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Abstract

Icy moons in the outer Solar System contain rocky, chondritic interiors, but this material is rarely studied under confining
pressure. The contribution of rocky interiors to deformation and heat generation is therefore poorly constrained. We deformed
LL6 chondrites at confining pressures [?] 100 MPa and quasistatic strain rates, and recorded acoustic emissions (AEs) using ul-
trasound probes. We defined a failure envelope, measured ultrasonic velocities, and retrieved elastic moduli for the experimental
conditions. Chondritic material stiffened with increasing confining pressure, and reached its peak strength at 50 MPa confining
pressure. Microcracking events occurred at low stresses, during nominally “elastic” deformation, indicating that dissipative
processes are possible in rocky interiors. These events were most energetic at lower differential stresses, and occurred more
frequently at lower confining pressures. We suggest that chondritic interiors of icy moons are therefore stronger, less compliant,

and less dissipative with increasing pressure and size.
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Key points:

1. We established the failure envelope of chondritic materials under conditions relevant to the rocky
interiors of small icy moons

2. Chondritic material has a yield cap around 50 MPa confining pressure, above which its porosity is
very small

3. Pressurization and deformation of chondritic material creates energetic cracks, which could
contribute to heat dissipation
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Abstract

Icy moons in the outer Solar System contain rocky, chondritic interiors, but this material is rarely studied
under confining pressure. The contribution of rocky interiors to deformation and heat generation is
therefore poorly constrained. We deformed LL6 chondrites at confining pressures < 100 MPa and
quasistatic strain rates, and recorded acoustic emissions (AEs) using ultrasound probes. We defined a
failure envelope, measured ultrasonic velocities, and retrieved elastic moduli for the experimental
conditions. Chondritic material stiffened with increasing confining pressure, and reached its peak
strength at 50 MPa confining pressure. Microcracking events occurred at low stresses, during nominally
“elastic” deformation, indicating that dissipative processes are possible in rocky interiors. These events
were most energetic at lower differential stresses, and occurred more frequently at lower confining
pressures. We suggest that chondritic interiors of icy moons are therefore stronger, less compliant, and
less dissipative with increasing pressure and size.

Plain language summary

Many icy moons in the outer Solar System have warm, active interiors, but the source of the heat that
maintains this activity is sometimes unknown. Many of these moons contain rocky layers which are made
of the same material as meteorites that have landed on the Earth. However, we have never previously
studied how this material deforms under confining pressures like those found within icy moons. We
conducted a lab study of the deformation mechanisms of meteoritic material to study how the deformation
response applies to the interior of icy moons. We also analyzed cracking in response to small stress
changes, which occurred at all stages of deformation. We found that the material behaved differently at
low and high confining pressures, with a peak strength at ~50 MPa. This indicates that icy moons with
smaller oceans and thinner crusts may deform differently than larger icy moons, and can receive some of
the heat needed to maintain their oceans through cracking processes in their porous cores.

1. Introduction

Icy moons in the outer Solar System are considered excellent candidate bodies for hosting extraterrestrial
life. The interior properties of these moons are important for determining the feasibility of life, lander
missions, and future priorities in exploring the outer Solar System. The mechanical properties of the cores
of these moons are relatively less well-studied than the properties of their icy crusts and water oceans, as
the cores are likely less dissipative than the ice or liquid layers (e.g., Tobie et al., 2005). The deformation
mechanisms of core material are thus presently still unknown, leaving large uncertainties as to how
dissipation proceeds throughout the entire body: there is an order-of-magnitude difference in potential
heat release from Enceladus’ core, for example, depending on if it is stiff and elastic or if it is highly
deformable and (poro)viscoelastic (Aygiin and Cadek, 2022; Rovira-Navarro et al., 2022).



54
55
56
57
58

59
60
61
62
63
64
65
66
67
68
69
70
71
72

73
74
75
76
77
78

79
80
81
82
83
84
85
86
87
88

89
90
91
92
93
94
95

manuscript submitted to Geophysical Research Letters

The yield strength of a material, which modelers use to predict how a body responds to stress, is
almost always pressure-dependent, and often strain-rate dependent (Mair et al., 2002; Mulliken and
Boyce, 2006). Rocky components of icy moons are frequently chondritic in nature (Kuskov and Kronrod,
2005; Néri et al., 2020; Neumann and Kruse, 2019), and most strength tests of meteoritic material are
conducted at asteroidal conditions: no confinement, and fast strain rates.

Confining pressures at the core-ocean or core-mantle boundary of icy moons frequently reach tens of
MPa and more (Neveu et al., 2015; Styczinski et al., 2022; Vance et al., 2018). Almost all tests on
meteoritic material occur at room pressure (Pohl and Britt, 2020). The few tests that do assess strength
and deformation mechanisms of chondritic material under pressure (Ramesh et al., 2017; Voropaev et al.,
did study a single sample at confining pressure of 50 MPa, but did not apply any differential stress and
therefore could not measure the strength of the material. Dynamic (fast) deformation experiments
simulating crater formation and impacts on chondrites are also common. These experiments are not easily
applied to planetary strain rates, and there is a larger rate sensitivity in unconfined meteoritic material
than in terrestrial rocks (Kimberley and Ramesh, 2011). Hogan et al. (2015) used Brazilian disk tests in a
Kolsky bar apparatus under confined planar configuration at dynamic strain rates of 10' — 10°s™!, which
yielded a higher peak strength (~300 MPa) than the unconfined tests at similar strain rates, but did not
record enough data at low strain rates to establish a definite change in peak strength for quasistatic tests
conducted at no confining pressure vs. those conducted under confinement.

Here, we report the mechanical properties of deforming chondritic material under confining pressure.
These measurements represent the first experimental investigation of chondritic material deformation
under confining pressure similar to that found inside an icy moon. We used fallen meteoritic material,
which is inherently pre-deformed and high-strength. These fallen meteorites are analogs for the rocky
cores and mantles of moons, which have survived accretion and continuous tidal deformation for billions
of years (Nimmo and Pappalardo, 2016).

