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Abstract Electrical conductivity measurements on well-characterized materials in the laboratory allow
accurate interpretations of high-conductivity anomalies within the lithosphere and asthenosphere, both affected
by substantial deformation over geological times. However, only a few experiments so far have measured rock
conductivity during controlled deformation at high pressures (=1 GPa) and temperatures (500-1,000°C). Here,
we report the first successful deformation experiments performed in a new-generation Griggs-type apparatus
adapted for electrical measurements. As a proof of concept, one successful experiment was conducted on
Carrara marble at a confining pressure of 1 GPa and temperatures of 500, 650, and 800°C. Three other
experiments were then performed at the same pressure to explore the electrical conductivity of Aheim dunites at
500, 650, and 800°C, respectively. Our results show very different electrical responses in the elastic and plastic
regimes. Stress and strain can significantly impact the electrical conductivity of peridotites by changing the
thickness, number, or geometry of grain boundaries. At fixed P-T conditions, the electrical conductivity varies
within an order of magnitude during elastic loading and unloading, which motivates reappraisal of
interpretations of electrical anomalies in mantle rocks, at least in tectonically active regions. Upon additional
development to achieve deformation up to 4 GPa (~120 km depth), the design presented here opens a fully new
research field, which will help to more deeply understand electrically conductive anomalies in rocks under stress
at depth, notably within the lower crust, upper mantle and subducting slabs.

Plain Language Summary Natural features, such as seismogenic faults, plate interfaces, or
magmatic provinces, can show abnormally high conductivity values at depth, as revealed by magnetotellurics.
These anomalies are interpreted by the presence of conductive materials, such as brines, melts, or water-bearing
rocks. Several parameters such as temperature and composition can influence the electrical conductivity of
rocks. In most rocks, grain boundaries are much more conductive than mineral phases due to their more
heterogeneous composition. Water can be trapped at grain boundaries in the form of adsorbed fluids or ions
bonded to crystal lattices, increasing the number of charge carriers. Consequently, the shape, thickness, and
water content of grain boundaries control the ability of electrons to travel through. Until now, deep conductive
anomalies have been interpreted by changes in mineralogy, water content, or partial melting. For the first time,
we show that deformation at high pressures and temperatures can significantly modulate electrical conductivity
values by squeezing or relaxing grain boundaries and forming new ones.

1. Introduction

Laboratory measurements of electrical conductivity have been extensively used by geophysicists and planetary
scientists to investigate the nature and evolution of rocks for several decades (e.g., Ferrand, 2020; Ferrand &
Chin, 2023; Gaillard et al., 2008; Li et al., 2023; Unsworth et al., 2005; Zhang & Yoshino, 2020). They
particularly allow to separately investigate the parameters controlling the conductivity variations deduced from
magnetotelluric (MT) studies (e.g., Ferrand & Chin, 2023; Gaillard, 2004; Pommier et al., 2018; Sifré et al., 2014;
Zhang & Yoshino, 2020), documenting strong lithospheric anomalies of electrical conductivity, so far attributed
to static properties related to rock fabric and deformation features (e.g., Baba et al., 2006; Borner et al., 2018;
Evans et al., 2005; Naif et al., 2013; Pommier et al., 2018). However, most in situ electrical measurements have
been performed in static conditions, that is, without considering the direct in situ effect of deformation on either
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natural or synthetic rocks. Dynamic conditions may yet involve the percolation of conductive fluids, transient
stress-induced states of grain boundaries impacting the distribution of electrical charges, or a combination of both
phenomena. For instance, various systems such as the magmatic network of the Mount St Helens (Hill
et al., 2009) or the East Pacific Rise (Key et al., 2013) are characterized by high-conductivity anomalies that can
reach >1 S m~'. Although such conductive anomalies are commonly attributed to the suspected presence of
connected melts (Gaillard, 2004; Key et al., 2013; Naif et al., 2013), volatiles or fluids (e.g., Karas et al., 2020;
Karato, 1990, 2006; Tiirkoglu et al., 2008), some could rather involve a more complex combination of physico-
chemical processes (e.g., underplating: Ferrand, 2020). Therefore, it is crucial to measure the effect of defor-
mation on electrical conductivity. Although several attempts have been carried out in the past (e.g., Caricchi
et al., 2011; Zhang & Yoshino, 2020; Zhang et al., 2014), how deformation can impact electrical conductivity
remains poorly documented today at pressures and temperatures representative of the deep lithosphere.

