caricchi et al. 2014; Gotts-
mann et al. 2022], (4) cataclastic flow of porous volcanic rocks
[Heap et al. 2015; Eggertsson et al. 2020], or (5) thermal degra-
dation of materials adjacent to magmas [Castagna et al. 2018;
Weaver et al. 2020]. However, the compaction of volcaniclastic
deposits through gravitational loading (i.e. the stress imparted
during burial by subsequent eruptive deposits) is often over-
looked as a potential source of ground deformation, in part,
because a quantitative description of such a process, both in
the field and in laboratory experiments, remains incomplete.

Studies on gravitational load compaction of non-volcanic
granular (clastic) materials and soils are abundant in the geo-
engineering literature [see Nawaz et al. 2013; Kodikara et al.
2018 for reviews], but for soils, many of the standardised tests
commonly employed only consider low burial stresses (e.g.
oedometers are used to test in the kPa range), as these are the
prevalent values relevant for agriculture or the construction
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of infrastructure (i.e. for buildings, roads, etc.). For granu-
lar geomaterials the focus is often on loose or disaggregated
sand at intermediate confining pressures for the considera-
tion of geoengineering challenges or accessing resources [e.g.
Parkin 1991; Hagin and Zoback 2004; Rarner et al. 2005; Ma
et al. 2014], and these tend to consist of monomineralic grains.
In contrast, volcaniclastic deposits often comprise heteroge-
neous and porous grains and can be buried by up to a few
kilometers by the accumulation of erupted materials. Burial
rates can vary greatly as volcanic deposits accumulate either
slowly and gradually (e.g. ash accumulation over months to
centuries) or suddenly in large volume eruptions (depositing
hundreds of meters of material within minutes to hours), and
overburden may reach up to tens of MPa). Another key dif-
ference between volcaniclastic rocks and other clastic systems
is in the nature of the clasts themselves. Volcanic materials
typically contain varying fractions of vesicles (0-97 %), which
greatly affects their strength [see Heap and Violay 2021; Laval-
lée and Kendrick 2021 for reviews]. Therefore, volcaniclastic
deposits with high intra-granular porosity are more prone to
compaction through grain crushing compared to monominer-
alic grains or soils.

The mechanical properties of volcaniclastic materials have
been experimentally studied, but most commonly on pyroclas-
tic systems at high temperature undergoing sintering and/or
compression [e.g. Quane et al. 2009; Vasseur et al. 2013;
Kendrick et al. 2016] or clast abrasion and comminution during
transport [e.g. Kueppers et al. 2012; Mueller et al. 2015; Hornby
et al. 2020]. Fewer studies deal with volcaniclastic deposits at
ambient conditions, focusing on shear- and frictional proper-
ties [Moore et al. 2008; Boldini et al. 2009; Rotonda et al. 2010;
Lavallée et al. 2014; Sassa et al. 2014], whereas deposit com-
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paction in response to gravitational loading—the topic of this
study—has rarely been investigated [Rotonda et al. 2010; Bai
et al. 2023]. Bai et al. [2023] studied the compaction of basaltic
scoria samples from Hongtu Hill (Changbaishan Area, China)
and identified that compaction is primarily accommodated by
grain packing at low stresses (10-30 MPa) and comminution
(i.e. particle crushing) at high stresses (5070 MPa). As vesic-
ularity can vary widely between pyroclasts, we hypothesise
that these regimes should overlap depending on the charac-
teristics of the clasts. In this study, we experimentally inves-
tigate the mechanical, physical, and acoustic characteristics of
volcaniclastic material compaction under dynamic and static
stress conditions representative of shallow volcanic environ-
ments. The observed dynamics of compressing volcanic ma-
terials provide insights into the development of ground subsi-
dence and flank instability at volcanoes.

2 METHODS AND MATERIALS

2.1 Materials

We selected two volcanic rock types to produce granular
samples with similar grain morphology. The first material
(herein referred to as scoria) consists of fragments crushed
from porous basanitic lava flows quarried in the East Eifel vol-
canic field, Germany, selected to be representative of materials
found on young scoria cones. It has been used in previous ex-
perimental studies [Douillet et al. 2014; Cigala et al. 2017]. The
grains typically host phenocrysts of pyroxene and olivine in a
micro-crystalline groundmass (Figure 1A) and contain round,
sometimes interconnected vesicles, um to mm in size. Over-
all, the textural variability of the grains is high (Figure 1A
and Supplementary Material 1 Figures S1A, S1B, S2A, S2B).
The second material consists of crushed hyaloclastite, col-
lected from the explosive products of the Viti crater at Krafla
caldera, Iceland. The material has been used in previous
thermo-mechanical studies [Eggertsson et al. 2020; Weaver et
al. 2020]. The hyaloclastite consists of indurated fragments of
basalt (of ash to lapilli size) containing abundant phenocrysts
and a groundmass consisting dominantly of interstitial glass
and minor microlite content (Figure 1B). Alteration minerals
are observed to coat the surface area and fill the pore space
of some clasts and are known to consist of chabazite, smec-
tite and quartz [Weaver et al. 2020]. The hyaloclastite contains
typically small (<300 pm) and irregularly shaped vesicles, as
well as complex networks of fractures and intragranular pore
space, which promotes a range of textures and porosities in the
crushed, tested grains (Figure 1B). Pore spaces are frequently
filled up by alteration minerals (Supplementary Material 1 Fig-
ure S2C, S2D) which appear as a yellow-brown coating on the
surface (Supplementary Material 1 Figure S1C, S1D).

2.2 Sample preparation

The crushed scoria and hyaloclastite samples were first oven
dried at 60 °C overnight (>12 hours), to eliminate residual
moisture. To test the impact of grain sizes on compaction,
both sample lithologies were then dry sieved into two grain
size populations: the finer-grained sample consists of medium-
to-coarse ash (0.5-2 mm), the coarse-grained sample of fine-
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to-medium lapilli (2-4 mm). For this, we used three sieves
(0.5, 2, and 4 mm) in a Retsch AS 200 sieve shaker, which
produced vibrations for 20 minutes at a vibrational amplitude

per gravitational acceleration of 1.5 mm; 1; every 20 s vi-
brations automatically stopped for ~1.5 s to allow grains to fall
through the meshes. The finer portions (below 0.5 mm) were
discarded. This removed most of the clay minerals in the
hyaloclastites, which tended to form very fine particles during
crushing and sieving.

For measuring solid densities and isolated porosities, a sub-
set of granular aggregate material from both lithologies was
crushed into a fine powder using a ring and puck mill. To
investigate the physical properties of single grains (in particu-
lar grain porosity, which is likely to influence grain crushing
during compaction), we also drilled and cut cylindrical cores
from individual grains of both lithologies. For this we primar-
ily used grains larger than the sieved portions and obtained
10 cores (2.8-5.0 mm diameter, 2.0-5.6 mm height range) per
lithology to account for variability between different grains.

2.3 Sample characterisation

After sieving, key physical properties were characterised, in-
cluding:

¢ Bulk density, pp, refers to the density of the granular ag-
gregate loaded in our experimental assembly. We first mea-
sured the mass, m, of the aggregate using a set of scales with
an accuracy of + 0.01g. We then placed it in a cylindrical cup
(51.2 mm diameter, 99.2 mm height) before gently tapping the
cup to ensure a flat surface at the top. We finally measured the
depth of the flat surface with a calliper to obtain the cylindrical
height of the pack to calculate the bulk volume of the exper-
imental charge, V. Due to the irregular surface of granular
samples, we tested the variability of the depth measurements
by repeating them 10 times for one sample of each population
and determined a standard deviation on the length measure-
ments of ~1.5 % for lapilli and 0.5 % for ash samples. The bulk
density was calculated with:

ob = . (1)

Vi
¢ Solid density, ps, refers to the density of the rock mass
using milled (pore free) powder. We measured the volume, Vi,
of the powder using a Quantachrome Ultrapyc 1200e helium
pycnometer, which offers an accuracy of + 0.02 vol.%. The
solid density was calculated via:

Ps = (2)

m
Vs’

¢ We also calculated the skeletal density, psk, of the granu-
lar aggregates (unpowdered). The skeletal volume Vg, which
includes the solid fraction and isolated pores within the grains,
is measured for a mass m using the helium pycnometer:

m
Vsk

(3)

Psk =
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Figure 1: Experimental components. [A-B] Backscattered electron (BSE) images of [A] the scoria and [B] the hyaloclastite in the
lapilli grain size, taken using a scanning electron microscope (Hitachi SU5000) on epoxy-suspended grains (epoxy is black) with
a cut and polished surface. [C] Sketch of the experimental setup, showing the sample assembly held in a uniaxial press.

