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Abstract Pressure and stress perturbations associated with volcanic activity and geothermal production can
modify the porosity and permeability of volcanic rock, influencing hydrothermal convection, the distribution of
pore fluids and pressures, and the ease of magma outgassing. However, porosity and permeability data for
volcanic rock as a function of pressure and stress are rare. We focus here on three porous tuffs from Krafla
volcano (Iceland). Triaxial deformation experiments showed that, despite their very similar porosities, the
mechanical behavior of the three tuffs differs. Tuffs with a greater abundance of phyllosilicates and zeolites
require lower stresses for inelastic behavior. Under hydrostatic conditions, porosity and permeability decrease
as a function of increasing effective pressure, with larger decreases measured at pressures above that required
for cataclastic pore collapse. During differential loading in the ductile regime, permeability evolution depends
on initial microstructure, particularly the initial void space tortuosity. Cataclastic pore collapse can disrupt the
low-tortuosity porosity structure of high-permeability tuffs, reducing permeability, but does not particularly
influence the already tortuous porosity structure of low-permeability tuffs, for which permeability can even
increase. Increases in permeability during compaction, not observed for other porous rocks, are interpreted as a
result of a decrease in void space tortuosity as microcracks surrounding collapsed pores connect adjacent pores.
Our data underscore the importance of initial microstructure on permeability evolution in volcanic rock. Our
data can be used to better understand and model fluid flow at geothermal reservoirs and volcanoes, important to
optimize geothermal exploitation and understand and mitigate volcanic hazards.

Plain Language Summary The volcanic rocks within a volcano or geothermal reservoir are
frequently subject to changes in pressure and stress. Understanding whether pressures and stresses increase or
decrease permeability, and by how much, is important for understanding volcano behavior and to maximize the
efficiency of a geothermal reservoir. We performed experiments in which we measured the permeability
evolution of porous volcanic rocks, three tuffs, as a function of pressure and stress. We also characterized their
mechanical behavior. We first show that their mechanical behavior depends on composition: the more clay
minerals and chlorite present, the weaker the tuff. We then show that increasing hydrostatic pressure (i.e., depth)
decreases their permeability, but that differential loading in the ductile regime can either decrease or increase
permeability. Rock permeability usually decreases during deformation in the ductile regime, and so the latter
result is surprising. The observed differences in permeability evolution during ductile deformation is attributed
to microstructural differences between the tuffs. However, changes in permeability as a function of pressure and
stress are small when compared to other rocks, suggesting that tuff may help to maintain hydrothermal
circulation in volcanoes and geothermal reservoirs, with attendant consequences for volcanic hazards and
geothermal energy exploitation.

1. Introduction

The permeability—the ease with which fluid can travel through a porous medium—of volcanic rock exerts
control over the efficiency of fluid flow within a volcanic structure (e.g., edifice or caldera) or reservoir and,
therefore, influences large-scale hydrothermal circulation and convection (Carlino et al., 2018; Ingebritsen
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et al., 2010; Manning & Ingebritsen, 1999; Sammel et al., 1988; Todesco et al., 2003) and the distribution of pore
fluids and pore fluid pressures (Ball et al., 2018; Day, 1996; Hurwitz et al., 2003; Reid, 2004). In volcanic
structures, the presence of water is known to reduce the strength of volcanic rocks due to chemical effects (Heap
& Violay, 2021; Zhu et al., 2016) and, mechanically, high pore fluid pressures in edifice rock can promote flank
instability and collapse (Day, 1996; Heap et al., 2021a; Reid, 2004). The ease with which magmatic volatiles can
outgas into the adjacent host rock also depends on the permeability of the system (Chevalier et al., 2017; Col-
linson & Neuberg, 2012), and impeding outgassing can generate high pore pressures and render the system prone
to magmatic fragmentation and erratic explosive behavior (Heap et al., 2019; Koyaguchi et al., 2008; Martel
et al., 2001; Spieler et al., 2004; Zhang, 1999). In volcanic geothermal reservoirs, the productivity of the
geothermal resource is governed by the efficiency of large-scale hydrothermal convection (Huenges and
Ledru, 2011), and so rock permeability is a metric of interest for hydrothermal convection models designed to
optimize production at existing geothermal sites or to prospect new locations for geothermal exploitation (Bauer
et al., 2019; Duwiquet et al., 2019; Guillou-Frottier et al., 2013; Hicks et al., 1996; Vallier et al., 2019).

Permeability is influenced by the physical properties of the rock matrix (e.g., porosity) and the structure of the
rock-mass (e.g., macroscopic discontinuities). The permeability of rock typically increases as a function of
porosity (Bourbie & Zinszner, 1985; Ehrenberg & Nadeau, 2005; Nelson, 1994; Wadsworth et al., 2016), and
macroscopic discontinuities serve to increase the permeability of a rock-mass (Heap & Kennedy, 2016; Kushnir
etal., 2018; Nara et al., 2011). Permeability can also be influenced by the effective pressure (assumed in this study
to equal the confining pressure (i.e., lithostatic pressure) minus the pore fluid pressure, sometimes referred to as
“Terzaghi's principal”), and by elastic and inelastic deformation. For example, decreasing or increasing the
effective pressure will increase or decrease, respectively, the permeability of rock (Brace et al., 1968; Darot &
Reuschlé, 2000; David et al., 1994; Meng et al., 2019) and a rock-mass (Baghbanan & Jing, 2008; Gangi, 1978;
Min et al., 2004). The influence of deformation on permeability depends on whether the rock is deforming in the
brittle or ductile regime, and also on the initial properties (e.g., porosity) of the rock. For example, the perme-
ability of low-porosity crystalline rocks increases in the brittle regime (Acosta & Violay, 2020; Mitchell &
Faulkner, 2012; Zoback & Byerlee, 1975) and decreases in the ductile regime (Violay et al., 2017), whereas the
permeability of high-porosity (>0.10-0.15) rock can decrease during brittle and ductile deformation (Heap
et al., 2022; Zhu & Wong, 1997).

The rocks comprising a volcanic structure or geothermal reservoir are often subject to pressure and stress per-
turbations associated with volcanic activity and geothermal production. For example, the effective pressure acting
on volcanic rock can be increased by lava effusion on the surface, or decreased by increases in pore fluid pressure
resulting from magma migration (Elsworth & Voight, 1996) and/or hydrothermal alteration (Heap et al., 2021a).
The pressurization and/or movement of magma and hydrothermal fluids within a volcanic structure or reservoir
can also increase the stresses acting on the volcanic rock (Gudmundsson, 2020; Todesco et al., 2004). And,
finally, stresses within a geothermal reservoir can be increased by production and injection, and pore pressures
can be increased and decreased by injection (Terakawa, 2014) and production (Segall & Fitzgerald, 1998),
respectively. These pressure and stress perturbations can modify the porosity and permeability of rock, with
implications for the myriad processes influenced by changes to fluid flow and convection.

However, experiments designed to explore porosity and permeability evolution in volcanic rock as a function of
pressure and stress—reviewed in the next section—are rare. In addition, the microstructural variability of vol-
canic rocks also demands experimental studies on the range of rock types typically encountered in volcanic
edifices and geothermal reservoirs and, so far, most studies have focused on lavas.

2. The Permeability of Volcanic Rock

The number of experimental studies aimed at understanding the permeability of volcanic rocks has increased in
the last decades, exposing not only a very wide range in permeability (from <1072° to >107'> m?), but also how
the varied microstructures of volcanic rocks can influence their permeability (Blower, 2001; Cant et al., 2018;
Colombier et al., 2017; Eichelberger et al., 1986; Farquharson et al., 2015; Heap et al., 2017; Klug & Cash-
man, 1996; Kushnir et al., 2016; Mordensky et al., 2018; Mueller et al., 2005; Rust & Cashman, 2004; Saar &
Manga, 1999; Siratovich et al., 2014; Sruoga et al., 2004; Wright et al., 2009). For example, volcanic rocks can
either be granular (e.g., tuffs, lithified mixtures of ash and lapilli that form during an explosive eruption) or non-
granular (e.g., lavas, rock that forms when molten or partially-molten lava cools following an effusive eruption),
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which dictates their original porosity structure and therefore permeability (e.g., Mueller et al., 2005). And, even
within the same microstructural family (granular or non-granular), large variations in void space connectivity and
tortuosity (e.g., Colombier et al., 2017; Wright et al., 2009), pore size, shape, and preferred orientation (e.g.,
Blower, 2001; Vairé et al., 2024; Vasseur & Wadsworth, 2017), and microcrack density (e.g., Kushnir
et al., 2016) further complicate porosity-permeability relationships.

Fewer experimental studies have sought to understand the influence of effective pressure on the permeability of
volcanic rocks (Eggertsson et al., 2020a, 2020b; Fortin et al., 2011; Heap et al., 2014, 2018a, 2022; Loiaza
et al., 2012; Nara et al., 2011; Vinciguerra et al., 2005, 2009). For example, Fortin et al. (2011) measured a
decrease in permeability of approximately two orders of magnitude (from ~10™'® to ~10™'® m?) in a low-porosity
(porosity of 0.047) basalt from Mt Etna (Italy) as effective pressure was increased to 150 MPa. For the same
increase in effective pressure, Heap et al. (2022) measured a decrease of only an order of magnitude (from ~107'
to ~107'% m?) for a porous (porosity of 0.21) trachyandesite from Volvic (France). The large decrease in
permeability observed in the basalt from Mt Etna, compared to the trachyandesite from Volvic, was thought to be
due to the high density of pre-existing microcracks in the basalt; these microstructural features are important for
permeability but close easily as effective pressure is increased (Heap et al., 2022). Vinciguerra et al. (2009) found
that the permeability of two tuffs from Alban Hills (Italy) decreased by a factor of 1-2 as effective pressure was
increased to 70 MPa. Experiments have shown that inelastic hydrostatic compaction decreases the permeability of
porous tuffs from Campi Flegrei (Italy; Heap et al., 2014) and porous hyaloclastite from Krafla volcano (Iceland;
Eggertsson et al., 2020b), but increases the permeability of a porous lava from the Azores (a volcanic archipelago
in the mid-Atlantic; Loaiza et al., 2012).

Only a few laboratory investigations have studied the influence of triaxial deformation on the permeability of
volcanic rock (Alam et al., 2014; Farquharson et al., 2016, 2017; Fortin et al., 2011; Heap et al., 2015a, 2020a,
2022; Wang et al., 2016). In the brittle regime, Fortin et al. (2011) showed that the permeability of a basalt from
Mt Etna increased by approximately a factor of two following the formation of a macroscopic shear fracture.
Farquharson et al. (2016) measured a progressive increase in the permeability of three lavas (one basalt and two
andesites) as a function of increasing axial strain in the brittle regime. These authors found that permeability
increased by up to three orders of magnitude at the maximum imposed inelastic strain of ~0.11 (Farquharson
etal., 2016). Heap et al. (2022) found that the permeability of trachyandesite from Volvic decreased by a factor of
2—-6 up to the peak stress and remained more-or-less constant following macroscopic fracture formation. The
permeability of high-porosity tuff (porosity of 0.37) from Shikotsu (Hokkaido, Japan) was found to remain more-
or-less constant up to an inelastic strain of ~0.10 in the brittle regime (Alam et al., 2014). However, the
permeability of tuff with a lower porosity (porosity <0.1) from Newberry volcano (Oregon, USA) increased by
several orders of magnitude following deformation in the brittle regime (Wang et al., 2016).