Depending on the context, high conductivity values may suggest diverse origins, including widespread weak-
ening by fluids (e.g., Tiirkoglu et al., 2008), the presence of connected melt networks (Hill et al., 2009; Key
et al., 2013), or geothermal fields (e.g., Bertrand et al., 2013). Beneath the East Pacific Rise, interconnected melt
would form a grain-boundary network below the ridge axis due to percolation from the partially molten
asthenosphere (Key et al., 2013). In contrast, offshore Nicaragua, an anisotropic anomaly is interpreted as
conductive channels in the deep lithosphere (Naif et al., 2013), which may correspond to the fossilized trace of the
lithosphere-asthenosphere boundary (LAB; Ferrand, 2020). For a melt-bearing rock to become conductive, the
melt must be connected (e.g., Gaillard et al., 2008; Sifré et al., 2014). Stress-driven melt segregation can lead to
large-scale melt redistribution at the LAB (Holtzman & Kendall, 2010; Holtzman et al., 2003, Takei & Holtzman,
2009; Zhang et al., 2014), eventually fossilized as solid-state conductive features (Ferrand, 2020).

The effect of deformation on electrical conductivity has been mostly explored in low-pressure apparatuses so far.
This includes deformation experiments below 0.5 GPa, highlighting stress and strain as significantly impacting
rock conductivity (Glover et al., 1996; Jouniaux et al., 2006; Lazari et al., 2024), as well as Paterson-type ex-
periments (<0.7 GPa) that allowed reproducing natural conductivity anomalies characterized by substantial
anisotropy (Caricchi et al., 2011). Torsion experiments at 0.3 GPa and strain rates up to 1.2 X 107> s™! (Caricchi
et al., 2011) contributed to explain the anisotropic nature of electrical conductivity anomalies in the deep oceanic
lithosphere, as well as the distribution of seamounts (e.g., Ferrand, 2020; Naif et al., 2013) and chemical vari-
ations along mid-ocean ridges (e.g., Le Roux et al., 2006; Niu et al., 2002). However, such a pressure of 0.3 GPa is
equivalent to a depth of around 10 km only (upper/middle crust), which is not representative for most of the
deformation conditions in the lithosphere, the thickness of which may far exceed 100 km.

More recently, shear tests have been performed in a D-DIA (deformation-DIA) apparatus adapted for deformation
of thin gouges (0.4-0.8 X 2.6 mm, i.e. 1-2 um?) at strain rates up to 8.107> s~! (Kawano et al., 2012; Zhang &
Yoshino, 2020; Zhang et al., 2014). Due to a specific design, these experiments allowed shearing sub-millimetric
gouge samples at a pressure of 1 GPa, which is well adapted to study melt connectivity in the oceanic
asthenosphere (Zhang & Yoshino, 2020). However, these simple-shear experiments are only adapted for the
deformation of tiny gouges, with a limited range of strain rates not higher than 4 x 10™> (Zhang et al., 2014) or
8.13 x 107> s™! (Zhang & Yoshino, 2020). Moreover, to date, no design has been implemented to deform large
samples (>cm) at >1 GPa of confining pressure, which is required to better understand high-conductivity
anomalies in the lithosphere, for instance to investigate melt segregation and percolation processes.