In addition to the bulk mechanical response to deformation, we also studied microcracking behavior as
the rocks were pressurized, and subsequently deformed at elevated confining pressures. Cracks associated
with damage emit dynamic stress waves, observable as acoustic emissions (AEs) with characteristic
frequencies depending on the source characteristics of deformation (Eitzen and Wadley, 1984; Ghaffari et
al., 2014; Lei and Ma, 2014; Li et al., 2021; O’Ghaffari et al., 2023). The internal structure can also be
sampled using throughgoing waves, which acquire signatures of the microstructure as they propagate
through and interact with the material. We used ultrasonic probes in passive and active modes to measure
1) energy release associated with acoustic emissions, and 2) variations of sound velocities and their
transmissivity in the samples under confining pressure. As macroscale behavior arises from microscale
effects, data from all scales is needed to produce a robust picture of deformation dynamics.

This paper presents mechanical results from deformation tests, followed by observations of internal
structure based on acoustic emissions and ultrasonic pulsing. We show that as the meteoritic material
encounters higher confining pressures up to 50 MPa, the samples become stronger and emitted high-energy
acoustic waves. Above 50 MPa confining pressure, the material became weaker, and dissipated less energy
via AEs. Our observations indicate that the mechanisms of deformation are controlled by porosity closure,
and that the dissipation of stored energy via microcracking is more pronounced at lower confining
pressures.
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2. Methods

These tests were conducted on samples from the Kilabo meteorite, an LL6 chondrite. Moons have
broadly chondritic silicate interiors: Néri et al. (2020) suggest that the cores of Titan and Ganymede (and
possibly Callisto) are carbonaceous chondrites, while Kuskov and Kronrod (2005) infer an low metallicity
and/or low iron (L/LL) composition for the interior of Europa (and, again, possibly Callisto), and
Neumann and Kruse (2019) find an ordinary chondritic (OC) composition (likely L/LL) for the rocky
core of Enceladus. Previous experiments suggest that strength differences between carbonaceous and
ordinary chondrites are related to the higher porosity of carbonaceous chondrites rather than any inherent
difference in the material (Flynn et al., 2018; Pohl and Britt, 2020).

The meteoritic material was impregnated in epoxy before being drilled into 6.25 mm diameter cores for
laboratory deformation. The samples were jacketed in soft PVC tubing, then encased in Teflon heat
shrink tubing prior to deformation (Supplementary material). This material has ~15% microporosity and a
mean density of ~2.5 g/cm®. However, these (and other) properties are heterogeneously distributed
throughout the sample. Samples were taken from the interior of the meteorite, and there is no alteration
crust present. Deformation was performed in a Paterson gas medium deformation apparatus (Paterson,
1990) housed in the Rock Mechanics Laboratory at MIT. A summary of the experimental parameters can
be found in Supplemental Table 1, and a setup schematic can be found in Figure S1.

We applied isostatic confining pressures (03) of up to 100 MPa, and deformed the samples at room
temperature (296 K) and constant strain rates of 107 s™, resulting in triaxial stress (0, > 03 =

0,). Differential stress ( |o; — o3]) continued to increase until failure, the point at which the samples no
longer supported increasing stress and began to weaken (Figure 2a).

A custom data acquisition system (DAQ) was used in order to record passive AEs and pass active
ultrasonic waves through the samples. Miniature piezoelectric sensors with a diameter of 1.5 mm were
created by cementing a piezo-element (0.5 mm tall) within a metallic tube. The piezo-element was then
coated with gold, to achieve high electrical conductivity. These sensors were attached to microsprings and
threaded through pistons to allow constant coupling between the sensor and the sample during
deformation. Signals were amplified at ~60 dB and recorded at 50 MS/s rate with 12 bit resolution using a
digital oscilloscope (TiePie HS4-50). The majority of amplified signals fell in the frequency range of

~50 kHz to 2 MHz. One of the sensors was set to pulse P-waves (Y-cut LiNbO3), and the other one
could receive both P and S waves (X-cut).

Microcracking occurred during both pressurization and deformation, releasing strain energy and causing
vibrations within the sample. The received signals are recorded as displacements at the end of the sample,
representing a convolution of three main controlling parameters of wave propagation: source
characteristics, the medium through which waves travel, and the sensor response. We took Fourier
Transforms of the displacements u at times ¢ into corresponding frequencies o, such that u(w) =
You(t)e 't with amplitudes ¥, = {u(w,)} over frequency levels a. This expansion yields
modulations to the energy state with amplitudes C, and eigenvectors ¢,, which we use to characterize the
state of the system 1/_1) such that

J;(t) = Za Cae_iwat(za-
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For each acoustic emission, we smoothed over the raw emitted waveform with a window of 5 count
intervals (0.1 us), and denoised using wavelet decomposition. From this data, we computed a spectrogram
using the window function # and time index 1 to yield power P, such that

P(t,w) = Y, W(t—)yY(t)e 't .

We integrated over the duration and frequency range of each event to compute the total power, then
normalized by the mean power of background noise during each test. The power is a direct indication of
how much energy was dissipated due to AEs. We present this quantity as a scalar value relative to the
noise threshold, and discarded any events with a power-to-noise ratio below 1.5.

See Supplementary Information (figures S2, S3) for more details on acoustic emission data calibration
and acquisition. A comprehensive proof of this integration can also be found in the discussion of the P-
parameter by Ghaffari et al. (2021).

After deformation, entire samples were imaged with the table-top micro-computed tomography (micro-
CT) Skyscan system at Woods Hole Oceanographic Institution, using 5-hour scan times at a 4 um pixel
size under 100 kV acceleration voltage.
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Figure 1: Mechanical results from deformation tests, represented as a) stress/strain curves, colored by
confining pressure, b) observed Youngs moduli from ultrasonic and mechanical data, ¢c) Mohr circles,
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d) Pc = 16MPa

Mohr-Coulumb faults

with a tangent line indicating the Mohr-Coulomb failure envelope, large dots represent fault orientation

developed at failure and d) CT images of deformed samples, with final faults from peak stress indicated.

3. Results

3.1.Mechanical data

The peak strength of the samples generally increased with confining pressure before reaching a
maximum at ~50 MPa Pc¢ (Figure 1a). Above ~S0MPa confining pressure, peak strength decreased with

increasing confining pressure. The o; did not exceed ~350 MPa in any experiment, and so increases in

confining pressure above 50 MPa lead to decreases in differential stress (Figure 1c). In all cases, the strain
at peak strength at the point of failure remained close to 3%.

The failure envelopes of the experimentally deformed samples are represented as Mohr circles in Figure

2c. These Mohr circles are a graphical representation of the stress state within a rock at the point of

failure, plotted in normal stress () vs. shear stress (1) space such that
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N i 01—03
2 2

01—0: .
cos26; t= %stG,

where 0 is the orientation of the normal to the fault plane with respect to ;. The Mohr-Coulomb failure
envelope tangent to the circles indicates the stress conditions expected at failure:

T = 0.80,, + 28 (units in MPa).