The permeability of porous lava and tuff has been shown to decrease during ductile deformation (Alam
etal., 2014; Farquharson et al., 2017; Heap et al., 2015a, 2020a, 2022). The permeability of andesites from Volcan
de Colima (Mexico), for example, decreased during ductile deformation by up to two orders of magnitude,
depending on the effective pressure and the amount of inelastic strain (Farquharson et al., 2017; Heap
etal., 2015a, 2020a). Heap et al. (2022) found that the permeability of trachyandesite from Volvic decreased by up
to an order of magnitude as a function of increasing deformation in the ductile regime (up to an axial strain of
~0.12). The permeability of porous tuff from Shikotsu decreased by about an order of magnitude following
deformation up to an inelastic strain of ~0.08-0.1 in the ductile regime (Alam et al., 2014). Permeability re-
ductions in lava during ductile deformation were found to be the result of the formation of compaction bands (i.e.,
planes of collapsed pores orientated sub-perpendicular to the applied differential stress; Loaiza et al., 2012; Heap
et al., 2015a, 2020a, 2022; Farquharson et al., 2017). In tuffs, rocks that do not develop compaction bands (Heap
et al., 2015b; Heap & Violay, 2021; Zhu et al., 2011), permeability was reduced by the distributed cataclastic
collapse of pores (Alam et al., 2014).

Owing to the paucity of experimental studies that provide data on the influence of effective pressure and dif-
ferential stress on the permeability of tuff, a rock type commonly encountered at volcanoes, we provide here an
experimental study in which we (a) measured the permeability (and P-wave velocity) of tuffs as a function of
increasing effective pressure (to pressures above the onset of inelastic compaction) and (b) measured the porosity
and permeability of tuffs as a function of increasing axial strain in the ductile regime. We also provide a complete
mechanical characterization of the studied tuffs to compare with previously published data for tuff. For our study,
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we selected three tuffs from boreholes drilled into Krafla volcano, described in detail in the next section. Although
we present data for tuff from Krafla volcano, we consider our new data relevant for the permeability structure and
evolution of volcanic structures (edifices and calderas) and geothermal reservoirs containing tuffs worldwide.

3. Materials and Methods

Krafla volcano, located in Northeast Iceland, is situated on a 90 km-long, NNE-trending fissure zone (Hjartar-
déttir et al., 2012; Opheim & Gudmundsson, 1989). The volcanic complex includes a 10 km-diameter caldera,
partially filled with hyaloclastites, basaltic lavas, and tuffs (Eggertsson et al., 2020a, 2020b; Escobedo
etal., 2021; Lévy et al., 2018; Mortensen et al., 2014; Weaver et al., 2020), that hosts a large hydrothermal system
(/:\rnason, 2020; Arnérsson et al., 2008; Gasperikova et al., 2015; Pope et al., 2016). The hydrothermal system has
been exploited by numerous geothermal wells to produce electricity since the mid-1970s (Fridleifsson & El-
ders, 2005; Fridleifsson et al., 2014; Armannsson et al., 1987). Volcanically-active areas are particularly inviting
locations for geothermal exploitation because high-temperature and superheated reservoirs can yield high power
outputs (Elders et al., 2014; Reinsch et al., 2017). Krafla volcano is an active volcano and, in the past 3,000 years,
fissure eruptions have occurred every 300-1,000 years; the most recent activity was the Krafla Fires of 1975—
1984 (Bjornsson, 1985; Bjornsson et al., 1977; Semundsson, 1991).

For this study, three tuffs from different depths were selected from boreholes KH-05 and KH-06: 394.0-394.5 m
(KT1; borehole KH-05), 505.5-506.0 m (KT2; borehole KH-05), and 688.9-690.6 m (KT3; borehole KH-06)
(borehole locations shown in Figure la; Gautason et al., 2007). These samples were selected based on their
different depths (corresponding to different predicted alteration zones, see Escobedo et al., 2021) and their
different textures and colors. Although tuff is not the most volumetrically important rock type in the caldera-fill
stratigraphy at Krafla, porous tuffs are common and are encountered in borehole KH-06 at depths of ~4-6, ~16—
20, ~185-190, ~272-298, ~315-318, and ~620-622 m, and in borehole KH-05 at depths of ~36—44, ~97-100,
~130-150, ~367-370, and ~492-494 m (Gautason et al., 2007). Typically, the layers of tuff are several meters in
thickness. Detailed stratigraphic logs of boreholes KH-05 and KH-06 can be found in Gautason et al. (2007).

In hand specimen, KT1 is a heterogeneous green-, gray-, and white-colored tuff with a wide particle size dis-
tribution (the fragments within the matrix can be up to 10 mm in size), KT2 is a relatively homogenous and fine-
grained light-green-colored tuff, and KT3 is a relatively homogenous and fine-grained white-gray-colored tuff
(Figures 1b and 1c). Backscattered scanning electron microscope (SEM) images of the intact tuffs show that KT1
and KT2 are composed of angular and sub-spherical fragments (Figures 1d and 1e), and that KT3 is composed of
angular fragments (Figure 1f).

A detailed grain size analysis of the matrix (data available as Supporting Information S1; Data Set S1) was
performed for each sample by manually drawing around individual grains on SEM images and then analyzing the
resulting image using open-source image analysis software ImageJ. The equivalent grain diameter of each grain,
d, was calculated using d = 3/2(dy), where d. is the average Feret diameter. Our analysis shows that KT1 has a
wide grain size distribution (standard deviation of ~35 pm), and that most grains are ~45-75 pm in diameter
(mean grain diameter is ~73 pm) (Figure S1 in Supporting Information S1). The majority of grains in KT2 are
~30-50 pm in diameter (mean grain diameter is ~44 pm) and very few grains are >100 pm in diameter, giving
KT2 a narrow grain size distribution (standard deviation of ~22 pm) (Figure S2 in Supporting Information S1).
Although the majority of grains in KT3 are ~10-20 pm in diameter (mean grain diameter is ~45 pm), the grain
size distribution is large (standard deviation of ~49 pm), giving KT3 a positively skewed grain size distribution
(Figure S3 in Supporting Information S1). The pores within the tuffs, the void space between fragments, range
from a few microns up to ~500 pm in KT1, up to ~50-70 pm in KT2, and up to ~200 pm in KT3 (Figures 1d, le,
and 1f).

Quantitative phase analysis of a hand-powdered aliquot of each of the three tuffs was performed using X-ray
powder diffraction (XRPD) data and the Rietveld approach (BGMN/Profex, Doebelin & Kleeberg, 2015)
(Table 1). The XRPD data are provided in the Supporting Information (Figures S4, S5, and S6 in Supporting
Information S1). To ensure that our mineral composition data are representative of the core from which our
experimental samples were prepared, the measured aliquot was taken from a large, and well-mixed, mass of
powder (~50-100 g). The clay minerals were identified by XRPD using an oriented specimen in an air-dried,
ethylene-glycolated and heated (heated to, and cooled from, 550°C) state. In terms of clay minerals, KT1 and KT2
contain 27.3 and 20.9 wt% of mixed-layer chlorite-smectite, respectively, and KT3 contains 15 wt% of mixed-
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a) § Krafla lava fields

power plant

KH-06

Figure 1. (a) GoogleEarth® image showing the location of boreholes KH-05 and KH-06 drilled by Landsvirkjun. The power
plant is surrounded by mafic lavas to the north and west, and subglacial hyaloclastites and mafic lavas to the northeast and
south. Hrafntinnuhryggur, a rhyolitic dyke to the east of the power plant, forms a prominent ridge. See Seemundsson

et al. (2012) for a geologic map of the area. Inset shows a map of Iceland in which the locations of Krafla and Reykjavik are
indicated by the red triangle and blue circle, respectively. (b) Photographs of the core material collected from the boreholes.
KT1 was collected from KH-05 at a depth of 394.0-394.5 m, KT2 was collected from KH-05 at a depth of 505.5-506.0 m,
and KT3 was collected from KH-06 at a depth of 688.9-690.6 m. (c) Photographs of 20 mm-diameter samples of KT1, KT2,
and KT3. (d) Backscattered scanning electron microscope (SEM) image of KT1. (¢) SEM image of KT2. (f) SEM image of
KT3. In the SEM images, black and gray correspond to the porosity and the rock-forming minerals, respectively.

layer R3 ordered illite-smectite (Table 1). Based on a microstructural inspection (Figures 1d, le, and 1f), the clay
minerals in all three tuffs form part of the matrix between grains (i.e., at the grain contacts), and are also present
within some pores (i.e., pore-filling).

Cylindrical samples were cored parallel to the axis of the retrieved core to a diameter of 20 mm. These samples
were then cut, precision-ground to a length of ~40 mm (examples are shown in Figure 1c), washed using water,
and then vacuum-dried in an oven for 48 hr at a temperature of 40°C. We prepared seven samples of KT1 and 10
samples of KT2 and KT3 (a total of 27 samples). The skeletal volume of each of the 27 samples was measured
using a helium pycnometer, which was then used to calculate their connected porosity using their bulk sample
volume (measured using digital calipers). Relative uncertainties of measurements of connected porosity are <2%.
The solid density of KT1, KT2, and KT3 was calculated by measuring the mass and volume of hand-powdered
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Table 1 offcuts using, respectively, an electronic balance and the helium pycnometer.
Mineral Modes The total porosity of each of the 27 samples was then determined using the dry
Mineral — — — l.:)ulk density o_f each sample and the solid density of the parent co.re. The
isolated porosity of each sample was then calculated by subtracting the
uarts 293 92 468 connected porosity from the total porosity. All of the 20 mm-diameter sam-
albite 11.7 29.7 > ples were then vacuum-saturated with de-aired, deionized water. We per-
K-feldspar 6.5 6.3 10.4 formed three sets of laboratory experiments for this study: (a) hydrostatic
plagioclase i} i} 13.9 experiments in which we measured P-wave velocity and permeability as a
ity @l s 273 20.9 ) function .of effective pressure (performed .at the Strasb.our.g Institute o‘f Earth
ed] R ordered illi ) 150 and Environment (ITES, France)), (b) uniaxial and triaxial deformation ex-
mixed-layer R ordered illite-smectite ) ) : periments (performed at the ITES), and (c) triaxial deformation experiments
epidote LD 2.6 - in which we measured permeability during deformation (performed at the
actinolite = 19.6 2 Laboratory of Experimental Rock Mechanics (LEMR) at the Ecole Poly-
titanite 8.0 8.6 = technique Fédérale de Lausanne (Switzerland)).
wairakite . . 6.7 The P-wave velocities and permeabilities of one water-saturated 20 mm-
pyrite 0.3 . 4.0 diameter sample of each of the three tuffs (Table 2) were measured under
chlorite - - 2.8 ambient laboratory temperature as a function of increasing effective pressure
silsie _ 3.4 _ at ITES. A schematic diagram of the device is provided in Figure S7a in
Supporting Information S1. Each sample was inserted into a Viton© jacket
gypsum - - 0.4

Note. Mineral modes, measured by X-ray powder diffraction (XRPD), for the
three tuffs collected from Krafla for this study. Values in wt%". “Trace
gypsum in KT3 likely formed following the oxidation of pyrite following

core retrieval.