¢ As the materials also contain isolated pores, ¢y, (which
contributes to the skeletal density value as they are by defini-
tion inaccessible) we quantified the isolated porosity, via:

Ps — Psk

Ps

o7 = % 100. (4)

o Bulk porosity, ¢y, refers to the percentage of connected
voids of the bulk granular aggregate loaded in our experimen-
tal assembly (i.e. intergranular and intragranular pore space,
but excluding isolated pores). This was determined by the
ratio of skeletal and bulk sample densities using:

Pp = Pb Z Psk o 400. (5)
Pb

e Grain porosity, ¢;, refers to the percentage of con-
nected voids (including vesicles and fractures) within indi-
vidual grains, which can be determined for uniform shapes
with defined volume. We measured the mass (an accuracy of
+0.001 g) and calculated the cylindrical volume, Vj. of each
of the 10 grain cores (using callipers). The skeletal volume
of the cores Vg was measured using a Micromeritics Accu-
Pyc II 1340 helium pycnometer, equipped with a chamber of
1.3351 ¢m3, which provides an accuracy of +0.01 vol.%. We
calculated the grain porosity via:

Ve — Vs
% x 100. (6)
bc

bs =
¢ Void ratio is commonly used to analyse granular mate-
rials [e.g. Monkul and Ozden 2007; Mesri and Vardhanabhuti
2009; Kodikara et al. 2018]. Void ratio e refers to the ratio of
void volume (V) to the skeletal volume of the bulk sample
(Vsk), measured for the granular aggregate within our sample
assembly. V, was calculated by subtracting the measured
skeletal volume (V ;) from the measured bulk volume (V) of
the experimental charge (V,, = V}, — Vi), so that:

Vu
Vsk .

(7)

e =

s
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¢ Grain size distribution: We quantified the grain size dis-
tribution of our sample populations (ash and lapilli) before and
after compaction experiments. For this, we used the same
sieve tower and settings as for sample preparation, but with
additional sieve sizes (4.0, 2.8, 2.0, 1.4, 1.0, 0.71, 0.50, 0.25,
0.125, 0.063 mm). After shaking the sample assembly for
20 min (see above for further details), the fractions collected
from each sieve were weighed to assess the grain size distri-
bution.

¢ Polydispersivity: Using our grain size distribution results,
we further calculate the degree of polydispersivity following
Torquato and Haslach [2002]:

(8)

where S is the polydispersivity index (1 representing monodis-
perse, 0 representing fully polydisperse) and where <R> <R2>,
and <R3> are the mean, variance, and skewness of the distri-
bution (or 1%, 214 and 34 moments of the radial distribution,
respectively).

2.4 Compaction experiments

We used an Instron 5969 uniaxial press with a 50 kN load
cell to compact our volcaniclastic samples (Figure 1C). The
sample assembly consists of a cylindrical metal cup (42 mm
inner diameter, 59.4 mm height) filled to a height of ~43 mm
with granular materials of one rock type (i.e. hyaloclastite or
scoria) and a given grain size (i.e. ash or lapill). The cup
was placed onto the lower piston of the press and the up-
per piston (40 mm diameter) was then lowered into the cup
and onto the sample to load it; the press controlled the load
and monitored the piston position (i.e. axial displacement).
Load was thereby converted to stress, considering the piston
diameter. Prior to experiments, compliance tests were car-
ried out to measure the deformation of the load chain (piston
assembly and the empty cup). The deformation associated
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with system compliance was subtracted from our experimen-
tal datasets to accurately quantify the sample deformation as
a function of applied stress. The corrected displacement was
used to calculate axial strain (shortening) experienced by the
sample throughout all experiments. Due to the different diam-
eters between piston and sample cup, there was a 1 mm gap
around the piston, preventing frictional contact between the
two. After experiments it was visually verified that no sample
material had entered the gap.

The stressing of fragmental materials in a rigid metal cup
(presuming negligible radial deformation) effectively simulates
the compaction of volcaniclastic deposits that are laterally re-
stricted and deformed by overburden. As the cup cannot de-
form, the piston displacement served to reduce bulk sample
volume, thereby providing a real-time quantification of volu-
metric strain. This geometrical simplification also enabled the
quantification of changes in bulk density, bulk porosity, and
void ratio from the measured axial and so, volumetric strains
(via Equation 1, 5, and 7).

Two sets of compaction experiments were conducted on
all four sample populations: (i) dynamic stressing tests (or
loading) and (ii) static stress tests (termed creep). For the
dynamic stressing tests, we applied a constant stress rate of
0.1 MPa-min~! until a target stress (2, 5, 10, 20 MPa) was
reached, after which samples were unloaded and collected for
analysis. For the static stress tests, the samples were equally
loaded at 0.1 MPa-min~! and once at target stress (2, 5, 10,
20 MPa), the applied stress was held constant for 6 hours to
constrain progressive compaction during creep deformation.
To gauge creep compaction for longer timescales, one addi-
tional experiment (using lapilli scoria) was performed at 2 MPa
static stress for ~5 days.

The monitored mechanical data (stress and strain) were
used to calculate key indices of granular sample compaction:
the compression index (C; Equation 9) for the dynamic stress-
ing (at constant stress rate) and the secondary compression
index (Cy; Equation 10) under static stress conditions (creep)
following Augustesen et al. [2004], Monkul and Ozden [2007],
and Mesri and Vardhanabhuti [2009]:

Ae

" o) §
Ae
Co =~ N o) (10)

which accounts for changes in void ratio Ae, as a function of
the dynamic stress o or creep duration ¢ and is calculated us-
ing tangents on (near) linear intervals of e vs log(o) or log(#),
respectively. These indices express the irreversible non-
elastic compression, generally encountered beyond the pre-
compression stress, 0 p, (otherwise termed pre-consolidation
stress) which is marked by an inflection in the e vs log(o) plot
[Keller et al. 2011]. We here determined op for the dynamic
experiments by tracing the intersection of two tangents before
and after the inflection, with the slope of the tangent after the
inflection being that which determines C.. In the static tests,
Cyq is picked for the last three hours of data at constant stress.

During the experiments, we monitored acoustic emissions
(AEs) using a high sensitivity R50S piezoelectric transducer
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attached to the lower side of the confining cup holding the
sample. The AE sensor was connected via a 2/4/6 preampli-
fier (set to a 40 dB threshold with a 20 dB gain) to a PCI-2
data acquisition system developed by Physical Acoustics Cor-
poration. This enabled detection of acoustic signals released
when grains ruptured and/or slid (i.e. upon grain reorganisa-
tion), providing insights into the timing of such signals during
compaction.

3  RESULTS

3.1 Material properties

The results of the sample characterisation are summarised in
Table 1. The scoria is characterised by a higher solid powder
density py (3.11 g-cm™2) than the hyaloclastite (2.75 g-cm™3).
Skeletal solid densities psx are essentially equivalent for the
scoria (3.10 g-cm~2), but slightly lower for the hyaloclastite
(2.67 g-cm™?), indicating that the latter contains a minor frac-
tion of isolated pores ¢y (2.6 %). The scoria has a slightly
higher average grain porosity ¢ (36.0£15.9 vol.%) compared
to the hyaloclastite (30.6+9.4 vol.%); in both cases, the ob-
served variabilities reflect the inhomogeneity across the as-
semblages, as supported by BSE images (Figure 1A, 1B). Once
sieved to their respective grain sizes, the lithologies have com-
parable, low bulk densities p;, with the lapilli populations con-
sistently having a lower density (0.89-0.97 g-cm™3) than the
ash populations (1.04—1.14 g-cm~2) in the scoria and hyalo-
clastite. Correspondingly, the bulk porosities ¢, were higher
for both lapilli samples (67-69 %) than the ash (61-63 %).