This linear failure envelope is valid only for samples deformed below ~50 MPa Pc. Byerlee’s Law, which
defines the shear stress needed to slide rocks along a pre-existing fault surface, falls below the range of
stress states recorded during deformation tests, as expected for the deformation of intact rocks. Notably,
no test was able to reach o, greater than 350 MPa; the three highest-pressure tests all failed at this point.

During several tests of up to 50 MPa confining pressure, we monitored sound velocities using the
piezoelectric sensors placed above and below the sample (See Supplementary Table 1). From these
measurements, we characterized dynamic (unrelaxed) Youngs moduli via p- and s-wave arrival times,

o _ pREvE-erg)
dyn — 2_y2
y V-V

We compared the unrelaxed, microscale E4y» with the observed macroscale Youngs modulus derived from
mechanical data on stress, o, and strain, €, such that
g
Eqs = ; .
As materials are stiffer at higher frequencies and shorter length scales (Jackson, 2015), the calculated
Y oungs modulus is higher during dynamic probing than during quasistatic bulk deformation (Figure 1b).

3.2. Ultrasonic probes
3.2.1. Acoustic emissions

All samples released energy via microcracking, both during pressurization and deformation.
Microcracking occurred at all sampled pressures (Figure 2a, 2d). The integrated power and maximum
amplitudes of each AEs decreased slightly with increasing differential stress (|o; — a3|) (Figure 2b, 2e),
and the power-to-noise ratio was largest for low values of g; (Figure 2c¢, 2f). Many of these energetically
dissipative events occurred during the nominally “elastic” deformation period, when differential stress is
low and no energy release is expected. The material also emitted energy through microcracking during
isotropic pressurization cycles (Figure 3d), when differential stress is zero.
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3.2.2.

Ultrasonic pulsing

To determine wavespeeds as a function of pressure, we sent ultrasonic pulses through a sample
while cycling confining pressure between 0 and 50 MPa, (Figure 3a, 3b, 3c). This procedure allowed us to
examine if pressure oscillations changed the internal structure of our material and validate our results. We

examined the entire waveform to see how the structure is affecting throughgoing waves (Figure 3d, 3e).

The amplitudes and arrival times of throughgoing waves mimicked the pressure conditions, such that at

lower pressures, comparable parts of the waveform arrived later, and at higher pressures, they arrived

earlier (Figure 3d). The waveforms also remained similar at the same pressure even after a
pressurization-depressurization cycle and associated AEs (Figure 3e; S5), suggesting that the
modifications to internal structure of the material occur on smaller length scales than sampled by

ultrasonic waves and therefore would not be visible to seismic waves, regardless of the pressure history.
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and 50 MPa are highlighted in light grey boxes. See Supplementary Information for further discussion of

waveform analysis (S4-6).

4. Discussion
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Figure 4: A conceptual diagram showing the effects of confining pressure on porosity, strength, and the
power released via microcracking. Sample interior models for small icy moons are shown in order of
increasing Pc at the ocean-rock interface, based on estimates from PlanetProfile by Vance et al (2018).

The above results show that the mechanical and acoustic properties of chondritic material, and therefore
the cores of icy moons, are dependent on confining pressure. Several of these relationships are depicted
schematically in Figure 4.

4.1. Discussion of mechanical data

Chondritic material initially strengthens with increasing confining pressure, then undergoes a drop in peak
differential stress above confining pressures >50 MPa (Figure 1a, 1c). This behavior is similar to the “cap
model” for compaction and deformation of porous Earth materials. In the cap model porosity drops
steadily with increasing pressure before dropping rapidly at a point of compactive yield (C*), where the
load-bearing framework collapses and above which cataclastic flow takes over as the primary mode of
deformation (Wong and Baud, 2012).

Pore closure may therefore proceed in a predictable, yet discontinuous manner across icy moon
environments. The maximum pressure at which porosity is maintained within a rocky interior should
decrease with increasing Pc, then suddenly drop, rather than a slow closure similar to that within the outer
close entirely at this point, but most porosity is lost. It is possible that the maximum normal stress seen in
our test, 350 MPa, represents the condition for total pore closure. Assumptions of density and
permeability within cores should see a similar jump. These observations indicate that the mechanisms of

10
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deformation may be different in larger moons than in smaller moons, due to the increased confining
pressures from increased overburden at the rock-ocean or rock-ice interface. In bodies where rocky
interiors are under higher confining pressures, pore closure effects may not be as important and material
may be stiffer; in lower-pressure environments, material may deform more easily.

Viscoelastic deformation of silicate interiors has been suggested as a mechanism for heat generation and
tidal dissipation in Enceladus and Europa (Kang et al., 2020; Liao et al., 2020; Rovira-Navarro et al.,
2022), but a true viscous response is unlikely in a cold, chondritic layer. Silicates typically require
elevated pressures and temperatures for viscous deformation (e.g. Kohlstedt and Hansen, 2015). Brittle
creep, a mechanism that is active in silicate rocks at low pressures and temperatures (Bernabé and Pec,
2022; Brantut et al., 2013) may generate an additional apparent viscous response, contributing to the total
heat dissipation via microcracking. Similar effects may arise from pore closure and reopening. While not
truly a viscous response, the presence of brittle creep could serve as a nonlinear viscous element over
short timescales and thus should be considered in models for viscoelastic core deformation.

4.2. Discussion of acoustic and ultrasonic data

Dissipative acoustic emissions from microcracking events occurred at all pressures sampled, even
at low differential stresses, indicating that even small changes to local stresses can initiate cracks (Figure
2). The Vp/Vs ratio also decreased with increasing confining pressure (Figure 3c), which occurs as
damage increases (Wang et al., 2012). We suggest that microcracking could be continuously occurring in
rocky interiors of icy satellites, where deviatoric stresses can be on the order of 1 MPa or higher,
changing periodically with the orbit of the satellite (Gao and Stevenson, 2013; McKinnon, 2013). As
these cracks occurred during the nominally elastic component of deformation (low differential stress, low
strain; see Figure 2b, 2¢), we suggest that that the energy from these microscale plastic mechanisms
should be associated with the apparent viscous response necessary for dissipation in the silicate core.