and then placed inside the hydrostatic pressure vessel. The confining pressure
(oil) was then increased to 1 MPa. Following microstructural equilibration at
the target effective pressure, P-wave velocity was measured using the sample
length and the corrected (i.e., corrected for the transit time through the metal
endcaps) transit time between two piezoceramic transducers housed within
steel endcaps in contact with the top and bottom of the sample. The transmitting transducer was excited (a si-
nusoidal pulse with a frequency of 700 kHz) by an Agilent 33220A 20 MHz Function/Arbitrary Waveform
Generator, and the signal from the receiving transducer was amplified using a preamplifier from Physical
Acoustics. The amplified signal from the receiving transducer was digitally stored using an oscilloscope (sam-
pling rate 500 MHz; data available as Supporting Information; Data Sets S2, S3, and S4) and the transit time was
manually picked as the first deviation from the background signal. The permeability of the sample was then
measured using either the steady-state (for high permeability measurements) or pulse-decay (for low permeability
measurements) method. For the steady-state method, we imposed a pore pressure differential (P, — P,) of
0.5 MPa along the length of the sample (i.e., in the same direction as the measurements of P-wave velocity) and
the mass of water flowing out of the sample was measured over time (using an electronic balance with a precision
of +0.0005 g), which was converted to a volumetric flow rate, Q, using the density of water at ambient conditions
(data available as Supporting Information; Data Sets S2, S3, and S4). Permeability, k, was determined using
Darcy's law once the volumetric flow rate was constant (i.e., steady-state flow):

Q_ k
X—/E(Pu_Pd) Q)

where p is the viscosity of the pore fluid, and A and L are the cross-sectional area and length of the sample,
respectively (all assumed to be constant). For the pulse-decay measurements, we monitored the pressure decay of
an upstream reservoir (at a starting pore pressure differential of 0.5 MPa) of known volume (data available as
Supporting Information; Data Sets S2, S3, and S4). Permeability was then determined using (Brace et al., 1968):

AP,(t)  exp(~at) @)
_AK(C, + Cy)

where AP, is the change in pore fluid pressure, ¢ is time, and C, and C, are the compressive storages of the
upstream and downstream pore pressure circuits, respectively, defined as the ratios of the change in fluid volume
corresponding to the pore pressure variation (C = dV/oP,). When the downstream pore pressure is connected to
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Table 2
Experimental Summary

Confining  Pore fluid  Effective Peak
Connected Total pressure pressure pressure differential

Sample Test type porosity porosity (MPa) (MPa) (MPa) stress (MPa) C* (MPa) P* (MPa)
KTI1_6 Hydrostatic 0.33 0.33 hydro 10 hydro - - 23
KTI1_5 Uniaxial 0.34 0.34 0 0 (wet) 0 14.8 - -
KT1_2 Uniaxial 0.34 0.34 0 0 (dry) 0 40.2 - -
KTI1_4 Triaxial 0.33 0.33 15 10 5 19.5 - -
KT1_3 Triaxial 0.35 0.35 20 10 10 24.3 - -
KT1 7 Triaxial 0.35 0.35 25 10 15 - 14.5 -
KT1_1 Hydrostatic + P-wave + permeability 0.34 0.34 <60 - <60 - - 20-25
KTI1_1 EPFL Triaxial + permeability 0.35 0.35 25 10 15 - 12.8 -
KT2_7 Hydrostatic 0.33 0.33 hydro 10 hydro - - 46
KT2_5 Uniaxial 0.33 0.33 0 0 (wet) 0 32.8 - -
KT2_2 Uniaxial 0.34 0.34 0 0 (dry) 0 64.7 - -
KT2_3 Triaxial 0.35 0.35 15 10 5 36.7 - -
KT2_4 Triaxial 0.33 0.33 20 10 10 479 - -
KT2_8 Triaxial 0.34 0.34 25 10 15 46.0 - -
KT2_6 Triaxial 0.34 0.34 30 10 20 - 34.9 -
KT2_9 Triaxial 0.33 0.33 35 10 25 - 29.7 -
KT2_10 Triaxial 0.33 0.33 45 10 35 - 21.3 -
KT2_1 Hydrostatic + P-wave + permeability 0.33 0.33 <60 - <60 - - 45-50
KT2_1 EPFL Triaxial + permeability 0.33 0.33 40 10 30 - 24.7 -
KT3_9 Hydrostatic 0.30 0.29 hydro 10 hydro - - 38
KT3_7 Uniaxial 0.29 0.29 0 0 (wet) 0 19.2 - -
KT3_10 Uniaxial 0.31 0.30 0 0 (dry) 0 323 - -
KT3_1 Triaxial 0.29 0.29 15 10 5 31.8 - -
KT3_4 Triaxial 0.30 0.30 20 10 10 29.7 - -
KT3_3 Triaxial 0.28 0.29 25 10 15 - 28.9 -
KT3_5 Triaxial 0.28 0.28 30 10 20 - 24.8 -
KT3_6 Triaxial 0.28 0.28 35 10 25 - 20.6 -
KT3_2 Triaxial 0.28 0.28 40 10 30 - 14.1 -
KT3_8 Hydrostatic + P-wave + permeability 0.29 0.29 <60 - <60 - - 3545
KT3_1 EPFL Triaxial + permeability 0.28 0.28 35 10 25 - 17.2 -
KT3_3 EPFL Triaxial + permeability 0.30 0.30 35 10 25 - 20.1 -

Note. Summary of the deformation experiments performed for this study. C* - differential stress required for the onset of shear-enhanced compaction; P* - differential
pressure required for the onset of hydrostatic inelastic compaction®. “Samples simply labeled with a number (e.g., KT1_1) are 20 mm-diameter samples measured in
Strasbourg (France) and samples labeled with “EPFL” (e.g., KT1_1_EPFL) are 37 mm-diameter samples measured at EPFL (Lausanne, Switzerland).

the atmosphere, as in our setup, 1/C; = 0, and a = Ak/uLC,. P-wave velocity and permeability measurements
were made during pressurization to and from a confining pressure of 60 MPa.

Triaxial deformation experiments (i.e., o, > 0, = 03; where o, 0,, 03 are the maximum, intermediate, and
minimum principal stresses, respectively) were performed on 20 mm-diameter samples of each of the three tuffs
at a range of effective pressures, P,, from 5 to 35 MPa (using a pore fluid pressure, P,, of 10 MPa), at ITES
(Table 2) (a schematic diagram of the device is provided in Figure S7b in Supporting Information S1). P, is
assumed here to be P, = P, — P,, where P, is the confining pressure. All experiments were performed at ambient
laboratory temperature. The confining (oil) and pore fluid (deionized water) pressures were slowly increased to
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the target pressures using servo-controlled pumps equipped with encoders (manufactured by Nova Swiss). After
the target pressure was reached, the sample was left to equilibrate at the target effective pressure (i.e., until the
porosity of the sample had reached a constant value). The samples were then deformed at an axial strain rate of
107° s, Experiments were stopped following macroscopic failure in the case of the brittle experiments (indi-
cated by a stress drop) or, if the behavior was assumed to be ductile (i.e., there was no stress drop), at an axial
strain of 4%. We define brittle experiments as those that failed by the formation of a macroscopic shear fracture.
Ductile behavior is defined here as the capacity of a rock to deform to large strains without macroscopic shear
fracture formation. We consider that these failure modes describe the mechanical behavior on the sample
lengthscale, and that they are independent of deformation micromechanism (see Wong and Baud (2012) and Heap
and Violay (2021) for further discussion on failure mode). During the experiments, axial load was measured using
the oil pressure inside a pressurized chamber above the pressure vessel, the chamber diameter, and the diameter of
the piston. Axial displacement was measured using an external linear variable differential transducer (LVDT).
Axial load and displacement were then converted to axial stress and strain using the original sample radius and
length. Pore volume change (i.e., the change in sample porosity) was also calculated using data from the pore
pressure encoder. Signals from all transducers were digitized using a Keithley 2000 Series Multimeter and stored
and displayed using a LabVIEW program.

We performed additional experiments in the triaxial deformation apparatus at ITES (Figure S7b in Supporting
Information S1). First, we performed uniaxial (i.e., P, and P, were equal to zero) experiments on oven-dried and
water-saturated samples of each tuff (Table 2). Second, we performed a hydrostatic experiment (i.e., 6, = 6, = 63)
on a sample of each tuff in which we measured sample porosity change during hydrostatic pressurization (using a
P, of 10 MPa) (Table 2). Confining pressure was increased in small steps (2-10 MPa) during the hydrostatic
experiment, and the next pressure increment was only applied following the microstructural equilibrium of the
sample. All data for the uniaxial and triaxial experiments performed at ITES are available as Supporting Infor-
mation (Data Sets S5, S6, and S7).

A final set of experiments was performed on 37 mm-diameter samples (precision-ground to a length of ~77—
83 mm) of each tuff using FIRST (Fluid Induced eaRthquake SimulaTor), a triaxial deformation apparatus at
the LEMR (Cornelio & Violay, 2020; Heap et al., 2022; Noél et al., 2021a; a schematic diagram of the device
is provided in Figure S7c in Supporting Information S1) (Table 2). During these experiments, permeability
was measured parallel to the axis of the cylindrical sample during constant strain rate deformation under an
effective pressure corresponding to the ductile regime, guided by the experiments performed at ITES. Each
sample was first saturated with de-aired and deionized water, sandwiched between two pore fluid distribution
plates (3 mm-thick), inserted in a Viton© jacket, and then placed inside the pressure vessel. Independently
controlled servo-controlled pore fluid pressure pumps, equipped with encoders, were connected to the top
(upstream) and bottom (downstream) of the sample. The vessel was closed and the confining pressure (oil)
and pore fluid (deionized water) pressure were increased to 12 and 10 MPa, respectively. Following
microstructural equilibration, permeability was measured at P, = 2 MPa. First, the downstream and upstream
pore fluid pressure pumps were set to constant pore fluid pressures of 9.5 and 10.5 MPa, respectively (pore
pressure differential of 1 MPa). The volumetric flow rate of water moving through the sample was tracked by
the pore fluid pressure pump encoders. Permeability was calculated using Darcy's law (Equation 1) once
steady-state flow was established. The pore fluid pressure pumps were then set to 10 MPa and one was
isolated from the sample. By isolating one of the pore fluid pressure pumps, porosity change during hy-
drostatic pressurization can be accurately calculated using the encoder of the connected pump. Sample
permeability was measured, as described above, at several pressures up to the target effective pressure for the
deformation experiments.