In recent years, experimental petrology has benefited from the development of a new-generation solid-medium
Griggs-type apparatus (Précigout et al., 2018), which can be described as a piston-cylinder with an additional
piston for deformation. Modified after the Harry W. Green's design (H. W. Green & Borch, 1989), this new-
generation apparatus consists of an evolved version of the deformation rig developed by David T. Griggs from
the 60s (Griggs, 1967), then modified by Jan and Terry Tullis in the 70’-80 (Tullis & Tullis, 1986), and
implemented in numerous Universities. Thanks to a substantial number of deformation experiments, the Griggs-
type deformation apparatuses provided unequivocal data supporting new discoveries in the fields of petrology,
rock mechanics, rock physics and earthquake physics (e.g., Burnley & Green, 1989; Gasc et al., 2022; H. W.
Green & Borch, 1989; H. W. Green & Houston, 1995; H. W. Green et al., 1990; Holyoke & Kronenberg, 2010;
Moarefvand et al., 2021; Précigout & Stiinitz, 2016; Précigout et al., 2017, 2019, 2022; Tullis & Tullis, 1986).

In the present study, we report a new design for in situ electrical conductivity measurements using a new-
generation Griggs-type apparatus (Précigout et al., 2018). Focusing on coaxial experiments at high pressure
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Figure 1. New-generation Griggs-type apparatus and sample assembly. (a) Drawings of the apparatus, providing a three-dimensional view (top right) and cross-section
view with internal details of the rams, pistons, and pressure vessel. (b) Sample assembly as regularly used in the new-generation Griggs-type apparatus, that is, before
modifications to perform in situ conductivity measurements.

(up to 4 GPa) for variable strain rates (from 1077 to 1072 s~!) and temperatures (up to 1,000°C), such design may
help better understanding the diversity of natural factors that should be considered to interpret MT profiles,
especially regarding the LAB and electrically conductive layers reported blended or parallel to it (Ferrand &
Deldicque, 2021; Naif et al., 2013). It may also be helpful to understand the dynamics of active fault zones, for
which MT data report high variability in both location (depth) and anisotropy (e.g., Ingham & Brown, 1998;

Kluge et al., 2022; Lemonnier et al., 1999; Unsworth, 2010; Unsworth et al., 2005; Xu et al., 2019).

2. Methods and Materials
2.1. Deformation Apparatus and Modifications of the Sample Assembly

The Griggs-type apparatus is based on the piston-cylinder technology, which involves three metallic platens
superposed on several tie bars (Figure 1a). While the pressure vessel and base plate rest on the bottom platen, the
two other platens are used to fix the hydraulic rams, independently connected to syringe pumps (Stigma pumps
from Sanchez Technologies) and suspended over the pressure vessel. Hydraulic pumps provide a quasi-perfect
servo-controlled monitoring (+1 MPa) of the pressure applied to the confining and deformation pistons,
respectively, used to increase pressure and generate a differential stress within the water-cooled pressure vessel.
In contrast to the “traditional” Griggs-type apparatus, the new-generation apparatus is also equipped with an end-
load system, consisting of an additional piston connected to the confining ram and applying pressure on the
pressure vessel itself to reach a pressure far higher than 1 GPa (Figure 1a). Pressure is further increased together
with temperature by the Joule effect thanks to a graphite furnace, which is part of the so-called sample assembly
(Figure 1b). Such a heating system has the advantage of being highly reactive—the assembly can be quenched in a
couple of seconds—but it does imply vertical and radial temperature gradients that may be significant. For
instance, applying a temperature of 900°C (as recorded at the thermocouple tip) to a sample of 15 mm long and
8 mm @, numerical simulations predict a radial gradient of ~30°C (i.e., 870°C at the sample center) and a vertical
gradient of ~70°C between the tip and center of the sample cylinder (Moarefvand et al., 2021). For a dunite, these
radial and vertical temperature gradients would respectively divide the electrical conductivity by ~2 and =3
(Gardés et al., 2014).
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To perform a Griggs experiment, a sample assembly is required (Figure 1b). It consists of (a) a solid confining
medium, usually NaCl; (b) a furnace made of a graphite tube in between two pyrophyllite tubes to protect it; (c) a
lead piece to homogenize stresses during compaction of the assembly; (d) A top and bottom alumina (or zirconia)
pistons to deform the sample; (e) a platinum jacket welded (or bended flat) at both sides around the sample; (f) a
tungsten carbide (WC) pedestal; (g) one or two S-type (or K-type) thermocouple(s) as close as possible to the
sample with a maximum error of 1°C at the tip of the thermocouple; (h) two copper discs to conduct the electrical
current from bottom to top; and (i) two packing rings, that is, metallic anti-extrusion gaskets. In the present study,
this “traditional” sample assembly was adapted to measure electrical conductivity during the experiment, which
included increasing pressure and temperature (pumping stage), sample deformation and quenching of the as-
sembly. Further technical details about Griggs-type experiments using the new-generation rig can be found in the
literature (Précigout et al., 2018).