Moons with thinner crusts and oceans could receive proportionally more heat over their lifetimes
from the deformation of their rocky interiors than larger moons, as their cores will be more deformable at
low pressures and therefore able to dissipate heat during viscoelastic deformation. Local values of ; will
be lower in smaller moons as well, corresponding to the most energetic cracking events seen in our tests
(Figure 2c¢, 2f). As this energy is released, it could contribute to processes such as ice overturn, ocean
maintenance, and possibly even geyser activity as seen on Enceladus’ south pole. Pore fluids change the
local stress state by lowering the effective pressure, so that materials at the ocean-silicate interface could
experience even more fracture than we observe in lab. Additionally, while our deformation experiments
are conducted at relatively slow strain rates, they are not identical to timescales and frequencies of tidal
deformation. Under realistic tidal forcing periods, the strength of porous rocks is lower (Bagde and
Petros, 2009; Peng et al., 2020), increasing the likelihood of cracking in response to small stress changes.
One excellent opportunity for future laboratory studies is the measurement of acoustic properties of
aqueously altered chondritic material, which should exist at the rock-ocean boundary.

In addition to releasing heat at the time of their formation, cracks create new surface area. Modeling
by Rovira-Navarro et al. (2022) found that rock-water interaction (via increasing permeability) increases
dissipation throughout a porous core. Fresh surface area would encourage serpentinization, which has
been suggested as a mechanism for generating hydrogen within the oceans of icy bodies (Kamata et al.,

11
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2019; McCollom et al., 2022; Neveu et al., 2015; Vance and Melwani Daswani, 2020) or cultivation of
organic materials which have risen to Titan’s surface (Castillo-Rogez and Lunine, 2010). Many of these
reactions include volume increase which modifies the local stress field, encouraging further cracking
within the silicate body and providing a self-sustaining heating process.

5. Conclusions

We characterized the mechanical properties of stony chondritic material under a range of confining
pressures, defined a failure envelope, measured wavespeeds, and retrieved both static and dynamic elastic
moduli. The mechanical results suggest that porosity decreases significantly at lab confining pressure of
~50 MPa, such that the silicate interiors of larger icy moons will be relatively dense and impermeable.
The interiors of larger moons are less deformable, and therefore contribute proportionally less energy in
response to tidal forcing, than those of smaller moons. We also observed semi-continuous energy release
arising from microcracking under small changes to stress. These microcracks may represent an apparent
viscous response which enhances heat dissipation within rocky cores and mantles. The energy release
from microcracking occurred during pressurization and depressurization as well, and transmissivity of the
material (likely dependent on its porosity) was a function of current confining pressure rather than
pressure history. Pressure, and the resultant amount of porosity that a material can maintain, is therefore a
strong control on the dissipative potential of silicate interiors. These findings are useful for determining
the level of heat generated in the cores and mantles of icy moons, which may then drive ocean circulation
and/or maintenance. We also see that the release of energy persists as deformation continues, indicating
that ongoing deformation on a diurnal timescale may remain important for the total heat flux of an icy
body.
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Key points:

1. We established the failure envelope of chondritic materials under conditions relevant to the rocky
interiors of small icy moons

2. Chondritic material has a yield cap around 50 MPa confining pressure, above which its porosity is
very small

3. Pressurization and deformation of chondritic material creates energetic cracks, which could
contribute to heat dissipation
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Abstract

Icy moons in the outer Solar System contain rocky, chondritic interiors, but this material is rarely studied
under confining pressure. The contribution of rocky interiors to deformation and heat generation is
therefore poorly constrained. We deformed LL6 chondrites at confining pressures < 100 MPa and
quasistatic strain rates, and recorded acoustic emissions (AEs) using ultrasound probes. We defined a
failure envelope, measured ultrasonic velocities, and retrieved elastic moduli for the experimental
conditions. Chondritic material stiffened with increasing confining pressure, and reached its peak
strength at 50 MPa confining pressure. Microcracking events occurred at low stresses, during nominally
“elastic” deformation, indicating that dissipative processes are possible in rocky interiors. These events
were most energetic at lower differential stresses, and occurred more frequently at lower confining
pressures. We suggest that chondritic interiors of icy moons are therefore stronger, less compliant, and
less dissipative with increasing pressure and size.

Plain language summary

Many icy moons in the outer Solar System have warm, active interiors, but the source of the heat that
maintains this activity is sometimes unknown. Many of these moons contain rocky layers which are made
of the same material as meteorites that have landed on the Earth. However, we have never previously
studied how this material deforms under confining pressures like those found within icy moons. We
conducted a lab study of the deformation mechanisms of meteoritic material to study how the deformation
response applies to the interior of icy moons. We also analyzed cracking in response to small stress
changes, which occurred at all stages of deformation. We found that the material behaved differently at
low and high confining pressures, with a peak strength at ~50 MPa. This indicates that icy moons with
smaller oceans and thinner crusts may deform differently than larger icy moons, and can receive some of
the heat needed to maintain their oceans through cracking processes in their porous cores.

1. Introduction

Icy moons in the outer Solar System are considered excellent candidate bodies for hosting extraterrestrial
life. The interior properties of these moons are important for determining the feasibility of life, lander
missions, and future priorities in exploring the outer Solar System. The mechanical properties of the cores
of these moons are relatively less well-studied than the properties of their icy crusts and water oceans, as
the cores are likely less dissipative than the ice or liquid layers (e.g., Tobie et al., 2005). The deformation
mechanisms of core material are thus presently still unknown, leaving large uncertainties as to how
dissipation proceeds throughout the entire body: there is an order-of-magnitude difference in potential
heat release from Enceladus’ core, for example, depending on if it is stiff and elastic or if it is highly
deformable and (poro)viscoelastic (Aygiin and Cadek, 2022; Rovira-Navarro et al., 2022).
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The yield strength of a material, which modelers use to predict how a body responds to stress, is
almost always pressure-dependent, and often strain-rate dependent (Mair et al., 2002; Mulliken and
Boyce, 2006). Rocky components of icy moons are frequently chondritic in nature (Kuskov and Kronrod,
2005; Néri et al., 2020; Neumann and Kruse, 2019), and most strength tests of meteoritic material are
conducted at asteroidal conditions: no confinement, and fast strain rates.