After microstructural equilibration at the target effective pressure, the samples were deformed at a constant strain
rate of 107> s™'. During deformation, only one pore fluid pressure pump (set to a constant pressure of 10 MPa)
was connected to the sample so as to measure porosity change. Axial strain was calculated using the initial sample
length and the average displacement measured by two internal LVDTs. A hemispherical seat, positioned on top of
the upper endcap, ensured that there was no misalignment during loading. Axial stress was calculated using the
pressure acting on the piston, the area of the top of the piston, and the original sample radius. Sample permeability
was measured intermittently during deformation. To measure permeability, the position of the piston was halted,
both pore fluid pressure pumps were connected to the sample, a pore pressure differential of 1 MPa was set
between the pumps, and permeability was determined as described above. Once permeability was measured, the
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36 pore pressures were set back to 10 MPa, one pump was isolated from the
. sample, and deformation was restarted. This method was continued up to an
£ 341 axial strain of 0.11-0.13. The method described here has been used previously
_é 3.21 used to measure the permeability of porous lava (Heap et al., 2022), porous
> 304 limestones (Meng et al., 2019), and porous sandstones (Baud et al., 2012;
g Fortin et al., 2005; Zhu & Wong, 1997) during deformation. All data for the
Q 2.8+ KT @ pressurization triaxial experiments performed at EPFL are available as Supporting Infor-
[ 26 O de-pressurization mation (Data Sets S8, S9, S10, and S11).
© . B pressurization
2 KT2 O de-pressurization
o 244 KT3 A pressurization 4, Results
50 a) A\ de-pressurization
’ T T T T T T T 4.1. POrOSity
0 10 20 30 40 50 60
effective pressure (MPa) The connected porosity of the samples of tuff was measured to be 0.33-0.35,
0.33-0.34, and 0.28-0.31 for KT1, KT2, and KT3, respectively (Table 2). The
107 solid densities of KT1, KT2, and KT3 were measured to be 2,959.4, 2,907.6,
and 2,691.9 kg/m>, respectively, yielding total porosities that are essentially
& 105 the same as the measured connected porosities (Table 2). In other words, there
é is little to no isolated porosity in the studied tuffs.
>
% 107" 4.2. P-Wave Velocity and Permeability Under Hydrostatic Conditions
O
S The evolution of P-wave velocity and permeability as a function of effective
8 10774 ressure for samples of KT1, KT2, and KT3 is shown in Figures 2a and 2b,
p p g
respectively. During pressurization, the P-wave velocity of each tuff first
10-¢ increased (Figure 2a). Then, at a threshold effective pressure—25 MPa for

Figure 2. P-wave velocity (a) and permeability (b) as a function of effective
pressure during the hydrostatic pressurization (filled symbols) and

20

T T KT1, 45 MPa for KT2, and 40 MPa for KT3—P-wave velocity decreased.
The P-wave velocity of KT2 and KT3 decreased up to the maximum effective

30 40 50 60
effective pressure (MPa)

pressure of 60 MPa (Figure 2a). However, the P-wave velocity of KT1
increased as the effective pressure was increased from 45 to 60 MPa
(Figure 2a). During depressurization, the P-wave velocity of each tuff

depressurization (unfilled symbols) of samples of water-saturated tuff from decreased (Figure 2a). We also note that the P-wave velocity for a given

Krafla volcano (KT1, KT2, and KT3). The relative error on our permeability
measurements is <1% (i.e., within the symbol size).

pressure during depressurization was much lower than during pressurization
(Figure 2a). For example, at 1 MPa, the P-wave velocity of KT1, KT2, and
KT3 during depressurization was 0.59, 0.37, and 0.49 km/s slower than
during pressurization, respectively (Figure 2a).

The permeability of KT1 and KT3 decreased modestly up to a threshold effective pressure of 20 and 40 MPa,
respectively (Figure 2b). Above these threshold pressures, there was a pronounced increase in the reduction of
permeability of KT1 and KT3 per unit pressure as a function of effective pressure (Figure 2b). This is especially
true for KT1, the permeability of which decreased from 1.03 x 107" t0 4.09 x 10™'7 m? as effective pressure was
increased from 20 to 60 MPa (Figure 2b). The permeability of KT2, however, decreased steadily as the effective
pressure was increased from 1 to 60 MPa, without a pronounced increase in the reduction of permeability per unit
pressure as a function of effective pressure (Figure 2b). The permeability of KT2 only decreased from
9.53 x 1078 to 4.77 x 107" m? as effective pressure was increased from 1 to 60 MPa (Figure 2b). During
depressurization, the permeability of KT1 and KT3 remained more-or-less constant as effective pressure was
reduced to ~20 MPa (Figure 2b). At pressures below ~20 MPa, the permeability of KT1 and KT3 increased as the
effective pressure was decreased to 1 MPa (Figure 2b). The permeability of KT2, however, remained more-or-less
constant as effective pressure was reduced from 60 to 1 MPa (Figure 2b). We also note that the permeability for a
given pressure during depressurization was often much lower than during pressurization (Figure 2b). For
example, at 1 MPa, the permeability of KT1, KT2, and KT3 during depressurization was a factor of 16.8, 1.8, and
3.9 lower than during pressurization, respectively (Figure 2b).

4.3. Triaxial Deformation Experiments

Stress-strain curves, and porosity reduction as a function of axial strain, for the deformation experiments
performed at P, between O (i.e., uniaxial) and 35 MPa are shown in Figure 3. The experiments performed on
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Figure 3. (a), (b), and (c) Stress-strain curves for three tuffs from Krafla volcano (KT1, KT2, and KT3) deformed at different effective pressures (provided next to each
curve). (d), (e), and (f) Porosity reduction as a function of axial strain for the experiments shown in panels (a), (b), and (c). The effective pressure is provided next to each
curve. Insets show photographs of samples deformed in the brittle regime and the ductile regime. Shear fractures are shown for KT1 and KT?2 (at effective pressures of
5 MPa) and axial splits are shown for KT3 (at an effective pressure of 0 MPa).

KT1, KT2, and KT3 at P, = 0-5 MPa, P, = 0-15 MPa, and P, = 0-10 MPa, respectively, can be classified as
brittle: their stress-strain curves are characterized by peak stresses and strain softening (Figures 3a, 3b, and 3c),
and the post-deformation samples contained shear fractures at P, > 0 MPa or axial splits at P, = 0 MPa (see
insets on Figures 3d, 3e, and 3f). Although the samples deformed under these effective pressures were brittle,
the porosity of these samples decreased during deformation (Figures 3d, 3e, and 3f). The experiments per-
formed on KT1, KT2, and KT3 at P, > 10 MPa, P, > 20 MPa, and P, > 15 MPa, respectively, can be classified
as ductile: their stress-strain curves are characterized by strain hardening and an absence of a peak stress
(Figures 3a, 3b, and 3c), and the post-deformation samples did not contain shear fractures (see insets on
Figures 3d, 3e, and 3f). The porosity of the samples deformed in the ductile regime decreased as a function of
axial strain and, for a given axial strain, a larger decrease was observed at higher P, (Figures 3d, 3e, and 3f).
These data highlight that the effective pressure required for ductile behavior is the lowest for KT1 and highest
for KT2 (Figure 3).

Effective mean stress, P, defined as P = (6, + 6, + 03)/3 — P,, is plotted as a function of porosity reduction for
the experiments performed on samples of KT1, KT2, and KT3 in Figures 4a, b, and 4c, respectively. Figure 4
includes data for the hydrostatic experiments (black dashed lines) and the triaxial deformation experiments (solid
colored lines). The onset of inelastic compaction during the hydrostatic experiments, P*, occurred at a pressure
of 23, 46, and 38.8 MPa for KT1, KT2, and KT3, respectively (Figure 4; Table 2). The position at which the
triaxial curves deviate from that of the hydrostatic indicates the onset of inelastic deformation. Deviations to the
left of the curve (i.e., an increase in porosity) indicate the onset of dilatational microcracking, termed C’, and
deviations to the right (i.e., a decrease in porosity) indicate the onset of shear-enhanced compaction, termed C*
(Figure 4).

A plot of the differential stress at failure as a function of the effective mean stress at failure shows the failure
envelope and compactive yield cap for the three tuffs from Krafla (Figure 5). The peak stress maps out the failure
envelope in the brittle regime, and C* maps out the yield cap in the ductile regime (with P* at Q = 0) (see review
by Wong & Baud, 2012). These diagrams, so-called “P-Q plots”, are a convenient way to compare the me-
chanical behavior of rocks. Figure 5 shows that the stresses required for brittle failure, the onset of shear-
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enhanced compaction (C*), and the onset of inelastic hydrostatic compaction
(P*) are lowest for KT1 and highest for KT2.
4.4. Influence of Deformation in the Ductile Regime on Permeability
60 A
a) KT1 We performed four triaxial deformation experiments in which we measured
50 4 permeability during deformation at an effective pressure corresponding to
the ductile regime (15, 30, and 25 MPa for KT1, KT2, and KT3, respec-
40 1 hydrostat tively). Two experiments were performed on samples of KT3 at the same
- pam="" effective pressure to check for reproducibility. The stress-strain curves for
- ="

pre—y, ” 15
20 o*—/%/_——r

effective mean stress (MPa)

0 -t
L] T T T T
0.00 0.01 0.02 0.03 0.04
porosity reduction
60 -
b) L. hydrostat KT2

effective mean stress (MPa)

O -
L] T T T T
0.00 0.01 0.02 0.03 0.04
porosity reduction
60 -
c) KT3
50 - - hydrostat

effective mean stress (MPa)

T
0.00 0.01 0.02 0.03 0.04
porosity reduction

Figure 4. Effective mean stress as a function of porosity reduction for the
triaxial experiments performed on samples of (a) KT1, (b) KT2, (c) KT3
(colored solid lines), alongside data from hydrostatic experiments performed
on each tuff (thick black dashed lines). The effective pressure is provided
next to each curve. The onset of inelastic compaction in the hydrostatic
experiments, P*, and examples of the onset of shear-enhanced compaction,
C*, and dilatational microcracking, C’, are labeled on relevant triaxial
curves.

the experiments are shown in Figure 6a, which are qualitatively similar to
the stress-strain curves shown in Figure 3. The experiments shown in
Figure 6a also show that, at higher axial strains, there is a gradual reduction
in the rate of strain hardening for KT3, but not for KT1 and KT2. Porosity
reduction as a function of axial strain is shown in Figure 6b; these curves are
also qualitatively similar to the porosity reduction curves shown in Figure 3.
The porosity data of Figure 6b show that the decrease in the rate of strain
hardening in KT3 (Figure 6a) was also accompanied by a decrease in the
rate of porosity reduction. Finally, permeability as a function of axial strain
is shown in Figure 6¢. For KT1, permeability decreased continuously, from
1.45 x 107" t0 2.49 x 107" m?, up to the maximum axial strain of ~0.13
(Figure 6¢). For KT2, permeability decreased from 7.71 x 107'% to
6.22 x 107'® m? as axial strain was increased from 0 to ~0.009 (Figure 6c).
The permeability of KT2 remained more-or-less constant at axial strains
above ~0.009, although we note that permeability increased very slightly
from an axial strain of ~0.1 to the maximum axial strain of ~0.135
(Figure 6¢). For KT3, permeability decreased very slightly at low strain, and
then increased slightly up to the maximum axial strain (Figure 6¢). The
increase in permeability during deformation is more pronounced in sample
KT3_1_EPFL than in sample KT3_3_EPFL (Figure 6¢). In summary, while
the permeability of KT1 decreased during deformation by about a factor of
six, the permeability of KT2 and KT3 did not change appreciably during
deformation in the ductile regime (Figure 6¢). The mechanical behavior and
permeability evolution of the two KT3 experiments were found to be very
similar (Figure 6), although we note that there is a slight difference in the
evolution of porosity during deformation (Figure 6b).