3.2 Compaction during dynamic stressing tests

The loading curve of granular materials was characterised by
a volume reduction for all samples as strain initially rapidly in-
creased with stress before slowing progressively (Figure 2A).
The corresponding strain rate decreased non-linearly through-
out stressing (Figure 2B). This resulted in bulk porosity de-
creasing non-linearly (Figure 2C), and correspondingly, to
non-linear increases in bulk density (Figure 2D) for all sam-
ples. Each sample suite showed a distinct response to stress-
ing. Multiple experiments for each material show very little
variation for a given parameter (e.g. strain, strain rate, bulk
density, bulk porosity, void ratio) through dynamic stressing
(Supplementary Material 1 Figures S3, S4 and Supplemen-
tary Material 1 Table S1), which indicate the reliability of the
testing methods to characterise the compaction of different
lithologies.

Grain size impacted the compactional behaviour of the
granular aggregates; for both lithologies, the lapilli population
accumulated more strain than the ash (Figure 2A). Compaction
rates were higher in lapilli during the initial stages of loading
but the rates slowed more significantly than the ash samples
for both lithologies (Figure 2B). Hyaloclastites of both grain
sizes initially accumulated more compactional strain than the
scoria during early loading (Figure 2A). During the early part
of loading (<2 MPa) strain rates were higher for the hyalo-
clastite but at higher stress, the rates slowed more due to ef-
ficient early compaction and the rates of compaction of the
scoria were higher from ~2-3 MPa onwards (Figure 2B).
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Figure 2: Compaction of volcaniclastic samples during dynamic stressing tests. Evolution of [A] strain [B] strain rates, [C] bulk

porosities and [D] bulk densities with stress. To reduce noise i

n the calculated strain rates, we smoothed the datasets using

30 s sampling intervals and a 5 min moving window average. The figure only shows the data obtained from dynamic stressing
experiments reaching 20 MPa; the data for experiments reaching lower stresses (2, 5, 10 MPa) can be found in Supplementary

Material 1 Figures S3, S4.

Table 1: Sample properties measured before compaction. The solid density was obtained on a single powdered sample, all
other values are presented as averages, from repeat measurements on both bulk aggregate and single grains, accompanied by

standard deviations.

Material property Scoria Hyaloclastite
Aggregate powder density p; (g-cm™3) 3.11 2.75
Aggregate skeletal density psx (g-cm 3) 3.10 + 0.01 2.67 + 0.01
(Connected) Grain density pg. (g-cm™3) 3.03 +0.14 3.02 + 0.07
(Connected) Grain porosity ¢ (%) 36.0 + 15.9 30.6 + 94
Aggregate isolated porosity ¢ (%) 09+04 26+04
Initial grain size (mm) Lapilli: 2-4  Ash: 0.5-2  Lapilli: 24  Ash: 0.5-2
Aggregate bulk density p;, (g-cm™3) 097 +£0.05 1.14+0.04 0.87+003 1.04+0.02
Aggregate bulk porosity ¢, (connected, %) 687 +1.6  629+12 672+09 61.2+07
Aggregate void ratio e 210 +£0.16 170 £0.09 2.05+0.08 1.58 +0.05

Grain size also appears to exert an influence on the evolu-
tion of bulk porosity and density under applied stress; upon
initial stressing, the bulk porosity of lapilli samples reduced
more readily than the ash (Figure 2C), whilst the bulk density
correspondingly increased more rapidly upon stressing lapilli
samples than ash samples (Figure 2D). More notably, the bulk
porosity reduction and bulk density increase is largely depen-
dent on the lithology, with the hyaloclastite initially decreasing
faster in porosity and increasing faster in density compared to
the scoria (Figure 2C, 2D). At the end of all tests, bulk porosi-
ties of all samples reduced to the same narrow range (35—
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37 %), whereas bulk densities increased differentially by lithol-
ogy (~1.9 g-cm ™3 for scoria; ~1.7 g-cm ™2 for hyaloclastites) due
to their contrasting solid densities (Table 1).

3.3 Compaction during static stress tests

In this second set of experiments, the samples were loaded at
the same rate used in the dynamic test until a target stress (up
to 2, 5, 10, or 20 MPa) at which they were held for 6 hours.
During loading, the samples had equivalent behaviour to the
dynamic stress tests (Figure 2; Supplementary Material 1 Fig-
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Figure 3: Compaction of volcaniclastic samples during static stressing tests. Strain evolution of [A] scoria and [B] hyaloclastite
during creep only (set as zero at the onset of static stress) at the different applied static stresses (indicated by different line
formats in the key in panel b). Strain rate evolution during the initial dynamic stressing and the subsequent static stress for tests
undertaken at [A] 2 MPa, [B], 5 MPa, [C] 10 MPa, and [D] 20 MPa for the four sample populations (colour-coded as per the key in
panel [B]). Note that time 0 is designated at the start of the static stress. Dashed lines in panels [C]-[F] mark fitted curves used
in creep models presented in the Application to Field Scale Section.

ures S3, S4). At the target constant stress, the samples com-
pacted through time (i.e. creeped). Most of the creep strain
was accumulated in the first ~20 minutes at all conditions (Fig-
ure 3A, 3B). This deformation promoted higher initial strain
rates which non-linearly decreased for all samples (Figure 3C—
3F). The applied static stress strongly controlled the evolu-
tion of creep strain. With an increase in applied static stress,
the samples typically accumulated lower creep strain through
time (Figure 3A, 3B) which can be attributed to the high
magnitude of strain already experienced during loading (Fig-
ure 3C=3F). However, both ash samples appear to slightly dif-
fer from this general trend as the lowest static stress of 2 MPa
resulted in lower creep strains than 5 MPa (Figure 3A, 3B).

s
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Comparing lithologies, the scoria underwent more creep than
the hyaloclastite under a given stress (Figure 3A, 3B), and cor-
respondingly the strain rates for the hyaloclastites were thus
slower than the scoria at all conditions (Figure 3C-3F). Dur-
ing the early stages of creep strain rates reduced more rapidly
in the hyaloclastites (than scoria) from comparable rates at
the end of dynamic stressing (Figure 3C-3F). The effect of
grain size on creep was complex; lapilli populations accumu-
lated significantly higher creep strain than ash at low stress
(2 MPa for hyaloclastite, and 2-5 MPa for the scoria). At
higher stresses, the reverse was found and ash compacted
more than lapilli (Figure 3A, 3B). The strain rates provided fur-
ther information as to the disparate compactional behaviour
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Table 2: Monitored data during the creep stress, including the average rate of acoustic emissions (AEs in counts-min~"), and
averaged strain rates (¢ in s™') for the final 30 minutes of creep, and the secondary compression index (C,) measured during
the final 3 hours of creep. The AEs of the hyaloclastite ash at 10 MPa were not measured.

Scoria Hyaloclastite
Lapilli Ash Lapilli Ash
2 MPa 4 141 20 63
5 MPa 259 211 91 75
min=!
AEs (countsmin™) -y yrp, 278 278 95 ;
20 MPa 137 164 223 417
2 MPa 1.43x 1077 1.75 x 1077 2.51x 1078 4.03x 1078
¢ () 5 MPa 2.28 x 1077 2.87 x 1077 3.19%x 1078 6.12 x 1078
10 MPa 2.31x 1077 1.32x 1077 3.15%x 1078 5.19x 1078
20 MPa 6.07 x 1078 1.12x 1077 3.16 x 1078 4.01x 1078
2 MPa 0.0161 0.0187 0.0046 0.0053
c 5 MPa 0.0320 0.0323 0.0048 0.0091
« 10 MPa 0.0342 0.0234 0.0063 0.0083
20 MPa 0.0156 0.0235 0.0079 0.0092

of ash and lapilli; the lapilli tended to compact at faster rate
in the early part of static stressing at low stresses (Figure 3C,
3D), but as time progressed ash typically creeped faster than
lapilli for both lithologies at all conditions (Figure 3C—3F). This
is attributed to the evolution in strain rate during dynamic
stressing (Figure 2B), where lapilli compact more efficiently
under initial loading and thus, have already compacted more
substantially prior to reaching the target stress of the static
tests, particularly at >10 MPa (Figure 3C-3F). Although strain
rates decreased through time, we observed that no sample
had stopped compressing at the end of the six hours of static
stress tested herein. The additional five-day static stress ex-
periment indicated that the rate of compaction continued to
reduce (Supplementary Material 1 Figure S5).