Confining pressures at the core-ocean or core-mantle boundary of icy moons frequently reach tens of
MPa and more (Neveu et al., 2015; Styczinski et al., 2022; Vance et al., 2018). Almost all tests on
meteoritic material occur at room pressure (Pohl and Britt, 2020). The few tests that do assess strength
and deformation mechanisms of chondritic material under pressure (Ramesh et al., 2017; Voropaev et al.,
did study a single sample at confining pressure of 50 MPa, but did not apply any differential stress and
therefore could not measure the strength of the material. Dynamic (fast) deformation experiments
simulating crater formation and impacts on chondrites are also common. These experiments are not easily
applied to planetary strain rates, and there is a larger rate sensitivity in unconfined meteoritic material
than in terrestrial rocks (Kimberley and Ramesh, 2011). Hogan et al. (2015) used Brazilian disk tests in a
Kolsky bar apparatus under confined planar configuration at dynamic strain rates of 10' — 10°s™!, which
yielded a higher peak strength (~300 MPa) than the unconfined tests at similar strain rates, but did not
record enough data at low strain rates to establish a definite change in peak strength for quasistatic tests
conducted at no confining pressure vs. those conducted under confinement.

Here, we report the mechanical properties of deforming chondritic material under confining pressure.
These measurements represent the first experimental investigation of chondritic material deformation
under confining pressure similar to that found inside an icy moon. We used fallen meteoritic material,
which is inherently pre-deformed and high-strength. These fallen meteorites are analogs for the rocky
cores and mantles of moons, which have survived accretion and continuous tidal deformation for billions
of years (Nimmo and Pappalardo, 2016).

In addition to the bulk mechanical response to deformation, we also studied microcracking behavior as
the rocks were pressurized, and subsequently deformed at elevated confining pressures. Cracks associated
with damage emit dynamic stress waves, observable as acoustic emissions (AEs) with characteristic
frequencies depending on the source characteristics of deformation (Eitzen and Wadley, 1984; Ghaffari et
al., 2014; Lei and Ma, 2014; Li et al., 2021; O’Ghaffari et al., 2023). The internal structure can also be
sampled using throughgoing waves, which acquire signatures of the microstructure as they propagate
through and interact with the material. We used ultrasonic probes in passive and active modes to measure
1) energy release associated with acoustic emissions, and 2) variations of sound velocities and their
transmissivity in the samples under confining pressure. As macroscale behavior arises from microscale
effects, data from all scales is needed to produce a robust picture of deformation dynamics.

This paper presents mechanical results from deformation tests, followed by observations of internal
structure based on acoustic emissions and ultrasonic pulsing. We show that as the meteoritic material
encounters higher confining pressures up to 50 MPa, the samples become stronger and emitted high-energy
acoustic waves. Above 50 MPa confining pressure, the material became weaker, and dissipated less energy
via AEs. Our observations indicate that the mechanisms of deformation are controlled by porosity closure,
and that the dissipation of stored energy via microcracking is more pronounced at lower confining
pressures.
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2. Methods

These tests were conducted on samples from the Kilabo meteorite, an LL6 chondrite. Moons have
broadly chondritic silicate interiors: Néri et al. (2020) suggest that the cores of Titan and Ganymede (and
possibly Callisto) are carbonaceous chondrites, while Kuskov and Kronrod (2005) infer an low metallicity
and/or low iron (L/LL) composition for the interior of Europa (and, again, possibly Callisto), and
Neumann and Kruse (2019) find an ordinary chondritic (OC) composition (likely L/LL) for the rocky
core of Enceladus. Previous experiments suggest that strength differences between carbonaceous and
ordinary chondrites are related to the higher porosity of carbonaceous chondrites rather than any inherent
difference in the material (Flynn et al., 2018; Pohl and Britt, 2020).

The meteoritic material was impregnated in epoxy before being drilled into 6.25 mm diameter cores for
laboratory deformation. The samples were jacketed in soft PVC tubing, then encased in Teflon heat
shrink tubing prior to deformation (Supplementary material). This material has ~15% microporosity and a
mean density of ~2.5 g/cm®. However, these (and other) properties are heterogeneously distributed
throughout the sample. Samples were taken from the interior of the meteorite, and there is no alteration
crust present. Deformation was performed in a Paterson gas medium deformation apparatus (Paterson,
1990) housed in the Rock Mechanics Laboratory at MIT. A summary of the experimental parameters can
be found in Supplemental Table 1, and a setup schematic can be found in Figure S1.

We applied isostatic confining pressures (03) of up to 100 MPa, and deformed the samples at room
temperature (296 K) and constant strain rates of 107 s™, resulting in triaxial stress (0, > 03 =

0,). Differential stress ( |o; — o3]) continued to increase until failure, the point at which the samples no
longer supported increasing stress and began to weaken (Figure 2a).

A custom data acquisition system (DAQ) was used in order to record passive AEs and pass active
ultrasonic waves through the samples. Miniature piezoelectric sensors with a diameter of 1.5 mm were
created by cementing a piezo-element (0.5 mm tall) within a metallic tube. The piezo-element was then
coated with gold, to achieve high electrical conductivity. These sensors were attached to microsprings and
threaded through pistons to allow constant coupling between the sensor and the sample during
deformation. Signals were amplified at ~60 dB and recorded at 50 MS/s rate with 12 bit resolution using a
digital oscilloscope (TiePie HS4-50). The majority of amplified signals fell in the frequency range of

~50 kHz to 2 MHz. One of the sensors was set to pulse P-waves (Y-cut LiNbO3), and the other one
could receive both P and S waves (X-cut).

Microcracking occurred during both pressurization and deformation, releasing strain energy and causing
vibrations within the sample. The received signals are recorded as displacements at the end of the sample,
representing a convolution of three main controlling parameters of wave propagation: source
characteristics, the medium through which waves travel, and the sensor response. We took Fourier
Transforms of the displacements u at times ¢ into corresponding frequencies o, such that u(w) =
You(t)e 't with amplitudes ¥, = {u(w,)} over frequency levels a. This expansion yields
modulations to the energy state with amplitudes C, and eigenvectors ¢,, which we use to characterize the
state of the system 1/_1) such that

J;(t) = Za Cae_iwat(za-
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For each acoustic emission, we smoothed over the raw emitted waveform with a window of 5 count
intervals (0.1 us), and denoised using wavelet decomposition. From this data, we computed a spectrogram
using the window function # and time index 1 to yield power P, such that

P(t,w) = Y, W(t—)yY(t)e 't .

We integrated over the duration and frequency range of each event to compute the total power, then
normalized by the mean power of background noise during each test. The power is a direct indication of
how much energy was dissipated due to AEs. We present this quantity as a scalar value relative to the
noise threshold, and discarded any events with a power-to-noise ratio below 1.5.