The complete evolution of porosity and permeability during the experiments
shown in Figure 6 (i.e., including the hydrostatic pressurization and
depressurization) is shown in Figure 7. For all samples, porosity and
permeability decreased during hydrostatic pressurization (Figure 7). For
KT1, porosity and permeability decreased during differential stress loading,
and then increased during depressurization (Figure 7). The permeability of
KT1 was lower at the end of the experiment than at the start (Figure 7). For
KT?2, however, porosity decreased while permeability remained more-or-
less constant during differential stress loading (although we note that
permeability increased slightly during the latter stages of deformation)
(Figure 7). The porosity and permeability of KT2 both increased during
depressurization, and we note that the permeability of KT2 was higher at the
end of the experiment than at the start (Figure 7). For KT3, the porosity
decreased while the permeability increased slightly during differential stress
loading, and porosity and permeability both increased during depressur-
ization (Figure 7). The permeability of KT3_1_EPFL was higher, and the
permeability of KT3_3_FEPFL was more-or-less the same, at the end and
beginning of the experiment (Figure 7).
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504 5. Discussion
— 04 e o KT1

6_6 = o0 KT2 5.1. Influence of Effective Pressure on P-Wave Velocity and
E 40 . AAKT3 Permeability
&) N . Our data show that P-wave velocity and permeability increased and

% 301 A a T decreased, respectively, as effective pressure increased up to a threshold
% L] A = pressure corresponding to P* (~25 MPa for KT1, ~45 MPa for KT2, and
< 201 ) AA — ~40 MPa for KT3; although we note that the permeability of KT2 decreased
"qc'; K4 A steadily as the effective pressure was increased from 1 to 60 MPa, without a

o 104 pronounced increase in the decrease of permeability as a function of effective
% pressure) (Figure 2). Increases in P-wave velocity (Fortin et al., 2011; Nara

0- A = et al,, 2011; Stanchits et al., 2006; Vanorio et al., 2002; Vinciguerra
(') 1'0 2'0 3'0 4'0 5'0 et al., 2005, 2009) and decreases in permeability (Fortin et al., 2011; Heap

Figure 5. Differential stress at failure (the peak stress for the brittle

effective mean stress P (MPa)

et al., 2014, 2018a, 2022; Loaiza et al., 2012; Nara et al., 2011; Vinciguerra
et al., 2005, 2009) have been previously observed during the elastic hydro-
static loading of volcanic rocks, and have been interpreted as due to the

experiments and C* for the ductile experiments) as a function of effective closure of pre-existing microcracks or the pinching of narrow pore throats.
mean stress for the three tuffs from Krafla volcano (KT1, KT2, and KT3;

data provided in Table 2). Values for P* (i.e., Q = 0 MPa) are also shown.

At the onset of inelastic hydrostatic compaction, P*, the rate of P-wave ve-

Filled symbols - data from ITES (Strasbourg, France; 20 mm-diameter locity decrease per unit pressure increased (Figure 2a). Notable decreases in
samples); open symbols - data from EPFL (Switzerland; 37 mm-diameter P-wave velocity at pressures higher than P* have been previously observed in
samples). porous sandstones (Fortin et al., 2005), porous limestones (Baud et al., 2017,

Dautriat et al., 2011), and porous tuffs (Heap et al., 2014). These decreases
were considered the consequence of grain crushing in the case of sandstone, and cataclastic pore collapse in the
case of limestone and tuff. Therefore, as observed in other porous tuffs from Campi Flegrei (Heap et al., 2014) and
the Alban Hills (Zhu et al., 2011), we consider that the cataclastic collapse of pores and the formation of
microcracks at pressures above P* can explain the increase in the rate of P-wave velocity decrease per unit
pressure (Figure 2a).

An increase in P-wave velocity at large volumetric strains, as seen in KT1 as pressure was increased from 45 to
60 MPa (Figure 2a), has also been observed in porous limestones (Baud et al., 2017; Dautriat et al., 2011). The
onset of P-wave velocity increase marks the pressure at which the influence of porosity reduction resulting from
pore collapse (acting to increase P-wave velocity) outweighs the influence of the microcracking associated with
pore collapse (acting to decrease P-wave velocity). We anticipate that P-wave velocity would also increase in KT2
and KT3, rocks that transition to inelastic behavior at higher pressures, at pressures higher than those used here
(i.e., >60 MPa; Figure 2a). During depressurization, the P-wave velocity of all three tuffs decreased (Figure 2a)
and can be explained by the progressive opening of microcracks and widening of contacts between fragmented
particles within collapsed pores as a function of decreasing effective pressure.

At the onset of inelastic hydrostatic compaction, P*, the rate of permeability decrease per unit pressure increased
in KT1 and KT3 (Figure 2b). We interpret this increase to be a consequence of cataclastic pore collapse, as
previously discussed for porous limestones (Dautriat et al., 2011) and porous tuffs (Heap et al., 2014). Our data
also show that the influence of cataclastic pore collapse and microcracking on permeability decreased as a
function of the initial permeability (Figure 2b). For example, large decreases in permeability at pressures above
P* were observed for KT1, moderate decreases were observed for KT3, and the progressive decrease observed for
KT2 as a function of increasing effective pressure did not appear to be influenced by P* (Figure 2b). Since the
decrease in porosity as a function of strain is not dissimilar between the three tuffs (Figures 3d, 3e, and 3f), we
consider that the differences in the evolution of permeability following P* (Figure 2b) is a result in the relative
change in void space tortuosity between the three tuffs. In the high-permeability tuff, KT1, the collapse of pores
disturbs the low-tortuosity porosity structure of the sample, and the microcracks that form surrounding the pores
do not contribute to decreasing the void space tortuosity. By contrast, in the low-permeability tuff, KT2, the void
space is already tortuous and the collapse of pores does not greatly influence the permeability, and the resultant
microcracking serves to reduce void space tortuosity by connecting adjacent collapsed pores. An end-member
example of this behavior was observed for a porous lava (a trachyandesite from the Azores), the permeability
of which increased at pressures above P* (Loaiza et al., 2012). In the case of this lava, although hydrostatic
inelastic compaction was characterized by a net decrease in porosity, the microcracks that formed between
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adjacent collapsed pores served to decrease void space tortuosity and,
therefore, increase the permeability of the sample.

701[—=KT1 During depressurization, in contrast to the evolution of P-wave velocities
~ sod|—KT2 (Figure 2a), large changes in permeability were not observed for all three tuffs
g —_KT3 (Figure 2b). The permeability of KT2 remained more-or-less constant as
g 50 - effective pressure was reduced from 60 to 1 MPa, and the permeability of
A KT1 and KT3 increased only at effective pressures below ~20 MPa
O 40 (Figure 2b). Therefore, the increase in microcrack aperture, and the widening
‘_75 30- of contacts between fragmented particles within collapsed pores, as a function
'(EE of decreasing effective pressure must not have greatly decreased the tortuosity

%J 20 of the void space in these tuffs from Krafla volcano.

5 10- . :
l a) 5.2. The Mechanical Behavior of Tuff

01 T T T T T T T T In this section, we compare our mechanical data with published data for tuff
0.00 0.02 0.04 0'(_)6 0'0_8 010 0.12 0.14 from Campi Flegrei (Aversa & Evangelista, 1998), from Alban Hills (Zhu
axial strain etal., 2011), from Whakaari volcano (New Zealand; Heap et al., 2015b), and
0.004 from Mt. Epomeo (Italy; Marmoni et al., 2017; Heap et al., 2018b) (Table 3).

C 0011 5.2.1. The Shape of the Yield Caps: Elliptical or Linear?

'% 0.021 The yield caps for porous sedimentary rocks (sandstones and limestones;

3 0.03 Wong & Baud, 2012) and tuffs (Heap & Violay, 2021; Wong & Baud, 2012)

2 are elliptical or quasi-elliptical in P-Q stress space and can be described by

%‘ 0.04 1 (Wong & Baud, 2012; Wong et al., 1997):

(]

& "% ekt (P/P =P QP _ )
006 | ® KT2 - @ @
0.07 1 < kP b)

’ T T T T T T T T For porous sedimentary rocks, y and 6 are 0.5 and 0.5-0.7, respectively

000 002 0.04 006 008 010 012 014 (Wong & Baud, 2012; Wong et al., 1997). Heap and Violay (2021) showed

axial strain that porous tuffs also have elliptical yield caps, whereas lavas typically have

10714 o KT1 linear yield caps. To discuss the shape of the yield cap for the tuffs from
Krafla, we re-plot their yield caps (those shown in Figure 5), but with the

" KT2 differential stress and effective mean stress normalized to P* (Figure 8a).

<<|g 107" 1 Ns Also plotted on Figure 8a are data for Whakaari tuff and Alban Hills tuff (data
\; for which P* is available), and the curves for y = 0.5 and 6 = 0.5 and 0.7

= 6 (Equation 4). Therefore, if the data plot within these modeled curves (i.e.,

< 10771 b LA N A within the dark gray zone), the shape of the yield cap is similarly elliptical to

g L e e S N | those for sandstone (from Wong & Baud, 2012). As can be seen in Figure 8a,

Zg_ 10-17 - much of the data for the tuffs from Krafla plot outside of the modeled curves,

B s -—o0-—o0—o0—0 5 —o—0 00 indicating that the yield caps show some degree of linearity (as sometimes

seen for lavas; Heap & Violay, 2021) when compared to sandstones (the

10718 C) modeled curves) and the tuffs from Whakaari and the Alban Hills. Although
O.bO O.IO2 O.IO 4 0.66 0.68 0"1 0 O.I1 o 0.'1 4 the data here suggest that the Krafla tuffs have yield caps that differ in shape

axial strain to previously measured tuffs (Whakaari and the Alban Hills), especially KT1

Figure 6. (a) Stress-strain curves for the experiments performed on Krafla
tuff (KT1, KT2, and KT3) at effective pressure corresponding to the ductile
regime (15, 30, and 25 MPa for KT1, KT2, and KT3, respectively) during
which permeability was measured during deformation. Stress drops on the
stress-strain curve are due to stress relaxation during the measurements of
permeability. (b) Porosity reduction as a function of axial strain for the
experiments shown in panel (a). (c) Permeability as a function of axial strain
for the experiments shown in panel (a). The relative error on our
permeability measurements is <1% (i.e., within the symbol size).

and KT2, we suggest that more data are required to make firm conclusions.