In order to measure the electrical conductivity of a given sample in the new-generation Griggs apparatus, we took
advantage of existing designs successfully applied to the solid-medium piston-cylinder press (Sifré et al., 2014)
and to the gas-medium Paterson press (Caricchi et al., 2011). This setup is dedicated to measuring radial con-
ductivity, contrary to other designs in multi-anvil presses measuring axial conductivity (e.g., Ferrand &
Chin, 2023). With respect to the “traditional” sample assembly, the base plate, WC pedestal and bottom alumina
piston were first drilled along their axis to produce a 2-mm-@ borehole, so that one wire (protected within a sheath
of alumina) was inserted up to the inner electrode. The latter consists of a 2-mm-@ nickel cylinder inserted along
the axis of the sample core drill. A second wire was then inserted through one thermocouple hole (within a mullite
sheath) and put in contact with the platinum jacket, here used as the outer electrode (Figure 2). To avoid any
shortcut, in this case, the platinum jacket is not closed, but consists of an 18-mm-long tube overlapping both
alumina pistons. This adapted design is here referred to as ElectroGriggs.

2.2. Starting Material

To test this new design, we used a core-drill of Carrara marble (Figure 3) which has been a reference material for
many studies aiming at calibrating deformation apparatuses and exploring deformation processes of mono-phased
and homogeneous rocks (Barnhoorn et al., 2004; Bruijn et al., 2011; Paterson & Olgaard, 2000; Pieri et al., 2001;
Rybacki et al., 2021). This material is quasi non-porous, highly homogeneous and composed of undeformed
CaCOs; grains of around 150 pm equivalent diameter with a nearly random crystallographic preferred orientation.
For a detailed description of the Carrara marble, the readers may refer to the study of Rybacki et al. (2013).

We then used cored cylinders of Aheim dunite to explore the electrical properties of a rock representative of the
uppermost mantle (Figure 4). This rock consists of a chlorite-bearing dunite originating from the Ekramsaeter
mine near Aheim in Norway. The material deformed in this study (Table 1) has a good correspondence with the
ones described by Jackson et al. (1992). Previous studies also indicate that the Aheim dunite is relatively ho-
mogeneous with a constant composition, including mainly olivine (average grain size =~ 300 pm), with up to 10%
of pyroxenes, accessory magnetite and 5%—8% of hydrous silicates (Berckhemer et al., 1982; Chopra & Pater-
son, 1981; Jackson et al., 1992). The latter consists of clinochlore (5-7 vol.%) along with minor serpentine, talc,
phlogopite and amphiboles (~1 vol.% in total). Clinochlore occurs as oriented platelets with a diameter of
0.3-1 mm and a thickness around 50 pm; it is dispersed rather homogeneously within the olivine matrix, with the
tendency to align parallel to a strong foliation in the rock, but it remains disconnected. One may also notice the
presence of sodic amphiboles in the vicinity of a phlogopite grain, that is, cation diversity likely due to fertil-
ization by metasomatic fluids. For experiments, the dunite was cored subparallel to the foliation to produce
cylinders 15 mm long and 8 mm in diameter (Table 1).