See Supplementary Information (figures S2, S3) for more details on acoustic emission data calibration
and acquisition. A comprehensive proof of this integration can also be found in the discussion of the P-
parameter by Ghaffari et al. (2021).

After deformation, entire samples were imaged with the table-top micro-computed tomography (micro-
CT) Skyscan system at Woods Hole Oceanographic Institution, using 5-hour scan times at a 4 um pixel
size under 100 kV acceleration voltage.
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Figure 1: Mechanical results from deformation tests, represented as a) stress/strain curves, colored by
confining pressure, b) observed Youngs moduli from ultrasonic and mechanical data, ¢c) Mohr circles,
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Mohr-Coulumb faults

with a tangent line indicating the Mohr-Coulomb failure envelope, large dots represent fault orientation

developed at failure and d) CT images of deformed samples, with final faults from peak stress indicated.

3. Results

3.1.Mechanical data

The peak strength of the samples generally increased with confining pressure before reaching a
maximum at ~50 MPa Pc¢ (Figure 1a). Above ~S0MPa confining pressure, peak strength decreased with

increasing confining pressure. The o; did not exceed ~350 MPa in any experiment, and so increases in

confining pressure above 50 MPa lead to decreases in differential stress (Figure 1c). In all cases, the strain
at peak strength at the point of failure remained close to 3%.

The failure envelopes of the experimentally deformed samples are represented as Mohr circles in Figure

2c. These Mohr circles are a graphical representation of the stress state within a rock at the point of

failure, plotted in normal stress () vs. shear stress (1) space such that
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N i 01—03
2 2

01—0: .
cos26; t= %stG,

where 0 is the orientation of the normal to the fault plane with respect to ;. The Mohr-Coulomb failure
envelope tangent to the circles indicates the stress conditions expected at failure:

T = 0.80,, + 28 (units in MPa).

This linear failure envelope is valid only for samples deformed below ~50 MPa Pc. Byerlee’s Law, which
defines the shear stress needed to slide rocks along a pre-existing fault surface, falls below the range of
stress states recorded during deformation tests, as expected for the deformation of intact rocks. Notably,
no test was able to reach o, greater than 350 MPa; the three highest-pressure tests all failed at this point.

During several tests of up to 50 MPa confining pressure, we monitored sound velocities using the
piezoelectric sensors placed above and below the sample (See Supplementary Table 1). From these
measurements, we characterized dynamic (unrelaxed) Youngs moduli via p- and s-wave arrival times,

o _ pREvE-erg)
dyn — 2_y2
y V-V

We compared the unrelaxed, microscale E4y» with the observed macroscale Youngs modulus derived from
mechanical data on stress, o, and strain, €, such that
g
Eqs = ; .
As materials are stiffer at higher frequencies and shorter length scales (Jackson, 2015), the calculated
Y oungs modulus is higher during dynamic probing than during quasistatic bulk deformation (Figure 1b).

3.2. Ultrasonic probes
3.2.1. Acoustic emissions

All samples released energy via microcracking, both during pressurization and deformation.
Microcracking occurred at all sampled pressures (Figure 2a, 2d). The integrated power and maximum
amplitudes of each AEs decreased slightly with increasing differential stress (|o; — a3|) (Figure 2b, 2e),
and the power-to-noise ratio was largest for low values of g; (Figure 2c¢, 2f). Many of these energetically
dissipative events occurred during the nominally “elastic” deformation period, when differential stress is
low and no energy release is expected. The material also emitted energy through microcracking during
isotropic pressurization cycles (Figure 3d), when differential stress is zero.
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functions of total power per event, evolving as a function of d) confining pressure, e) differential stress,
and f) 1. Colored lines correspond to specific stress ranges, in MPa, which are defined specifically for

each panel in its interior legend.

3.2.2.

Ultrasonic pulsing

To determine wavespeeds as a function of pressure, we sent ultrasonic pulses through a sample
while cycling confining pressure between 0 and 50 MPa, (Figure 3a, 3b, 3c). This procedure allowed us to
examine if pressure oscillations changed the internal structure of our material and validate our results. We

examined the entire waveform to see how the structure is affecting throughgoing waves (Figure 3d, 3e).

The amplitudes and arrival times of throughgoing waves mimicked the pressure conditions, such that at

lower pressures, comparable parts of the waveform arrived later, and at higher pressures, they arrived

earlier (Figure 3d). The waveforms also remained similar at the same pressure even after a
pressurization-depressurization cycle and associated AEs (Figure 3e; S5), suggesting that the
modifications to internal structure of the material occur on smaller length scales than sampled by

ultrasonic waves and therefore would not be visible to seismic waves, regardless of the pressure history.
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4. Discussion
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Figure 4: A conceptual diagram showing the effects of confining pressure on porosity, strength, and the
power released via microcracking. Sample interior models for small icy moons are shown in order of
increasing Pc at the ocean-rock interface, based on estimates from PlanetProfile by Vance et al (2018).

The above results show that the mechanical and acoustic properties of chondritic material, and therefore
the cores of icy moons, are dependent on confining pressure. Several of these relationships are depicted
schematically in Figure 4.

4.1. Discussion of mechanical data

Chondritic material initially strengthens with increasing confining pressure, then undergoes a drop in peak
differential stress above confining pressures >50 MPa (Figure 1a, 1c). This behavior is similar to the “cap
model” for compaction and deformation of porous Earth materials. In the cap model porosity drops
steadily with increasing pressure before dropping rapidly at a point of compactive yield (C*), where the
load-bearing framework collapses and above which cataclastic flow takes over as the primary mode of
deformation (Wong and Baud, 2012).

Pore closure may therefore proceed in a predictable, yet discontinuous manner across icy moon
environments. The maximum pressure at which porosity is maintained within a rocky interior should
decrease with increasing Pc, then suddenly drop, rather than a slow closure similar to that within the outer
close entirely at this point, but most porosity is lost. It is possible that the maximum normal stress seen in
our test, 350 MPa, represents the condition for total pore closure. Assumptions of density and
permeability within cores should see a similar jump. These observations indicate that the mechanisms of

10
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deformation may be different in larger moons than in smaller moons, due to the increased confining
pressures from increased overburden at the rock-ocean or rock-ice interface. In bodies where rocky
interiors are under higher confining pressures, pore closure effects may not be as important and material
may be stiffer; in lower-pressure environments, material may deform more easily.