5.2.2. Stresses Required for Inelastic Behavior During Differential
Loading

Experimental studies on porous volcanic (Heap & Violay, 2021) and porous
sedimentary (Wong & Baud, 2012) rocks have shown that porosity exerts
control on the size of the yield cap, where rocks with a low and high porosity
are characterized by yield caps at high and low stresses, respectively. If we
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10714 first compare the data for the three tuffs from Krafla (Figure 8b), we notice,

e KT1 however, that the stresses required for inelastic behavior are not the highest

= KT2 for the tuff with the lowest porosity (KT3; ¢ = 0.29). For the three Krafla

1054 | 4 KT3

permeability (m?)
)

_.
]
3

1078

tuffs, the lowest stresses are required for KT1 (¢ = 0.33), the highest stresses
are required for KT2 (¢ = 0.33), and the data for KT3 (¢ = 0.29) plot at
stresses in between KT1 and KT2 (Figure 8b). It is clear from these data that

KT3_1_EPFL the large range in stresses required for inelastic behavior cannot be explained
M‘WKUEEPFL by their small differences in porosity. When we compare the Krafla data with

the published data, we notice that (a) the tuff from Whakaari requires stresses

ﬂ...:_.._._._..’ much higher than the three tuffs from Krafla, despite its very similar porosity

(¢ = 0.29) and (b) the tuff from Campi Flegrei requires stresses similar to
KT1, despite its much higher porosity (¢ = 0.45-0.5) (Figure 8b). We can

T T T T T T T T
022 024 026 028 030 032 034 0.36

conclude, for the tuffs shown in Figure 8b, that there must be factors other
than porosity controlling the stress required for inelastic behavior.

porosity
Other factors known to influence the size of the yield cap of granular material
Figure 7. Permeability as a function of porosity for the experiments are grain size (Carbillet et al., 2021) and grain size distribution (Carbillet
performed on Krafla tuff (KT1, KT2, and KT3) shown in Figure 6. Porosity et al., 2022). Smaller grains and a narrower grain size distributions create

and permeability are shown for hydrostatic pressurization, differential stress
loading, and depressurization. Data for samples KT3_1_EPFL and
KT3_3_EPFL are shown in unfilled and filled triangles, respectively. The
relative error on our permeability measurements is <1% (i.e., within the

symbol size).

granular materials that transition to inelastic behavior at higher stresses (Car-
billet et al., 2021, 2022). In terms of grain size, KT2 and KT3 have a similar
mean grain size of ~44-45 pm, and KT1 not only contains larger fragments, but
also has a larger matrix mean grain size of ~73 pm (Figures S1, S2, and S3 in
Supporting Information S1). Therefore, the fact that KT1 transitions to inelastic
behavior at lower stresses than KT2 and KT3 (Figure 8b) could, in part, be explained by its larger grain size.
However, KT2 and KT3 have similar mean grain sizes and require different stresses for inelastic behavior
(Figure 8b). In terms of grain size distribution, the tuff that requires the highest stresses for inelastic behavior, KT2,
also has the narrowest grain size distribution (standard deviation of ~22 pm) and, therefore, could explain, in part,
the high stresses required for inelastic behavior in KT2. Although the high heterogeneity of KT1 could explain its
relative weakness, we note that the grain size distribution of the matrix is widerin KT3 than KT1 (Figures S1, S2, and
S3in Supporting Information S1). When we compare the Krafla tuff data with those already published, we find that
(a) the tuff from Whakaari, which requires very high stresses for inelastic behavior (Figure 8b), not only has a similar
grain size and grain size distribution to KT2 and KT3 (Heap et al., 2015b), butitis also similarly homogeneous on the
sample scale and (b) the yield cap for KT3 is similar to that for the Alban Hills tuff (Figure 8b), which is not only more
porous, butis also heterogenous on the microscale and sample scale and is characterized by a large average grain size
and a wide grain size distribution (Zhu et al., 2011). These comparisons suggest that there is a parameter other than
porosity, grain size, and grain size distribution that is influencing the mechanical behavior of the tuffs.

The final factor to consider is the mineral composition of the tuffs and, in particular, the presence of sheet
phyllosilicates (clay minerals and chlorite) and zeolites (Table 1). Sheet phyllosilicates such as clay minerals and

Table 3
Tuff Descriptions
Volcano Porosity Description References
Campi Flegrei (Italy) 0.45-0.50 Fine-grained and homogenous; small pore size (50% of the void space by volume is Aversa and

connected by pore throats with a radius <1 pm) Evangelista (1998)
Alban Hills (Italy) (Tufo del 0.32 Heterogenous matrix-supported rock that contains mm-to-cm-sized angular lithic Zhu et al. (2011)

Palatino unit)

Whakaari volcano (New
Zealand) (block WI21)

Mt. Epomeo (Italy)

0.29

0.45

fragments and porous lapilli; double porosity consisting of macro- (~100 pm)
and micropores (~10 pm)

Fine-grained and homogenous; typical pore size of ~50—100 pm; consists mostly of Heap et al. (2015b)
devitrified shards of glass, now hydrated amorphous silica (opal-A), and alunite

Extremely heterogeneous matrix-supported rock that contains angular lithic Marmoni et al. (2017); Heap
fragments and porous lapilli up to 20 mm in diameter within an altered clay- and et al. (2018b)

zeolite-rich matrix; pores range from several tens of pm up to several mm

Note. Source volcano, porosity, and textural descriptions for four tuffs for which mechanical data exist for comparison.
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Figure 8. (a) Differential stress as a function of effective mean pressure for the three tuffs from Krafla (KT1, KT2, and KT3),
both normalized to P*. Also shown are data for tuff from Alban Hills (Italy; Zhu et al., 2011) and Whakaari (New Zealand;
Heap et al., 2015b). The two curves represent idealized elliptical yield caps (Equation 4), assuming 6 = 0.5 and 0.7 and
y = 0.5 (see text for details). (b) Differential stress at failure as a function of effective mean stress for the three tuffs from
Krafla (KT1, KT2, and KT3), alongside data for tuff from Campi Flegrei (Italy; Aversa & Evangelista, 1998), Alban Hills
(Italy; Zhu et al., 2011), Whakaari (New Zealand; Heap et al., 2015b), and Mt. Epomeo (Italy; Marmoni et al., 2017). The
porosities of the rocks, ¢, are provided in the legend. (c) P* as a function of porosity for a range of volcanic rocks (data from
this study; Adelinet et al., 2013; Eggertsson et al., 2020b; Heap et al., 2014, 2015a, 2015b, 2016; Heap & Violay, 2021;
Loaiza et al., 2012; Lockner & Morrow, 2008; Marmoni et al., 2017; Shimada, 2000; Zhu et al., 2011).
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Figure 9. Backscattered scanning electron microscope (SEM) images of the tuff from Krafla deformed in the ductile regime
(P, of 30 MPa). Examples of collapsed pores are delineated by dashed white lines, the green arrows point to microcracks, and
the white arrows indicate the loading direction (also the direction of fluid flow).

chlorite are well-known to be frictionally weak minerals (e.g., Behnsen & Faulkner, 2012; Ikari et al., 2009).
Further, clay minerals and zeolites are also considered to reduce the strength of tuff in the presence of water (Heap
et al., 2018c) and chlorite, another mineral found in the tuffs from Krafla (Table 1), was found to greatly reduce
the uniaxial compressive strength of sandstone in the presence of water (Heap et al., 2020b). Indeed, the coef-
ficient of friction of clay minerals and chlorite is lowered (e.g., Behnsen & Faulkner, 2012), and the fracture
toughness (K;) of rocks containing clay minerals (Nara et al., 2012; No€l et al., 2021b) is reduced, in the presence
of water. We highlight that KT1, the weakest of the three tuffs from Krafla, contains the most clay minerals and
chlorite (27.3 wt% of interlayered chlorite-smectite; Table 1). The total sum of clay minerals and chlorite in KT2
and KT3 are, however, reasonably similar (KT2 contains 20.9 wt% of interlayered chlorite-smectite and KT3
contains 15 wt% of R3 illite-smectite and 2.8 wt% of chlorite; Table 1). The influence of mineral composition on
the mechanical behavior of tuff is further emphasized when we compare our data with those previously published:
(a) the relatively strong tuff from Whakaari (which is similar to KT3 in terms of porosity, grain size, and grain size
distribution) does not contain any clay minerals, chlorite, or zeolites (block WI21; Heap et al., 2015b) and (b) the
more porous and more heterogeneous tuff from Alban Hills, which has a similar yield cap to KT3, only contains
zeolites (Palladino et al., 2001; Zhu et al., 2011). We conclude that the mechanical behavior of tuff is greatly
influenced by the presence of sheet phyllosilicates (clay minerals and chlorite) and zeolites, and that other factors,
such as porosity, grain size, and grain size distribution, also play a contributing role. The relative weakness of
Krafla tuff is discussed in more detail below using micromechanical models.

5.2.3. Pressures Required for Inelastic Behavior Under Hydrostatic Conditions

The values of P* for the three tuffs from Krafla are plotted as a function of porosity alongside compiled data for
volcanic rocks (lavas and tuffs) in Figure 8c. This compilation shows that P* decreases significantly (from ~400
to ~50 MPa) and almost linearly in volcanic rocks as porosity is increased to ~0.3. At porosities above ~0.3, the
decrease in P* as a function of increasing porosity is more gradual (Figure 8c). These observations are similar to
those made for a variably porous limestone (Baud et al., 2017). The tuffs from Krafla, which have a porosity of
~0.29-0.3, are at the intersection of these regimes (Figure 8c). The differences in the onset of hydrostatic inelastic
compaction in tuff can be explained by the rationale outlined in the above subsection. For example, the high P* of
Whakaari tuff (P* = 109.5 MPa) compared to KT2 and KT3 (P* = 46 and 38.8 MPa, respectively) (Figure 8c),
tuffs with similar physical characteristics, is likely the result of the presence of sheet phyllosilicates (clay minerals
and chlorite) and zeolites in the Krafla tuffs (minerals not present in the tuff from Whakaari).

5.2.4. Inelastic Behavior in Tuffs: Insights From Micromechanical Modeling

Zhu et al. (2011) combined the pore-crack model of Sammis and Ashby (1986) and the stresses needed to yield a
macropore within an effective medium (using the Mohr-Coulomb failure criterion) to study how micropores
affect the onset of inelastic hydrostatic compaction, P*, in porous tuff:
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where ¢ and a* are the porosity of the effective medium and the average micropore radius, respectively. The
parameter S* encapsulates the combined influence of the partitioning of micro- and macroporosity, the micropore
radius, and the fracture toughness (Zhu et al., 2011). To better understand the influence of mineral composition on
the mechanical behavior of tuff, we will compare two tuffs with similar physical characteristics (porosity, grain
size, and pore size) that (a) contain no clay minerals, chlorite, or zeolites (Whakaari tuff; Heap et al., 2015b) and
(b) abundant clay minerals, chlorite, and zeolites (tuff KT3 from Krafla; 15 wt% of R3 illite-smectite, 2.8 wt% of
chlorite, and 6.7 wt% of wairakite; Table 1). For KT3, §* is 25.8 MPa. Following previous studies (Zhu
et al., 2010), we quantified the proportion of macropores in KT3 with an equivalent diameter >33 pm using SEM
images and found that it represents a macroporosity of 0.03, and in turn a ratio (¢./¢) of 0.9. Although we do not
have direct measurements of K, this parameter can be estimated using UCS measurements following the pore-
crack model of Sammis and Ashby (1986) and the analytical approximation provided by Zhu et al. (2010):

M

For KT3, we measured UCS values of 32.3 and 19.2 MPa in nominally dry and water-saturated conditions,
respectively (Table 2). At a relatively high porosity (¢ > 0.25), Equation 7 predicts that the UCS is mostly
controlled by the average pore size. In a dual porosity medium, Baud et al. (2017) showed that the pore size
inferred from the pore crack model is typically in the range of the larger macropores. Based on our microstructural
observations, we fixed this radius at 60 pm, which leads to K values of 0.2 and 0.11 MPa.m'”? for dry and wet
KT3, respectively. The calculated weakening effect of water is consistent with data reported on tuff (Zhu
et al., 2011) and sandstones (No€l et al., 2021b). Based on the above values, the predicted micropore size in KT3
using Equation 6 is a* = 7 pm.