3.4 Acoustic signals during dynamic and static stressing

The compaction of volcaniclastics released acoustic emissions.
We observed that the majority (~72-93%) of AEs occurred
during the dynamic stressing, whereas few AEs were re-
leased during static stress (Figure 4; Supplementary Material
1 Figures S6-S9); yet, the initial trends of released AEs var-
ied widely between samples, especially when examining the
AE release rates (which reached up to ~16,000 counts-min~").
The AE release rates tended to increase with stress; however,
in some cases, e.g. the hyaloclastite ash loaded to 20 MPa
(Figure 4D), hyaloclastite lapilli loaded to 2 MPa (Supplemen-
tary Material 1 Figure S8A) and the scoria ash loaded to 5
and 10 MPa (Supplementary Material 1 Figure S7B, C) showed
an initial reduction in AE release rate, before increasing with
further loading. In the cases with scoria loaded to 20 MPa,
we observe late-stage decreases in AEs beyond 10 MPa stress
(Figure 4A, 4B). We observed no systematic differences in AE
release rate evolution for samples with different grain sizes.

Upon initiation of creep under static stress, the AE rates
dropped sharply to less than 5000 counts-min~! within 40 min
for all samples (Figure 4). As creep progressed, the AE release
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rates continued to reduce, ultimately reaching low rates which
varied between lithologies and applied static stresses (Table 2).
We observed that the AE release rates during late-stage creep
generally positively correlate with the applied creep stress and
strain rates experienced by the same sample; but for a few ex-
ceptions (e.g. the highest AEs of 417 counts-min~! are found
at 20 MPa for the hyaloclastite ash, which has a low strain rate
of 401 x 1078 s=1; Table 2).

3.5 Grain size reduction during compaction

The compaction of volcaniclastic samples promoted grain size
reduction with stressing for all experiments (Figure 5). A pro-
gressive reduction of larger grains and increase in smaller
grains is observed under all applied stress conditions, indi-
cating grain crushing even at the lowest stress condition of
2 MPa in all samples. Within each sample, all grain sizes
increased in abundance in similar proportions; thus, the com-
paction and the resultant grain crushing produced grains of
all sizes. Close examination of the data showed differences
for the two lithologies and for the two different grain sizes.
The abundance of the dominant (median) grain sizes of the
lapilli (2.2 mm) were initially higher (at ~50-60 % of the pop-
ulation) than the dominant grain size (1.2 mm) in the ash (at
~25-30%) and thus showed a greater reduction. The hyalo-
clastite compaction resulted in a greater production of fines
(<0.125) than the scoria, at both ash and lapilli size, whereas
the scoria grain size reduction was dominated by an increase
in larger broken fragments (e.g. 1.7 mm in Figure 5A). In
cases where we imparted creep after loading, we noted ad-
ditional, yet trivial, reductions in grain size over the duration
of the experiments (Supplementary Material 1 Figures S10—
S11). The uncompacted samples were very monodisperse
due to the sieving, as shown by a high polydispersivity index
(Figure 6A). With compaction, samples became increasingly
polydisperse, as shown by a decrease in the polydispersiv-
ity index during stressing (Figure 6A). The index reduction is
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Figure 4: Acoustic emissions released during the dynamic and
static stressing at 20 MPa for [A] scoria lapilli, [B] scoria ash,
[C] hyaloclastite lapilli, and [D] hyaloclastite ash samples. Note
the stress on the secondary axis during the loading phase. The
plots show that most of the AEs occur during stressing, fol-
lowed by a rapid reduction during the creep phase. The AEs
obtained at other static stresses can be found in Supplemen-
tary Material 1 Figures S6-S9.

most significant at the start of stressing then the rate slows
at higher stresses. Additional creep further reduces the poly-
dispersivity index (Figure 6A), though in minor amounts (dif-
ference of 0.03 or less). Only the scoria ash under 2 MPa
stress had a significant decrease in the polydispersivity index
during creep (~0.05 difference). The scoria samples are less
polydisperse than the hyaloclastites (higher index) but experi-
ence similar reductions in polydispersivity during compaction.
Both ash samples are initially more polydisperse (lower index)
than their lapilli counterparts, but they experience less signif-
icant reductions than the lapilli. This causes an initially less
polydisperse hyaloclastite lapilli to become more polydisperse
than the ash samples of both lithologies from 2 MPa onwards
(Figure 6A).

3.6 Pre-compression stress and compression indices

To characterise the compression of granular samples, we as-
sessed the evolution of void ratio (e) as a function of stress
(Figure 6B). The void ratio decreased with applied stress, ex-
hibiting an inflection (i.e. a shoulder) at a given stress (termed
the pre-compression stress o p; see Figure 6B) beyond which
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the decrease in void ratio as a function of stress was more pro-
nounced, as commonly observed in oedometer tests on soil
[e.g. Mesri and Vardhanabhuti 2009]. The initial void ratio
of both lapilli samples was higher than their ash counterparts,
which can be attributed to the less efficient packing of the
larger grains and the higher bulk porosity of the coarser as-
semblages. o p for the scoria was 0.93—1.13 MPa for the lapilli
and 1.31-1.51 MPa for the ash, for the hyaloclastite op was
0.20-0.28 MPa for the lapilli and 0.81-1.28 MPa for the ash.
Lapilli samples experienced o p at lower stress than their ash
counterparts for both lithologies (Figure 6B, 6C). op is neg-
atively correlated to the initial sample void ratio (Figure 6C),
with the two lithologies indicating separate trends; the scoria
has higher op than hyaloclastite samples and shows a shal-
lower slope with increasing void ratio compared to the hyalo-
clastites (Figure 6C). At stresses greater than o p, the slope of
the void ratio as a function of stress (i.e. the primary com-
pression index C. calculated with Equation 9, indicated by
the second tangent line in Figure 6B) was higher for the sco-
ria than the hyaloclastite (Figure 6D). For both lithologies, C,.
is correlated positively to the initial void ratio (Figure 6D),
whereby the scoria has a stronger positive increase with void
ratio compared to the hyaloclastites, though the offset is not
as distinct as for op. C. was higher for the lapilli than for
the ash for both lithologies, for the scoria it was 1.12—1.34 for
the lapilli and 0.73-0.88 for the ash, and for the hyaloclastite
C. was 0.73-0.82 for lapilli and 0.60-0.62 for the ash. The
quantified values of o p and C, indicate that the hyaloclastites
exhibited a lower threshold to compaction than the scoria,
which in turn deformed at higher stresses. Results for o p and
C. are further summarised in Supplementary Material 1 Table
S1.

The secondary compression index Cq (Table 2) was com-
puted via Equation 10 for the last three hours of creep during
the static stress tests. Using the methods in this study, Cy re-
flects essentially the same measurement of strain rate, hence
the same overall trends can be observed (cf. Table 2). Cq
was slightly higher for lapilli than ash at 10 MPa in the scoria
and slightly lower than ash for all other samples, indicating
only a minor impact of grain size compared to the lithology,
where Cy was consistently higher in the scoria compared to
the hyaloclastites across all stress conditions (by nearly an or-
der of magnitude).