Viscoelastic deformation of silicate interiors has been suggested as a mechanism for heat generation and
tidal dissipation in Enceladus and Europa (Kang et al., 2020; Liao et al., 2020; Rovira-Navarro et al.,
2022), but a true viscous response is unlikely in a cold, chondritic layer. Silicates typically require
elevated pressures and temperatures for viscous deformation (e.g. Kohlstedt and Hansen, 2015). Brittle
creep, a mechanism that is active in silicate rocks at low pressures and temperatures (Bernabé and Pec,
2022; Brantut et al., 2013) may generate an additional apparent viscous response, contributing to the total
heat dissipation via microcracking. Similar effects may arise from pore closure and reopening. While not
truly a viscous response, the presence of brittle creep could serve as a nonlinear viscous element over
short timescales and thus should be considered in models for viscoelastic core deformation.

4.2. Discussion of acoustic and ultrasonic data

Dissipative acoustic emissions from microcracking events occurred at all pressures sampled, even
at low differential stresses, indicating that even small changes to local stresses can initiate cracks (Figure
2). The Vp/Vs ratio also decreased with increasing confining pressure (Figure 3c), which occurs as
damage increases (Wang et al., 2012). We suggest that microcracking could be continuously occurring in
rocky interiors of icy satellites, where deviatoric stresses can be on the order of 1 MPa or higher,
changing periodically with the orbit of the satellite (Gao and Stevenson, 2013; McKinnon, 2013). As
these cracks occurred during the nominally elastic component of deformation (low differential stress, low
strain; see Figure 2b, 2¢), we suggest that that the energy from these microscale plastic mechanisms
should be associated with the apparent viscous response necessary for dissipation in the silicate core.

Moons with thinner crusts and oceans could receive proportionally more heat over their lifetimes
from the deformation of their rocky interiors than larger moons, as their cores will be more deformable at
low pressures and therefore able to dissipate heat during viscoelastic deformation. Local values of ; will
be lower in smaller moons as well, corresponding to the most energetic cracking events seen in our tests
(Figure 2c¢, 2f). As this energy is released, it could contribute to processes such as ice overturn, ocean
maintenance, and possibly even geyser activity as seen on Enceladus’ south pole. Pore fluids change the
local stress state by lowering the effective pressure, so that materials at the ocean-silicate interface could
experience even more fracture than we observe in lab. Additionally, while our deformation experiments
are conducted at relatively slow strain rates, they are not identical to timescales and frequencies of tidal
deformation. Under realistic tidal forcing periods, the strength of porous rocks is lower (Bagde and
Petros, 2009; Peng et al., 2020), increasing the likelihood of cracking in response to small stress changes.
One excellent opportunity for future laboratory studies is the measurement of acoustic properties of
aqueously altered chondritic material, which should exist at the rock-ocean boundary.

In addition to releasing heat at the time of their formation, cracks create new surface area. Modeling
by Rovira-Navarro et al. (2022) found that rock-water interaction (via increasing permeability) increases
dissipation throughout a porous core. Fresh surface area would encourage serpentinization, which has
been suggested as a mechanism for generating hydrogen within the oceans of icy bodies (Kamata et al.,

11
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2019; McCollom et al., 2022; Neveu et al., 2015; Vance and Melwani Daswani, 2020) or cultivation of
organic materials which have risen to Titan’s surface (Castillo-Rogez and Lunine, 2010). Many of these
reactions include volume increase which modifies the local stress field, encouraging further cracking
within the silicate body and providing a self-sustaining heating process.

5. Conclusions

We characterized the mechanical properties of stony chondritic material under a range of confining
pressures, defined a failure envelope, measured wavespeeds, and retrieved both static and dynamic elastic
moduli. The mechanical results suggest that porosity decreases significantly at lab confining pressure of
~50 MPa, such that the silicate interiors of larger icy moons will be relatively dense and impermeable.
The interiors of larger moons are less deformable, and therefore contribute proportionally less energy in
response to tidal forcing, than those of smaller moons. We also observed semi-continuous energy release
arising from microcracking under small changes to stress. These microcracks may represent an apparent
viscous response which enhances heat dissipation within rocky cores and mantles. The energy release
from microcracking occurred during pressurization and depressurization as well, and transmissivity of the
material (likely dependent on its porosity) was a function of current confining pressure rather than
pressure history. Pressure, and the resultant amount of porosity that a material can maintain, is therefore a
strong control on the dissipative potential of silicate interiors. These findings are useful for determining
the level of heat generated in the cores and mantles of icy moons, which may then drive ocean circulation
and/or maintenance. We also see that the release of energy persists as deformation continues, indicating
that ongoing deformation on a diurnal timescale may remain important for the total heat flux of an icy
body.
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Figure S1: Schematic of our sample setup and ultrasonic instrumentation
method.

All experiments were conducted in a Paterson gas medium deformation apparatus, PI-5, in the
Rock Deformation Laboratory at MIT. Two custom-made miniature piezo-sensors with stainless
steel jacket were threaded through the central hole in the pistons, most commonly used for
thermocouples, and mechanically coupled with meteorite sample using springs, as shown in
inset. The response of sensors was evaluated before, during and after the tests (using pulse-echo
method) to verify the sensors were not lost or weakened by spring-loading process. Signals
passed through p-BMC wires, an amplifier set to amplify signals at 60 dB, and were recorded in
a TiePie HS4-50 oscilloscope.



Table T1: experimental parameters for each test.

Max Pc initial length diameter max diff. stress  dx rate strain rate T AEs

(MPa) (mm) (mm) (MPa) (mm/min) (s1) (K)
001_CS_PI 54 1.73 6.75 428 0.072 1E-05 295 yes
009_CS_PI 28 10.05 6.77 193 0.029 5E-05 295 no
010_CS_PI 16 10.55 6.76 138 0.032 5E-05 295 no
012_CS_PI 72 1.5 6.75 289 0.035 5E-05 295 yes
013_CS_PI 42 9.34 6.75 214 0.028 5E-05 295 yes
015_CS_PI 100 8.93 6.74 265 0.027 5E-05 295 yes
017_CS_PI 20 7.82 6.66 50 0.023 5E-05 295 yes
019_CS_PI 40 6.72 6.72 72 0.023 5E-05 295 no
032_CS_PI 45 7.3 6.25 265 0.022 5E-05 295 yes
033_CS_PI 50 7.3 6.75 31 0.022 5E-05 295 yes
037_CS_PI 47 7.29 6.66 268 0.022 5E-05 295 yes

Table T1. Each test is recorded by name in the farthest left column. Pc = confining pressure, dx
rate = displacement rate, T = temperature. AEs column indicates whether sensors were in place
and able to record acoustic emissions.