These damage mechanics models can also help analyze the observed differences in strength between the tuff from
Whakaari and KT3. From the microstructural data of Heap et al. (2015b), we infer the same partitioning between
macro- and micropores as for the tuff from Krafla (i.e., ¢./¢p = 0.9) and comparable macropore sizes. The water-
saturated UCS of Whakaari tuff is 56 MPa leading to UCS,,/ UCS,,;, = P,/ P}, = 0.34 (where UCS,, and Py, and
UCS,,, and P}, are the UCS and P* for KT3 and Whakaari tuff, respectively). For Whakaari tuff, we infer a value
of K- of ~0.3 MPa.m” and an identical micropore size a* of 7 pm. The models therefore suggest that KT3 is
significantly weaker than Whakaari tuff because of a smaller value of K, which, in the absence of significant
microstructural differences, is likely due to the presence of sheet phyllosilicates (clay minerals and chlorite) and
zeolites in KT3 (see also Nara et al., 2012). For example, Nara et al. (2012) showed that the K~ of sandstone
containing smectite was reduced as a function of increasing relative humidity: the expansion of smectite (i.e., an
increase in basal spacings) in the presence of water increases the ease at which microcracks can propagate. An
alternative way to explain these data using the models implies that the macro- and micropores are almost an order
of magnitude smaller in Whakaari tuff, which is in disagreement with microstructural observations.

5.3. Influence of Deformation in the Ductile Regime on Permeability
5.3.1. The Evolution of Permeability in Tuff: The Influence of Initial Microstructure

The permeability of KT1 decreased continuously up to the maximum axial strain whereas, although the change in
permeability was not large, the permeability of KT2 and KT3 first decreased and then increased (Figures 6 and 7).
An increase in the permeability of the tuff during deformation in the ductile regime can be considered surprising,
because the available published data of the same type have shown that the permeability of porous sandstone (Baud
et al., 2012; Fortin et al., 2005; Zhu & Wong, 1997), porous limestone (Meng et al., 2019), welded tuff (Alam

HEAP ET AL.

17 of 27

85U8017 SUOWWOD 8AeaID 3ol dde au Aq peusenob ae sejone VO ‘8sn JO S9Nl 10} Arlq1Taul|UO 8|1 UO (SUORIPUOD-PUR-SLLIBYW0D A8 |Im" ARe.q 1 BulUO//SdNL) SUORIPUOD PUe SWB | 38U 88S *[¥20z/80/TT] U0 AiqiTauluo A|IM * 1581 - deaH T PeydliN A 2906209r1202/620T OT/1op/uiod A8 im Ariqijeuliuosgndnbe;/sdny wouy pepeojumoq ‘8 ‘v202 ‘9566912



Aru g
A\I Journal of Geophysical Research: Solid Earth 10.1029/20247B029067
AND SPACE SCIENCES

107 4 sandstone 1074 sandstone
_12 limestone 1o limestone
1077 1 Volvic 1071 Volvic
o s welded tuff ]|
c 107" 4 ® KT £ 107" | m kT2
~ B KT2 ~ A KT3

-_és 1044 . A K3 _‘? 10—14_

% -15 g -15

T 107 M S 1071 /

E E .

_ 5 ]

g ) ORI O S SN g S
107 { omeau o oy slalaa 10717 - Pl
10—18 - a) 1048 . C)

0.00 0.04 0.08 0.12 0.16 0.20 0.05 0.10 0.20 0.30 0.40
axial strain porosity
-1 | -
10 sandstone 0.10 d) sandstone
12 limestone limestone
10 T Volvic Volvic

o @ KT1 0.08 ~ @ KT1

g 107°q |mkm2 m kT2

~— A KT3 —~~ A KT3

2 107144 T 0.06 1

= g

o]

T 107° =

OE) Y 0.041

© 107'°1 . P

o AAAAMANDAS A
1077 1 0.024 _ Be=dAE——

(] —_—
107 1 b) /‘_A/ ]
T T T T T T T OOO T r T T T T T
-0.12 -0.10 -008 -0.06 -0.04 -0.02 0.00 0 10 20 30 40 50
porosity change n

Figure 10. Permeability as a function of axial strain (a) and porosity change (b) for Krafla tuff (KT1, KT2, and KT3) in the ductile regime. Also shown are available data
for Volvic trachyandesite (white upside-down triangles; Heap et al., 2022), welded tuff (white diamonds; Alam et al., 2014), limestones (white triangles; Meng
etal., 2019), and sandstones (white squares; Baud et al., 2012; Fortin et al., 2005; Zhu & Wong, 1997). (c) Permeability as a function of porosity for elastic and inelastic
data for Krafla tuff (KT1, KT2, and KT3) in the ductile regime during hydrostatic and triaxial deformation experiments. Also shown are elastic and inelastic data for
Volvic trachyandesite during hydrostatic and triaxial deformation experiments (Heap et al., 2022) (white upside-down triangles), porous limestones during triaxial
deformation experiments (Meng et al., 2019) (white triangles), and porous sandstones during hydrostatic experiments (David et al., 1994) (white squares). (d) Pressure
sensitivity coefficient, y, as a function of porosity sensitive parameter, n, for Krafla tuff (KT1, KT2, and KT3) and compiled data for Volvic trachyandesite (Heap

et al., 2022) (white upside-down triangles), limestones (white triangles; Meng et al., 2019), and sandstones (white squares; David et al., 1994; Yale, 1984). All data are
for the elastic regime (hydrostatic data and data collected prior to C* during differential loading).

et al., 2014), and porous lava (Heap et al., 2022) decreased as a function of axial strain (Figure 10a) and porosity
loss (Figure 10b) in the ductile regime.

For KT1, the tuff with the highest permeability (~10~"> m?), the loss in permeability as a function of axial strain
and porosity loss is similar to that previously observed for other porous rocks, including the high-permeability
(~107* m?) welded tuff from Shikotsu (Figures 10a and 10b). As discussed in Alam et al. (2014), we inter-
pret this permeability reduction during deformation in the ductile regime to be due to the cataclastic collapse of
pores which, in these high-permeability tuffs with low-tortuosity pore structures, is able to increase void space
tortuosity, and therefore decrease permeability. By contrast, the initial porosity structure of KT2 and KT3 is
tortuous: these samples are characterized by high porosities (~0.28-0.34) and low permeabilities (~107'%—
107" m?). We interpret the initial small decrease in permeability in KT2 and KT3 to be the result of the cataclastic
collapse of pores but, because the void space is already tortuous, pore collapse does not greatly influence the void
space tortuosity and therefore permeability.

To investigate why the permeability KT2 and KT3 then increased following further deformation in the ductile
regime (Figures 6, 7, and 10), we performed microstructural analysis on samples of KT3 deformed in the ductile
regime (Figure 9). Figure 9 first confirms that the microstructural mechanism of deformation in the tuffs from
Krafla in the ductile regime is cataclastic pore collapse (delineated by dashed white lines in Figure 9), as observed
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previously for porous tuffs (Heap et al., 2014, 2015b; Zhu et al., 2011). However, we also note the presence of
axially orientated microcracks (i.e., in the direction of loading) surrounding some of the collapsed pores (marked
by the green arrows in Figure 9). Collapsed pores in deformed porous rocks are very often bounded by micro-
cracks (Heap & Violay, 2021; Wong & Baud, 2012).

Based on our microstructural observations (Figure 9), we propose that the increase in permeability during the
ductile deformation of KT2 and KT3 is the result of a decrease in void space tortuosity as the microcracks
surrounding collapsed pores connect adjacent pores. Therefore, although porosity is decreasing, void space
tortuosity is decreasing, resulting in an increase in permeability. We note that these microcracks are preferentially
axially oriented (i.e., parallel to the sample axis and the imposed pore pressure gradient), which may explain why
permeability increases are possible during differential loading (Figures 6 and 7) but not during hydrostatic
pressurization (Figure 2b). During differential loading, microcracks form in the direction of the maximum
principal stress, as shown in Figure 9, which connect adjacent pores in the direction of fluid flow. By contrast,
during hydrostatic pressurization, the microcracks that form surrounding collapsed pores should not have a
preferred orientation, and so any connections made between adjacent pores would not necessarily align with the
direction of fluid flow. If true, this would imply that, although we measured an increase in permeability during
differential loading parallel to the sample axis (i.e., parallel to the maximum principal stress), permeability is
likely decreasing in all other directions during differential stress loading, creating a permeability anisotropy. An
alternate explanation is that decreases in tortuosity and therefore increases in permeability would be observed
under hydrostatic conditions at higher pressures. However, we note that the porosity reduction in the deformation
experiments (~0.03-0.06; Figure 6b) is not too dissimilar to that expected during hydrostatic pressurization up to
60 MPa (see the hydrostat on Figure 4). Finally, we interpret the increase in permeability during depressurization
(Figure 7) to be due to the increase in the aperture of the axially orientated microcracks that formed surrounding
collapsed pores (Figure 9). The fact that these microcracks are axially oriented (i.e., in the direction of the
imposed pore pressure gradient) explains why permeability increased during depressurization following differ-
ential loading (Figure 7), but did not increase significantly during depressurization following hydrostatic pres-
surization to pressures above P* (Figure 2b).

Taken together, the data suggest that initial rock microstructure, and especially the void space tortuosity, exerts a
strong influence on the evolution of the permeability of tuff as a function of axial strain in the ductile regime. If the
tuff has a low-tortuosity porosity structure and has a high initial permeability, then deformation in the ductile
regime will likely reduce permeability, whereas deformation can increase the permeability of relatively low-
permeability tuff with a more tortuous porosity structure. These data highlight that more experiments are now
required to better understand the influence of initial microstructure on the evolution of permeability in volcanic
rocks.

5.3.2. Porosity- and Pressure-Dependence of Permeability

We plot permeability as a function of porosity for the three tuffs from Krafla, Volvic trachyandesite (Heap
et al., 2022), and porous sedimentary rocks (sandstones and limestones; David et al., 1994; Meng et al., 2019) in
Figure 10c. It is common to consider a power-law description for the porosity-dependence of permeability k(¢),
where k is a reference permeability (the permeability at ¢ = ¢), n is a power law exponent (the percolation
transport exponent), and ¢ and ¢, are the porosity and a reference porosity (the initial value of porosity),
respectively:

_ 1)”
k—k0<(/)0 . ®

In the elastic regime, the values of n for KT1 and KT2 are 13.24 and 6.49, respectively, and the values of n for the
two KT3 samples are 5.58 and 7.55. These values are much lower than the exponent for Volvic trachyandesite
(n =47), but are in the range for porous sandstones and limestones, for which n = ~2-26 (Figure 10c). The values
of n for KT2 and KT3 can be considered low when compared to the exponents for other rocks (Figure 10c). We
consider the low exponents for KT2 and KT3 to be a consequence of a pore structure that contains abundant,
small-diameter pores that are tortuously connected (the permeability of KT2 and KT3 are low, despite their
relatively high porosity). Therefore, elastically closing some of the pores and pore throats does not greatly in-
fluence the tortuosity of the pore network and, as a result, does not greatly influence permeability. As discussed
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above, we consider that KT1, which has a much higher initial permeability than KT2 and KT3, has a low-
tortuosity porosity structure. By contrast to KT2 and KT3, the void space tortuosity of KT1, and therefore the
permeability, can be influenced by the elastic closure of pores and pore throats, explaining the higher value of n
(~13 compared to ~6-8; Figure 10c). At stresses above C* in the ductile regime (i.e., inelastic deformation), the n
of sandstone and Volvic trachyandesite decreases, but remains constant (i.e.,  is the same below and above C*)
for limestone (Figure 10c). However, while the n for KT1 decreases at stresses above C*, values of n for KT2 and
KT3 first decrease and then become negative (when permeability starts to increase). We highlight that, for all of
the other rocks tested (Figure 10c), n never becomes negative. As discussed above, we consider that this is the
result of a decrease in void space tortuosity as axially oriented microcracks form surrounding collapsed pores in
response to the differential loading (Figure 9). The low n for KT2 and KT3, and the increase in permeability
during ductile deformation, results in a very small net change in permeability of these tuffs compared to other
porous rocks (sandstones, limestones, and porous lava; Figure 10c).