4 INTERPRETATION

This experimental study revealed that volcaniclastic materi-
als are variably impacted by dynamic and static stressing,
and they exhibit different compaction behaviour depending
on the material properties and the applied conditions. Under
dynamic stressing, compaction was more pronounced during
the onset of loading, then gradually slowed (Figure 2A, 2B)
as has been noted during compaction of other volcaniclastic
materials [Rotonda et al. 2010; Bai et al. 2023] and other gran-
ular materials such as sand [e.g. Karner et al. 2005; Ma et
al. 2014]. Densification and reduction in bulk porosity was
accompanied by extensive AEs (Figure 4) and a concomitant
grain size reduction (Figure 5) with samples also becoming
increasingly polydisperse (Figure 6A). The observed transient
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Figure 5: Grain size distributions of the original and post-experiment samples of [A] scoria lapilli, [B] scoria ash, [C] hyaloclastite
lapilli, and [D] hyaloclastite ash samples obtained after dynamic stressing to 2, 5, 10, and 20 MPa, showing a systematic increase
in finer grain size fractions at the expense of the larger ones as a function of applied stress. Here the grain size is shown as
the median between two sieve sizes for one fraction. The grain sizes measured after the creep experiments only showed minor
additional comminution and can be found in Supplementary Material 1 Figurse S10, S11.

behaviour reflects the reorganisation of grains during repack-
ing of the volcaniclastic system and increasing comminution
with applied stress [cf. Parkin 1991]. The contrasting original
petrographic textures of our four samples permit an appraisal
of lithological controls on compaction; i.e. rock type (scoria vs
hyaloclastite) and grain size (lapilli vs ash). The compaction
was sensitive to grain size, with the larger lapilli compress-
ing more substantially than the ash for both the hyaloclastite
and the scoria as it had initially higher inter-granular porosity
and therefore more void space available for evolving packing
(Figures 2—4). This is similar to results for compressing disag-
gregated sandstone, which showed that for samples with the
same fragment size, total strain increased and total porosity
decreased as a function of stress, and that under the same ax-
ial stress, the strain was higher with larger fragment size [Ma
et al. 2014].

The pre-compression stress op is generally interpreted to
represent the threshold above which granular materials accu-
mulate irreversible (inelastic) deformation [e.g. Dexter 1988;
Horn and Lebert 1994]. In our experiments op was 0.24—
0.98 MPa for the hyaloclastite and 0.99-1.42 MPa for the scoria
(Figure 6B, 6C), thus suggesting that strain is accommodated
by reorganisation (rotation and sliding) without crushing at
very low stresses in volcaniclastic systems, but, even the low-
est target stress of 2 MPa used here resulted in both repack-
ing and comminution (permanent changes). This is supported
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by acoustic emission release (Figure 4; Supplementary Mate-
rial 1 Figures S6-S9) which increased with applied stress, and
is an indicator of increased predominance of cracking events
leading to damage accumulation [e.g. Kendrick et al. 2013].
The transition from grain sliding and rearrangement to grain
crushing has been similarly evoked for the transition in be-
haviour of sand packs under increasing confining pressure
[e.g. Rarner et al. 2005]. The polydispersivity, packing den-
sity and contact friction also impact the stiffness and strength
of the granular aggregates as more variably sized grains en-
able more grain connections (or stress chains), thereby bet-
ter resisting compaction forces [Muthuswamy and Tordesillas
2006]. More connections also promote stronger bulk aggre-
gates [Saadi et al. 2017]. In our data this increased polydis-
persivity during stressing (Figure 6A) is the likely cause of the
observed decrease in deformation rate as samples compacted
and densified (Figure 2A, 2D). However, this does not explain
why the hyaloclastite is initially weaker than scoria, since it
is also more polydisperse, suggesting inherent differences in
particle stiffness as a result of the material’s origin and genesis.
The difference in the compaction behaviour of the scoria and
hyaloclastite studied here can be attributed to their generation
mechanism that produced contrasting textural characteristics;
whilst the scoriaceous basalt results from vesiculation of a co-
herent lava, the indurated clasts of the hyaloclastite can be
easily broken apart, leading to lower op (Figure 6C). Earlier
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(here using the dynamic experiments up to 20 MPa, the oedo
Supplementary Material 1 Figure S4E-H). The initial void ratios
compression stresses op and [D] the primary compression in

metric compaction curves for all experiments can be found in
of the individual samples are further compared against [C] pre-
dex C. (excluding tests stressed at 2 MPa as the oedometric

inflection was not sufficiently developed to make the measurements). Linear regressions are displayed for each lithology to
highlight differences in trends, though more sample variation is needed to confirm and better constrain these.

work on intact hyaloclastite revealed failure by disaggrega-
tion at low stress [Eggertsson et al. 2020], seen here by the
high production of fines (<0.125 mm) in the hyaloclastite (Fig-
ure 5C, 5D), whereas the post-deformation scoria samples are
dominated by increased abundance of larger crushed grains
that indicate grain splitting rather than disaggregation (Fig-
ure 5A, 5B). Indeed, stiff particles are more likely to experience
grain splitting [Tang et al. 2001}, and the scoria are likely to be
stiffer and stronger than the hyaloclastites as pores are more
rounded (Supplementary Material 1 Figure S2), with pore ge-
ometry having an important role in material strength [e.g.
Baud et al. 2014].

In our static tests, applied stress was held over prolonged
duration, resulting in progressive reduction in strain rate as
expected for granular materials under constant load [Parkin
1991; Ma et al. 2014]. Strain rates were orders of magnitudes
lower under static stress (Figure 3C-3F) as the material equi-
librated to the applied conditions and compacted at a more
steady rate (Table 2). AEs also reduced dramatically under
static stress (especially in the first 15-30 minutes; Figure 4),
relating to the non-linear time dependence of settlement of
granular materials that starts rapidly and slows [Parkin 1991].

Comparing the compaction behaviour during dynamic ver-
sus static stressing, we found that compaction predominantly

Ss

Presses universitaires de Strasbourg

took place during dynamic loading. Because of the disparate
amount of strain accommodated during dynamic stressing, the
strain rates under static stress are difficult to interpret; the ma-
terials are already strained prior to creeping. Notably, during
creep, the strain rates experienced by hyaloclastite were con-
sistently lower (nearly an order of magnitude in most cases),
likely due to the preferential initial comminution of the clasts
in the hyaloclastite samples. There was however less differ-
ence in the creep behaviour as a function of grain size during
the static stressing; as grain sizes primarily impacted com-
paction during the initial loading it may explain the negligi-
ble impact on compaction during creep, except at low static
stresses where grain reorganisation did not complete during
loading (Figure 3C-3F). Ultimately, we found that through
compaction, volcaniclastic systems of contrasting grain sizes
tended to establish similar behaviour via creep, despite retain-
ing differences in grain size distribution (Figure 5). This may
indicate that the residual pore space remains the key control
on compaction of a given lithology.

We observed that creep generally had the highest strain
rates at constant stresses of 5-10 MPa (Table 2). Acoustic
emission rates during the last 30 minutes of creep at those
stresses was also highest (Table 2), the only exception being
the hyaloclastite at 20 MPa static stress, which exhibited low
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strain rates despite a high AE rate. The fact that deforma-
tion is slower at both 2 and 20 MPa has different causes: at
2 MPa it is likely because the stress condition was hardly suf-
ficient to induce damage (seen by the modest grain size re-
ductions in Figure 5); at 20 MPa the samples were already
significantly compacted and crushed, with the now more poly-
disperse pack being harder to deform further. This indicates
that each volcaniclastic material would exhibit a distinct com-
paction signature based on its starting characteristics and load-
ing history. We interpret that compaction creep of the porous
volcaniclastic material would likely continue until it could no
longer compact either by rearrangement or grain crushing un-
der the applied stress, at a point which is likely to differ in
terms of absolute strain or porosity reductions depending on
the stress conditions.

5 APPLICATION TO FIELD SCALE

We used the controlled laboratory experiments to explore the
surface expression of vertical ground deformation associated
with the compaction of volcaniclastic systems. We considered
a vertical column of confined, initially homogeneous, uncom-
pressed material. As strain is controlled by applied stress,
we explored the dependence of ground subsidence for de-
posits of variable initial thickness. We did this for two sce-
narios: a) near-instantaneous compaction (Figure 7), and b)
time-dependent compaction (Figure 8).