On the calibration of amplifiers and piezoelectric sensors:

The response of amplifiers at 60 dB was tested at room conditions by sending a
sinusoidal pulse with different frequencies and amplitudes through the same length of BNC
cables used in the real set-up of our tests. The response of the amplifier is flat amplification of
~57 dB up to 1.5 MHz, after which there was an exponential decreasing of amplification from 57
dB to 35 dB at frequencies up to ~15 MHz. The majority of recorded signals were in the
frequency range ~50 kHz to 2 MHz. Note that the employed amplifiers did not distort or change
the shape of the sine waves for excited signals below 500 mV, and correctly transferred the
frequency of the input waves.

To calibrate the response of the sensor, we used a 3D laser Doppler vibrometer (LDV)
which can measure the vibration rates in three perpendicular directions (Ghaftari et al., 2021)
and is sensitive to signals from 5kHz to ~300kHz. We calibrated these sensors within a
frequency range <400kHz, in order to set a lower limit in measuring velocities and
displacements. The sensor (instrument) response can be isolated once we identify the
amplitude-power of a reference sensor or probe (PLov(®)) and of a test sensor (Przr(w)) for the
same vibration. Here, the source could be a fixed source generated by a vibrating sensor due to
sinusoidal waveforms, or an impulse-electrical signals generating a train of waves with different
frequencies in the source sensor. The instrument response or transform function in power-

frequency domain is defined such that I (w) = ?Z—TEZ; . For an ideal sensor, I(m)=1. However,
LDV



here we have partial overlap of frequencies between the two sensors, so our instrument response
function is valid for the domain from 40kHz-300kHz.

We calibrated the needle (miniature) sensors used in our experiments in two different set-ups:

I) in the first set-up, a pulsing sensor was triggered with a sweep mode of sinusoidal wave
pulses at frequencies of 10 kHz to 5 MHz. The receiver sensor receives the signal directly. A thin
film of mica is used to prevent electrical noise and interference. The pulsing transducer’s
pressure field (radiation field) is characterized independently with pulse-echo (in air) method,
where the sensor receives a short ~100 ns electrical pulse and the vibration of the sensor is
recorded at 0 dB amplification. The energy input of electrical pulse is set to be equal with
amplitude of pulses in the main set-up. We use spectral analysis to obtain amplitudes for each
frequency domain (at bin size of 10 kHz), then integrated to define total power at each
frequency, P(w). We evaluated the receiver sensor as the main sensing element by its sensitivity
(loop gain, insertion loss) parameter, S(dB) = 20 log (Vx/ Vo), where Vx is the amplitude of the
received signal in volts at a given frequency and Vo is the amplitude of transducer excitation in
volts at the same frequency. In Figure S2 we show the S-parameter. An almost flat response
relative to the source sensor is achieved in the frequency range of 0.35-1.5MHz

IT) We also calibrated our sensors with an on-table test (Figure S2) in which we used a
cylindrical rock sample and two sensors spring-loaded to end surfaces of the sample. One sensor
served as a source, pulsing signals through the sample which were received at the other end,
where laser beams of LDV measured the velocity components. To compare the response of the
receiver sensor with the laser measurements, we calculated an overlapped (80%) 2,048-point fast
Fourier transform to calculate the power of the signal. Next, we calculated the average of the
power of the waveform over a frequency range from 50 kHz to 300kHz(<P>) (Figure S2e).
<P(t)>w has a peak-like form and includes a fast-rising phase which is followed by a fast drop
(Figure S2c¢). Response of the sensor encoded in <P>¢, closely matches with the z-component of
slip velocity profile measured by laser beams. Similarity of out of plane velocity profile to
<P(t)>w» (Figure 3e) yields a lower bound estimate of displacement:

Considering an approximation for particle velocity: |[v(t)| =< P(t) >, we find a total
integrated displacement d(t) = [ < P(t) >, dt (Figure S2f). For the illustrated case in Figure
S2, the maximum displacement in the sensor location during ~30 us rise-time of the slip rate is
~1.5 nm. In Figure S3, we show this analysis applied to a sample waveform recorded during
deformation.
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Figure S2. Calibration of the sensors at room conditions with a 3-D laser
Doppler vibrometer for signals in the range of 1 kHz < ® <300 kHz. We used a needle piezo-
sensor in contact with a rock sample as the receiver and another sensor as the source. The laser
beam is placed in vicinity of the receiver sensor that is amplified at 60 dB, and records vibration
rates of the rock sample surface in three perpendicular directions. The out of plane component
(z- or dilatational component) is obtained and compared with mean of the magnitudes of FT
terms over a certain frequency domain <P>¢'

a) Tabletop setup for laser calibration.

b) Full waveform response to laser pulse

c) Frequency-power spectrum for waveform response

d) Truncated waveform, with red arrow indicating arrival time

e) response of the sensor represented with mean power of the signal on the interest

frequency domain <P>, plotted alongside the slip velocity for displacement recorded
within the waveform.

f) total displacement and total power during waveform
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Figure S3. Spectral analysis of a waveform emitted during deformation
under COIlfiIliIlg pressure of 100 MPa. a) Acoustic waveform, b) frequency-power

spectrum, c) total power released.
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Figure S4: Pulsing-receiving sensor setup and calibration.

a) We used a rod of alumina to calibrate waveforms before picking from real tests. b) Sample
waveform from calibration. Alumina sound velocities under room conditions for P and S waves
are 9.9 and 6.5 km/s, respectively. c) Wave picking from calibration. There is a weak P arrival,

but strong S arrival.
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Figure S5: Clustering of active ultrasonic pulses during two cycles of

pressurization-depressurization up to 50 MPa Pc. We used a dynamic time
warping (DTW) metric to compare ‘distance’ of waves and used hierarchical clustering. a)
Clustergram, accompanied with confining pressure graph, b) Plot of max amplitude and cluster
index overlying confining pressure graph, ¢) waveforms from each cluster.
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Figure S6: <P(t)> parameter for AEs at three different confining

pressures. <P(t)> scales with particle velocity at the sensor location. As pressure increases the
signal’s skewness change and approaches ~symmetric pulse.