The relationship between permeability, k, and the effective mean stress, P, has been considered in terms of an
exponential relationship (David et al., 1994):

k = ko exp(=y(P = Py)), )

where y is the compression coefficient and P, is the effective pressure at the reference permeability k. In the
elastic regime, the data for KT1 and KT2 are characterized by y = 0.011 and 0.022 MPa™", respectively, and the
values of y for the two KT3 samples are 0.006 and 0.005 MPa™ . As discussed in David et al. (1994), Equations 8
and 9 imply a relationship between n and y via the pore compressibility f3,:

yo 49 _ np,, (10)

_5 o
We plot the values of n and y for KT1, KT2, and KT3 in Figure 10d, alongside data for Volvic trachyandesite
(Heap et al., 2022), limestones (Meng et al., 2019), and sandstones (David et al., 1994; Yale, 1984). We also
provide the range of 8, (4.4 x 10~*and 3.3 x 107> MPa™") from David et al. (1994) that brackets the majority of
the porous sandstone data in Figure 10d (i.e., within the dark gray zone). The data for the Krafla tuffs plot within
this range, indicating that the compliance of the pore space in these tuffs from Krafla in the elastic regime is
similar to porous sandstones and limestones, and very different to that of Volvic trachyandesite (Figure 10d).

6. Implications and Conclusions

Our experiments have revealed the following. (a) Tuff containing sheet phyllosilicates (clay minerals and
chlorite) and zeolites are likely mechanically weaker than those without (Figure 8b), and that micromechanical
modeling suggests that this is the result of a lower fracture toughness. (b) The permeability of tuff decreases
during hydrostatic pressurization, and larger decreases in permeability following P* are observed for tuffs that are
initially more permeable (Figure 2b). Decreases in permeability during pressurization above P* are interpreted as
the result of the cataclastic collapse of pores. (c) The evolution of the permeability of tuff during differential
loading in the ductile regime depends on microstructure, and particularly the initial void space tortuosity. If the
tuff has a low-tortuosity porosity structure and has a high initial permeability, then deformation in the ductile
regime will likely reduce permeability, whereas deformation will not appreciably change (and can even increase)
the permeability of relatively low-permeability tuff with a more tortuous porosity structure. For initially high
permeability tuffs, deformation in the ductile regime results in the cataclastic collapse of pores that can disrupt the
porosity structure, increasing tortuosity and therefore decreasing permeability. For initially low permeability
tuffs, the cataclastic collapse of pores does not particularly influence the already tortuous porosity structure, and
microcracks that form surrounding collapsed pores align to the maximum principal stress, which is also the di-
rection of the pore pressure gradient (i.e., the direction of fluid flow). Therefore, although porosity decreases, void
space tortuosity can decrease and permeability can increase during the ductile deformation of initially low
permeability tuffs. We will now outline some of the general implications of these findings for volcanic structures
and geothermal reservoirs, before discussing some potential implications for Krafla volcano.

The presence of mixed-layer chlorite-smectite in KT1 and KT2 and R3 illite-smectite and chlorite in KT3
suggests that, despite their different depths, (394.0-394.5, 505.5-506.0, and 688.9—690.6 m for KT1, KT2, and
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Figure 11. Differential stress at failure (the peak stress for the brittle experiments and C* for the ductile experiments) as a
function of effective mean stress for the three tuffs from Krafla (KT1, KT2, and KT3; data in Table 2) and hyaloclastites
(Eggertsson et al., 2020b; open symbols) from Krafla volcano. The depths of the rocks are provided in the legends.

KTS3, respectively), all three tuffs are from the mixed-layer alteration zone between the smectite and chlorite
zones, at a temperature of ~160-270°C (Deer et al., 2004; Escobedo et al., 2021; Kristmannsdéttir, 1979;
Utada, 2001). However, KT1 and KT2, the two tuffs from the shallowest depth, also contain epidote and in part
amphibole, suggesting that they could exist within the, usually deeper, chlorite-epidote alteration zone (e.g.,
Escobedo et al., 2021). Epidote can be found in hydrothermal systems below 200°C, but is more common at
slightly higher temperatures of ~230-260°C (Bird & Spieler, 2004). From our data, we can conclude that the
distribution of alteration minerals within the tuffs at Krafla volcano is complex, with variations in mineral as-
semblages likely driven by local variations in temperature, or possibly even protolith and fluid compositions. Our
mechanical data therefore suggest that tuffs found within the low-temperature (<250°C) alteration zones that
characterize shallow hydrothermal systems (Beaufort et al., 2021; Escobedo et al., 2021; Inoue, 1995; Krist-
mannsdottir, 1979; Wyering et al., 2014) will be weaker than those found within the overlying unaltered zone (the
first few hundred meters) or those located far from a hydrothermal system. Therefore, if the hydrothermal system
at a given edifice, dome, caldera, or reservoir expands and incorporates unaltered tuffs, these tuffs may be
weakened through alteration, which may result in subsidence and/or instability (Darmawan et al., 2022; Harnett
et al., 2022; Harnett & Heap, 2021; Heap et al., 2021b). However, although we can conclude that tuffs within the
low-temperature (<250°C) part of a hydrothermal system are likely weaker than tuff above or far from the hy-
drothermal system, data for tuffs characterized by higher-temperature alteration (i.e., those that contain only
chlorite and epidote and no R3 illite-smectite or mixed-layer chlorite-smectite) are not yet available. Therefore,
with the available data, it is not possible to state whether tuffs that contain chlorite and epidote, but no R3 illite-
smectite or mixed-layer chlorite-smectite, are stronger or weaker than those with the low-temperature (<250°C)
alteration assemblage investigated here.

We find that permeability decreases during hydrostatic compaction (Figure 2b), especially above the pressure
threshold for inelastic compaction but, and depending on the initial microstructure of the tuff, can either decrease
or increase during differential loading when deformed to large axial strains in the ductile regime (Figures 6 and 7).
As discussed above, increases in permeability during the ductile deformation of porous rocks have not been
observed before (Figure 10), and is considered here to be related to differences in initial microstructure and, in
particular, initial void space tortuosity. However, although changes in permeability can result in changes in
hydrothermal convection and allow pore pressure to build or dissipate, with the attendant consequences for
volcanic hazards and geothermal energy exploitation, we note that, compared to other rocks, the permeability of
the tuffs measured herein does not change significantly following elastic and inelastic deformation (Figure 10c).
If the permeability of tuff layers can remain relatively high, even following deformation resulting in compaction
(i.e., even at depth), then they could act, alongside permeable faults and discontinuities, as important layers for the
maintenance of hydrothermal convection at volcanic structures (edifices and calderas) and geothermal reservoirs
and/or as important pathways for magmatic outgassing.
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Relatedly, we also highlight that deformation in the ductile regime was not localized into compaction bands in
the three samples of tuff from Krafla (Figure 9), features that can greatly decrease permeability in porous
granular materials (e.g., Vajdova et al., 2004). This observation is in accordance with previous experiments
performed on tuff (Heap & Violay, 2021; Heap et al., 2015b; Marmoni et al., 2017; Zhu et al., 2011). Porous
lavas, however, do form compaction bands in the ductile regime (as reviewed in Heap & Violay, 2021). Heap
and Violay (2021) speculated that the absence of compaction bands in tuff was a consequence of their relatively
heterogeneous grain size distribution, a factor known to influence compaction band formation in sandstones
(Cheung et al., 2012). However, we highlight that the grain size distribution in KT2 and KT3 is relatively
narrow (Figures S2 and S3 in Supporting Information S1). It remains unclear why porous lavas form
compaction bands and porous tuffs do not.

In terms of Krafla volcano, the shallow hydrothermal system consists of hyaloclastites, lavas, basaltic in-
trusions, and tuffs (Eggertsson et al., 2020a, 2020b; Escobedo et al., 2021; Lévy et al., 2018; Mortensen
et al., 2014; Weaver et al., 2020). Although no mechanical data exist for the lavas and basaltic intrusions, we
can compare our mechanical data with those for hyaloclastites from Krafla volcano published in Eggertsson
et al. (2020b) (Figure 11). Although the P* of surficial hyaloclastite was measured to be ~22 MPa, P* could
not be measured for two hyaloclastites sampled from boreholes KH-04 (depth of 70-76 m) and KH-06 (depths
of 556 and 732 m) due to their lower porosity (Eggertsson et al., 2020b; Figure 11). Therefore, although P* in
the surficial hyaloclastite collected would be at a depth of <1 km, estimations of P* from the presented
mechanical data for the borehole samples suggest depths of ~3 km (for the sample from 70 to 76 m) and ~6 km
(for the samples from 556 to 732 m), compared to ~0.75-1.7 km for the three tuffs studied herein. The effective
pressures and differential stresses required for ductile behavior in the borehole hyaloclastite are also much
higher than for the tuff (Figure 11). For example, the brittle-ductile transition in the tuffs occurs at an effective
pressure of ~10-20 MPa, but pressures of ~40 and ~80 MPa are required for the hyaloclastites (Figure 11). In
other words, inelastic behavior is more easily achieved in the tuff (lower pressures and stresses) than in the
hyaloclastite.

Considered together, the data shown in Figure 11 suggest that, although volumetrically less important than
hyaloclastite and basaltic lavas within the stratigraphy of the caldera-fill, porous tuff (found to occur at regular
intervals within the KH-05 and KH-06 boreholes) is the rock type most likely to experience inelastic hydrostatic
compaction and inelastic deformation (brittle and ductile), and therefore physical property changes (such as
porosity and permeability), at depths relevant for the shallow hydrothermal system. Therefore, changes in
effective pressure resulting in compaction could decrease permeability (Figure 2b), and changes in differential
stress resulting in compaction could increase permeability in the direction of the maximum principal stress and
create a permeability anisotropy (Figures 6 and 7). However, the high porosity and reasonably high permeability
(compared to the borehole hyaloclastites (Eggertsson et al., 2020b) and typical values for lava) of the Krafla tuffs,
and the relatively minor changes in permeability resulting from elastic and inelastic deformation (the compaction
of other porous rocks can decrease permeability by several orders of magnitude; Figure 10), suggest that the layers
of tuff within the caldera-fill stratigraphy could play a role, alongside permeable faults and discontinuities, in the
maintenance of shallow hydrothermal convection at Krafla volcano. In other words, the tuff layers, the rock type
most susceptible to inelastic deformation within the caldera-fill stratigraphy at Krafla volcano will, therefore, not
form effective low-permeability barriers following compaction and, as a result, will not impede fluid flow, even if
they are deformed significantly or buried to large depths.

Data Availability Statement

The laboratory data collected for this study can be freely downloaded from the FigShare data repository (Heap
et al., 2024). These data are also available in the Microsoft Excel© spreadsheets (Data Sets S1 to S11) that
accompany this publication as Supporting Information. Some analysis was performed using open-source image
analysis software ImageJ (https://imagej.net/ij/) and the figures were prepared using open-source vector drawing
program Inkscape (https://inkscape.org) and open-source programs RStudio (https://posit.co/products/open-
source/rstudio/) and ggplot (https://ggplot2.tidyverse.org).
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