Near-instantaneous compaction (loading):  We discretised
the deposit in depth, which had an initial direct relationship
between the initial depth (zo) and stress (o):

(1)

using a simple lithostatic model with the compacted bulk den-
sity (pp) and the gravitational acceleration (g). Using the mea-
sured strain (€) as a function of stress, we integrated over the
column to find the total equivalent deformation (subsidence)
on the surface (SL) as a result of dynamic stressing (loading)
for any given initial thickness (D):

0 = PpYJz0,

D
SL (D) =/O e(a)dzp. (12)

Time-dependent compaction (creep): As ground deforma-
tion is commonly observed over prolonged periods in volcanic
provinces, we modelled the creep deformation to make infer-
ences about the potential role of volcaniclastic compaction for
long-term flank creep at volcanoes. We first derived fitted an-
alytical models for the strain rates (¢) in the creep experiments
(cf. Figure 3C-3F) as a function of both time (¢) and stress (o),
which we fit using an empirical exponential power-law rela-
tionship:

) = ea(a) P09 4e

¢(t,o (13)

where a and b are interdependent fitting parameters, that de-
pend on both the sample and the static stresses, and which
govern the reduction in strain rate with time. ¢ is dependent
on the initial creep strain rate at the end of the loading and
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is therefore very sensitive to the timing and sampling at the
moment that loading ends. As a and b are also interdependent
with ¢, allowing all three fitting parameters to vary made com-
parisons between different experiments difficult. After testing
different fits, ¢ was held fixed at a value of —5 which gives
more consistent results for a and b. This reduced accuracy
in the first minutes of creep, but maintained a better fit over
longer timescales, with overall strains remaining similar be-
tween model and experiment data, making it suitable for ge-
ological observations.

The best-fit parameters for the creep experiments are listed
in Supplementary Material 1 Figure S12A, S12B. We inter-
polated using a cubic spline for the dependency of these fit
parameters on static stress (see Supplementary Material 1 Fig-
ure S12A, S12B) to apply the model to any given stress up
to 20 MPa. We then integrated our solution through time to
derive the total strain (g) as a function of time () and stress

(o):

t
e(tp,0) = / ! (1, 0)dt. (14)
0

As above, we integrated over the initial column height. We
maintained the coordinate system of the initial (uncompressed)
column which is 1) evenly sampled in stress and unchanging
with compression (same overburden) and 2) consistent with
strain rates in the experimental data which were always rela-
tive to the initial sample height. We again integrated the creep
strain to find the surface subsidence (SC):

D
SC(D) = / e (tr,0) dzo. (15)
0

We used this to calculate surface subsidence for specific ini-
tial deposit thicknesses and times, which enabled a prediction
of deformation for volcaniclastic deposits (Figure 8).

Our models predict that most subsidence would occur near
instantaneously upon deposition (Figure 7). A deposit thick-
ness of 500 m would compact by ~120-180 m upon its em-
placement, then continue to creep, but subsidence would be
most significant in the first year (Figure 8). Here, the con-
trasting creep strain rate measurements between the scoria
and hyaloclastite translate into significantly higher creep sub-
sidence for the scoria; for instance, a 500 m-thick deposit
of scoria could undergo up to ~10-15 m of ground subsi-
dence due to compaction creep, whereas an equivalent de-
posit of hyaloclastite may experience a mere ~4-5 m within
two years (Figures 7 and 8). While the given thickness was
chosen to illustrate our results here, they are potentially re-
alistic; for instance, the 1912 eruption of Novarupta (Valley
of Ten Thousand Smokes) generated pyroclastic deposits up
to 200 m thick within 16 hours [Fierstein and Wilson 2005],
though most potential applications of our results will likely be
considering smaller thicknesses. Our results also do not con-
sider additional subsidence from cooling contraction of vol-
canic deposits, which will likely apply for pyroclastic deposits
such as at Novarupta. For any given deposit thickness, most
of this creep deformation would occur within around the first
two days after emplacement, and through time deformation
would progressively slow (Figure 8, Supplementary Material 1
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Figure 7: Compaction model for the tested materials assuming initially homogeneous deposits, showing [A] an illustration of
new deposits emplaced on a flank that compact under their own weight, and the corresponding surface subsidence of [B] scoria
and [C] hyaloclastite as a function of initial (uncompressed) deposit thickness. Solid lines indicate the expected compaction
due to dynamic loading (near instantaneously) and the dashed lines mark the combined loading and creep deformation (here

extrapolated to two years).

Figure S12C-F). We emphasise that these simulations hold for
confined volcaniclastic deposits, but in the case where the ma-
terials could flow laterally, the ground subsidence may differ
markedly. While only initially uncompacted materials were
tested and modelled here, it is likely that similar timescales of
creep would occur when stress conditions change. This may
be by the deposition of new materials on top of existing units,
thereby increasing static stress and starting a new period of
creep under the changed stress conditions.

While these models for creep deformation are based on ex-
trapolation of datasets acquired over a brief six-hour period,
here we opt to validate the performance of the model forecast
by comparing it with the creep deformation experiment con-
ducted over around five days using the scoria lapilli sample
(Supplementary Material 1 Figure S5). We found that the ex-
ponential power-law model generally appears as a good fit for
the creep data. However, the extrapolation from six hours of
creep tended to slightly underestimate the actual strain rates
after five days (Supplementary Material 1 Figure S5). Hence,
our results can be interpreted as a minimum expected subsi-
dence due to creep.

6 DiISCUSSION

6.1 On the componentry of volcaniclastic systems

Volcaniclastic deposits are extremely diverse. Physically, they
are made up of pyroclasts with different sizes, shapes and
porosities of juvenile or lithic nature. Chemically and miner-
alogically, they encompass the full spectrum of volcanic prod-
ucts in fresh state (glassy or crystalline), but also altered fol-
lowing interaction with surrounding fluids. Volcanic rocks
already exhibit a wide range of mechanical behaviour due to
their variable porosity [see Heap and Violay 2021; Lavallée
and Kendrick 2021 for reviews]| thus volcaniclastic deposits of
heterogeneous clasts are likely to have an even broader spec-
trum of mechanical behaviours.

During deformation of volcaniclastics progressive rear-
rangement and changes in grain size distribution by grains
breaking and crushing as observed in our experiments impact
the compaction dynamics. The different constituent phases
of volcaniclastics consisting of primary minerals (plagioclase,
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pyroxene, quartz, etc.), pores, glass and secondary phases
(e.gq. phyllosilicates, clays, zeolites), have highly contrast-
ing strength and, thus, compaction behaviour will differ for
each lithology. The hyaloclastite contains alteration minerals,
mainly zeolites and smectites [Eggertsson et al. 2020; Weaver
et al. 2020}, which easily deform and shed as a fine powder,
which may reduce inter-grain friction and shear strength [e.g.
del Potro and Hiirlimann 2009]. These alteration minerals in a
granular mixture may facilitate grain mobility and reduce par-
ticle interlocking, enabling disaggregation and efficient com-
paction [e.g. Won et al. 2023]. Similarly, the shape of grains
influences the compressibility of volcaniclastic systems, with
packs of rounded clasts likely to be stiffer [Routous and Hilali
2019] and spherical grains likely to be stronger than irreg-
ular ones [Tang et al. 2001} Moreover grain size reduction
depends on grain shape, as irregular grains are particularly
prone to crushing rather than splitting which tends to dom-
inate in dense, regular shaped grains [Tang et al. 2001]. Our
experiments were done on crushed volcanic rocks with highly
irregular shapes, representative of primary volcaniclastic de-
posits (pyroclastic fallout deposits, or breccias), but perhaps
not of far-reaching pyroclastic density currents or secondary
(reworked) volcanic deposits (e.g. lahar deposits), which may
contain more rounded clasts (due to transport comminution).
Depending on particle size, mineralogy, and ambient condi-
tions (dry vs wet), volcaniclastic systems exhibit variable de-
grees of cohesion [Walding et al. 2023]. Dry uncompressed ash
and lapilli (as used in our experiments) have practically no co-
hesion but upon compaction and grain crushing, it is possible
that the system would acquire some degree of cohesion due
to increasing polydispersivity and interlocking. Similarly, the
presence of moisture or water can drastically increase the co-
hesion [Walding et al. 2023] and modify the mechanical prop-
erties of particulate materials [e.g. Nawaz et al. 2013; Kodikara
et al. 2018] particularly if clay alteration products are present
[e.g. Dafalla 2013]. These mineralogy-, size- and environment-
dependent constraints should be investigated systematically in
future mechanical studies on volcaniclastic systems.
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6.2 Compaction behaviour of volcaniclastic materials vs
other clastic systems

The two types of compaction experiments conducted herein
demonstrate the influence of lithology, grain size, and stress
on the progression of compaction. This is in agreement with
recent assessments made by Schaefer et al. [2023], who de-
termined bulk porosity (influenced by grain size distribution)
and lithology as primary parameters impacting the mechani-
cal behaviour of variably altered scoria. Our findings indicate
that the initial grain size distribution (and/or bulk porosity)
of volcaniclastics primarily governs strain accumulated dur-
ing compaction, whereas the clast type (dense, vesicular, ag-
glutinated, monomineralic) influences damage accumulation
(e.g. comminution/ rupture). The porosity of clasts influences
strength and so, plays a significant role on their ability to com-
minute, fracture, and crush [see Wong and Baud 2012; Baud et
al. 2014; Lavallée and Kendrick 2021 and references therein,
thus impacting the compaction of a deposit.

The porosity of pyroclasts in volcaniclastic deposits sets
them apart from other clastic systems (e.g. sands or soils) and
consequently the compaction of our samples differs drastically
from that of dense quartz sand [e.g. Parkin 1991; Hagin and
Zoback 2004; Karner et al. 2005; Ma et al. 2014], even if they
hold similar initial void ratios [e.g. Mesri and Vardhanabhuti
2009]. For instance, quartz sand has been observed to accumu-
late damage only once it experiences pre-compression stresses
exceeding ~15-30 MPa [cf. Mesri and Vardhanabhuti 2009,
whereas even at our lowest tested condition of 2 MPa we in-
duced grain size reduction. Hence, porous volcaniclastic sam-
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ples are susceptible to deform under much lower stresses than
sand and other clastic systems made of dense clasts (notwith-
standing other variables, e.g. the addition of micas [Mesri and
Vardhanabhuti 2009]). For such (non-volcanic) clastic materi-
als containing dense grains, it has been demonstrated that the
pre-compression stress gp and the compressive index C; of
a given system respectively correlate negatively and positively
with the initial uncompressed void ratio [Keller et al. 2011;
Won et al. 2023], making it a robust metric to model com-
paction. Our data supports this and demonstrated that the
same general trends apply to volcaniclastic materials. In our
experiments op reduces with increasing void ratio (here re-
sulting from larger grain size, lapilli vs ash), and C, increases
with void ratio (Figure 6B—6D), as in other materials [Keller
etal. 2011; Won et al. 2023]. Dense grain aggregates generally
have lower void ratios (0.5-1.3), lower C, (0.1-0.5) and higher
o p (15100 MPa) (cf. Figure 6C, 6D; Keller et al.[2011]). But by
extrapolating these trends to higher void ratios such as mea-
sured in our volcaniclastic aggregates, C, in particular shows
good agreement, indicating that void ratio has the dominant
control on the primary compressive index. However, the two
types of volcaniclastic lithics exhibit distinct trends, particu-
larly for op as a function of void ratio (Figure 6C, 6D), which
can likely be attributed to their mineralogy and texture. The
scoria has higher solid density and comprises large round vesi-
cles in a dense groundmass with rare phenocrysts. The hyalo-
clastite is made of agglutinated glassy, micro-vesicular basalt
fragments with abundant phenocrysts, and these fragments
are coated with alteration products. These differences result
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in a lower op and C. for the hyaloclastite than the scoria.
Given the much higher op measured for quartz sand (com-
prised of strong mono-mineralic grains [Keller et al. 2011]), we
speculate that the clast strength can result in a vertical offset of
the negative trend of o p with void ratio, supported by the ag-
glutinated clastic nature of the hyaloclastite which is prone to
disaggregation even at low stresses, which may be considered
weaker than the scoria with higher op.

Axial compaction experiments on volcaniclastic systems us-
ing a rigid cup (oedometer-type experiments) were also per-
formed by Bai et al. [2023] on scoria samples from Hongtu Hill,
China. They showed that grain size reduction is proportional
to the applied stress, as observed herein. The reduction in
porosity was largest during the early loading (up to 10 MPa)
and then slowed, in agreement with our experiments; how-
ever, as they reached greater stresses than we did, they ob-
served further increases in compaction rates between 50 and
70 MPa [Bai et al. 2023]. They attribute these two phases of
porosity reduction to grain repacking in the early phase and
grain crushing at higher stresses; yet, as we monitored AEs
during our experiments and measured the grain size distri-
bution of our experimental products, we observed that grain
comminution is already prevalent at stresses as low as 2 MPa.
Bai et al. [2023] also observed the formation of compaction
bands within the sample at stresses as low as 10 MPa, which
is attributed to the high grain porosity of volcanic deposits
forming natural weak zones. We could not observe these fea-
tures in our experiments (as we used an opaque metal cylinder
as confinement) but we anticipate that they may have formed
in the samples.

Volcaniclastic material rheology was also experimentally in-
vestigated for deposits from Stromboli volcano, Italy [Boldini
et al. 2009; Rotonda et al. 2010]. While they focused mostly
on the shear and frictional properties of the material, some
oedometer compaction experiments were also performed at
stresses up to 1.6 MPa [Rotonda et al. 2010]. They observed
time-dependent creep strain, with initially high strain and
strain rates, which non-linearly reduced too rapidly to es-
tablish a near-linear accumulation of strain at a slow com-
pression rate. Notably, our most similar sample (the scoria)
exhibited contrasting indices of secondary compression Cg;
0.0161 (lapilli) and 0.0187 (ash) at 2 MPa in our experiments
as opposed to 0.0019 at 1.6 MPa in Rotonda et al. [2010], im-
plying that the Stromboli pyroclastic system tested was more
resistant to compression. We postulate that this may reflect
the more varied nature of the sample tested in terms of grain
size distribution (polydisperse), which would prevent exten-
sive repacking. Using their observation, Rotonda et al. [2010]
suggested that the prolonged, vertical ground motion mea-
sured at Stromboli by Baldi et al. [2008] may reflect the com-
paction of volcaniclastic deposits undergoing gradual grain
crushing. Our combined AE and time-dependent creep de-
formation datasets, obtained over a broader stress range than
Rotonda et al. [2010], support this hypothesis. However, the
low stresses used to test sample creep in Rotonda et al. [2010]
are barely above the pre-compression stress in our data, which
likely hindered effective creep. This may also explain their
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much lower Cy as our tests constrained Cq at higher static
stresses of 5 and 10 MPa.

6.3

Volcanic flank instability is a prevalent issue in volcanic
provinces, as evidenced by sector collapse deposits and col-
lapse scars in the geologic record [Kerr 1984; Siebert 1992]
and by monitored ground deformation data [Borgia et al. 1992;
Poland et al. 2017; Schaefer et al. 2019]. The lack of knowl-
edge and quantitative description of the mechanical proper-
ties of volcaniclastic lithologies remains a major hindrance to
our deformation models and the assessment of volcanic mass-
movement hazards. Here, we have shown that volcaniclas-
tic material compresses significantly under low stresses, even
from minor burial associated with the emplacement of overly-
ing materials due to prolonged accumulation or later renewed
volcanic activity. The experiments demonstrated that the type
of lithology, the grain size, the overburden stress, and the du-
ration of stressing are primary controls on compaction. We
make inferences about the potential role of volcaniclastic com-
paction in different case examples of volcano edifice construc-
tion, deformation, and flank collapse:

Implications for volcanic flank instability

(1) Volumetric compaction is substantial at shallow burial
depths, such that 100 m-thick deposits may exhibit 6-20 m of
ground subsidence (Figure 7). Such a thickness can easily be
accumulated during a single eruption; for instance, the 2021
Tajogaite eruption on Cumbre Vieja volcano (La Palma) built
a 110 m high scoria cone within just 8 days and nearly 190 m
by the end of the eruption after 85 days [Bonadonna et al. 2022;
Civico et al. 2022 Thus, compaction and changes in material
properties are anticipated to be substantial and significantly
impact the structural stability of the deposits.

(2) The high sensitivity of volcaniclastic samples to com-
paction (particularly under low stresses) suggests that rapid
changes in overburden or effective stress may trigger ground
subsidence (even of deposits in the subsurface). This may
explain the occurrence of sudden flank movements at volca-
noes experiencing changes in local stress (via burial, pore fluid
pressure fluctuations, tectonic activity, etc.). One such exam-
ple may have occurred at Pacaya volcano, Guatemala, where
the flank of the upper edifice underwent a sudden slump dur-
ing the 2010 eruption and had deformation persisting for sev-
eral months [Schaefer et al. 2016]. This was hypothesised to
be caused by compaction of volcaniclastic materials in the
lower flank [Schaefer et al. 2016], and we ponder whether the
deposition of new lava at the summit added weight to trig-
ger rapid compaction and, in turn, partial collapse; although
other causes (e.g. changes in pore fluid pressure as a result
of magma intrusion) cannot be ruled out. The prolonged
ground subsidence reported during May 2010 and April 2014
at Pacaya [Schaefer et al. 2016] may indicate the action of creep
deformation as constrained in our study (Figure 8).

(3) Our experimental setup indicates that in volcaniclastic
deposits, compaction creep operates to a significant level for
relatively short periods of time—arguably, up to some months,
but primarily within the first few days. Such short timescales
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and, in turn, insubstantial amounts of deformation at longer
timescales make satellite-based (e.g. InSAR) ground deforma-
tion measurement at volcanoes challenging because it presents
a narrow observation window. In addition, as regular erup-
tive activity and deposition of new materials may be ongoing,
compaction may carry on variably, thus contributing to other
sources of ground deformation. For instance, ground defor-
mation observed on the southwest flank of Anak Krakatau,
Indonesia, prior to its collapse in December 2018, was concur-
rent with the regular accumulation of eruptive scoria and ash;
however, it remains as yet impossible to ascertain whether
volcaniclastic compaction contributed to the deformation as-
sociated with frictional sliding of the flank ultimately observed
[Zorn et al. 2023] Magnitudes and timescales of ground de-
formation may be particularly helpful here, as compaction
in our data is expected to encompass centimeter- to meter-
cale subsidence in days to months depending on thickness,
whereas, e.g. thermal cooling has been observed in scales of
millimeters per year to centimeters per year after 5-15 years
[Wittmann et al. 2017], degassing and crystallisation of magma
reservoirs in scales of centimeters per year lasting a few years
[Caricchi et al. 2014], or volcano flank instability [Poland et al.
2017] in scales of centimeters per year lasting decades. Here,
an improved understanding of volcaniclastic compaction may
eventually enable such distinctions to constrain more accurate
models of volcano deformation and structural instability.

(4) Compaction is accompanied by reductions in bulk
porosity and void ratio, and increases in the bulk density, re-
sulting in depth-dependent changes in the physical and me-
chanical properties of the materials involved. These variables
are key parameters used to model volcanic edifices’ structural
stability [e.g. Schaefer et al. 2015]. Additionally, compaction
would reduce fluid storage capacity and permeability [e.g. Ash-
well and Kendrick et al. 2015; Wadsworth et al. 2016}, which
may promote pore fluid pressurisation [e.g. Farquharson et al.
2017] that may prompt volcano instability [Day 1996]. For
example, pore fluid pressurisation due to the shallow intru-
sion of a cryptodome in a volcanic edifice was hypothesised
to have been a major factor in the lateral collapses of Mount
St. Helens, USA, in 1980, and of Bezymianny, Russia, in 1956
[Donnadieu et al. 2001].

Experimental investigations are key to obtain robust, quan-
titative descriptions of geomaterials’ behaviour; yet, applica-
tion of the findings to natural processes (as undertaken with
our empirical models) should always be done with caution
as inferences are inherently associated with limitations and
assumptions, some of which are addressed here. Our inves-
tigation uses natural volcaniclastic materials, which facilitates
applicability; however, as we tested a narrow range of sam-
ple characteristics (density, porosity, mineralogy, grain sizes,
and polydispersivity) the observations are unlikely to fully cap-
ture the breadth of deformation behaviour anticipated in vol-
canic deposits, which have complex litho-stratigraphic het-
erogeneity. We opted for the methods employed herein, as
they allowed us to track porosity and density evolution during
compaction, however, we could not measure inter-granular
friction or cohesion, which are known to play key roles in
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volcaniclastic systems [e.g. Vandewalle et al. 2007; Lavallée
and Kendrick 2021; Walding et al. 2023]. Also, the selected
stressing rate of 0.1 MPa may limit applicability to scenarios
in which burial rates would be much slower or faster, possi-
bly by several orders of magnitude. Moreover, the short creep
duration makes extrapolation to the deformation timescales
commonly monitored at volcanoes (weeks to years) rather
challenging. Finally, the use of a rigid container would make
the application of our findings realistic to volcaniclastic de-
posits emplaced within the confines of depressions (e.g. val-
leys, calderas, etc.) and surrounded by strong, dense lavas,
or surrounded by granular material undergoing the same de-
gree of compaction as they would deform “vertically”, whereas
partially confined deposits on steep volcanic flanks may flow
laterally. Yet, here, we hope that the findings of this study will
help to shed new light on the role of structural instability of
surficial or shallow volcaniclastic systems at deforming vol-
canoes and in turn, promote future studies to systematically
describe volcaniclastic rheology and bridge some of the afore-
mentioned gaps to improve our understanding of gravitational
compaction of volcaniclastic deposits.

While the tested dataset used to model the instantaneous
and time-dependent deformation is limited to two lithologies
and two grain sizes, in a dry ambient environment, the re-
sults highlight the fundamental importance of volcaniclastic
systems in ground deformation models to improve hazard as-
sessment efforts. Volcaniclastic deposits are extremely diverse
so we encourage further field and experimental studies aiming
to constrain the full spectrum of deformation behaviour under
a wider range of ambient conditions extant in volcaniclastic
provinces.

7 CONCLUSIONS

We experimentally investigated the compaction of four dif-
ferent volcaniclastic materials (scoria and hyaloclastite of ash
and lapilli grain size via 1) dynamic and 2) static stressing. We
monitored length change and acoustic emissions and observed
that volcaniclastic materials may compact rapidly, leading to
substantial strain, porosity reduction and densification. Com-
paction mostly occurred during loading, especially at low
stresses where the resultant strain rates were highest; then
the compaction rates reduced with stress as samples den-
sified. AEs associated with a combination of grain repack-
ing and comminution increased with stress. The lapilli sam-
ples compacted more significantly during early loading (due
to the lower packing efficiency of larger grains), thus accu-
mulating higher total strains than ash samples, however, the
compaction behaviour of lapilli and ash converged at higher
stresses as the volcaniclastic systems achieved similar bulk
density, bulk porosity, and void ratio through compaction,
grain packing and comminution. Comparing between the be-
haviour of different lithologies, we observed that the weaker
hyaloclastites initially (within the first ~2 MPa) compacted
faster than the scoria, but then slowed more significantly at
higher stresses, which we attribute to their contrasting textu-
ral characteristics.

The samples all underwent compaction creep under pro-
longed applied stresses. During creep, strain rates rapidly
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declined after reaching the target static stress, with scoria ex-
hibiting consistently higher strain rates than the hyaloclastites.
For all tested samples, the creep strain rates were highest at
5-10 MPa applied stress; lower stress was insufficient to pro-
mote extensive compaction and at higher stress the dynamic
loading had already efficiently compacted the system. As such,
compaction dominantly occurs during dynamic stressing, and
in volcaniclastic systems are likely to exhibit prolonged creep
deformation when buried between ~400-1200 m.

The instantaneous and time-dependent compaction of vol-
caniclastic deposits, during dynamic loading (upon burial) and
static stress hold (i.e. prolonged creep) respectively, may pro-
mote significant deformation at volcanoes. We observed that
amere 2 MPa of applied stress (commensurate with a burial of
depth or thickness of ~180-230 m) caused volcaniclastic com-
paction to reach 10-30 vol.% or an equivalent surface subsi-
dence of 24-55 m. Prolonged creep can be expected to add
another ~1-3 m subsidence within less than a year, with the
majority of this deformation occurring within the first days
after burial.

We found the compaction behaviour of porous volcaniclas-
tic materials differs significantly from that of soils or dense
granular materials, on which the majority of work to date has
focussed, which emphasises the need to increase our attention
on volcaniclastics to improve our interpretation of ground de-
formation signals at volcanoes in order to improve our assess-
ment of flank instabilities and engineer risk-mitigation coun-
termeasures.
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