2.3. Deformation Experiment, Data Acquisition and Processing

The electrical conductivity measurements were performed at P = 1.0 GPa for both the Carrara marble and Aheim
dunite. While temperature stepping was applied to test our set-up at 500, 650, and 800°C (OR143TF) using
Carrara marble (Figure 3), the Aheim dunite has been deformed at fixed temperatures respectively at 500°C
(OR93TF), 650°C (OR100TF), and 800°C (OR96TF), as summarized in Figure 5. Once the conductivity sta-
bilized at the imposed P-T conditions (30 min), the piston was advanced at a constant velocity of
~1.2 x 107* mm s~ (flow rate of 0.07 ml min™"), giving rise to a strain rate of ~7 x 107 s™'. The experiments
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Figure 2. Deformation assembly for high-pressure experiments with electrical conductivity measurements in the new-
generation Griggs-type apparatus. (a) Sketch of the deformation assembly and closer view of the rock sample and electrodes.
Deformation pistons and the protective sheath of wire 2 consist of alumina (blue); Protective sheathes of the thermocouple
and wire 1 are made of mullite. (b) Semi-exploded three-quarter view of the assembly; (c) side view of the assembly and
section through the electrodes and thermocouple.
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Figure 4. Microstructural observations of a subvertical section of the starting material. Backscattered electron image and
scanning electron microscopy. (a) horizontal polished surface; (b) vertical polished surface; (c) overview of the main
mineralogy of the dunite (located in b) made of olivine, clinochlore (chlorite), enstatite (en) and thin minor phases (e.g.,
chromite, serpentine, talc, magnetite and phlogopite); (d) detailed view of interlayered chlorite and tremolite (located in c).
Black domains correspond to natural porosity and preparation damage.

also include constant-load and/or relaxation steps before quenching the sample to test the impact of differential
stress on electrical conductivity in the absence of major strain. The experimental conditions for the three runs are
summarized in Table 2.

In situ electrical conductivity measurements were performed every 3—4 min using a 1,260 Solartron Gain-Phase
Analyzer, including during the pumping and quenching stages. Impedance spectra were obtained in the frequency
range of 107'-10° Hz. The bulk electrical resistance R is the real part of the impedance obtained for the frequency
at which its imaginary part is equal to zero (Figure S1 in Supporting Information S1). In other words, R corre-
sponds to the intersection between the impedance spectrum and the real axis, as previously described (e.g.,
Gaillard, 2004; Sifré et al., 2014; Zhang & Yoshino, 2020). High resistances (R > 500 Q) induce lower precision,
and hence, estimating R from an impedance spectrum may require fitting with an ellipse. For consistency, we here

Figure 3. Electrical conductivity of the Carrara marble at high pressure and temperatures in the new-generation Griggs-type apparatus, and impact of deformation. Run
OR143TF was performed at 1 GPa containing three main stages at 500, 650, and 800°C, with 5% of deformation at each stage. The electrical conductivity was also
recorded during the final cooling. We show the detailed correlation between the experiment and the associated electrical measurements, with comparisons to published
data on static experimental measurements demonstrating that the ElectroGriggs setup provides accurate electrical measurements. The entire data set is consistent with
the literature (measurements in static conditions). Two conductivity peaks are recorded (1) upon mechanical relaxation at 500°C and (2) in the aragonite stability field
during the final cooling, suggesting that the calcite-aragonite transition might be seen electrically. Further investigation will help us understand these transient signals.
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;?mb:;zslions of the Inner Assembly for Each Experiment on the Aheim Dunite (in mm)

Dunite sample Ni tube® Ni foil® Lower piston Upper piston Pt capsule
Run Height Radius Height Radius Height Thickness Height Radius Height Radius Height Radius
OR93TF 1498 4.00 1498 1.10 14.0 0.1 1400 400 1820 4.00 18.00 4.25
OR96TF 1500 4.00 15.00 1.20 14.0 0.1 1394 400 1820 4.00 18.00 4.25
ORIO0TF 15.00 4.00 15.00 1.20 14.0 0.1 1390 400 1820 4.00 18.00 4.25

Inner electrode. ®Outer electrode.

determine R as the intersection between the ellipse and the real axis. Ellipses interestingly highlight that the shape
of the measured spectra is shifted from the theoretical shape (circle crossing the origin), revealing minor high-
conductivity bodies/pathways, which are not numerous/connected enough to control bulk conductivity.

The electrical conductivity ¢ is calculated from the resistance R according to the relationship:

_ ln( Text "m)

T O xnxhXR

where h is sample height, r.y; the radius of rock sample, r;, the radius of the inner electrode (r, = 1.1 mm for
OR93TF; Table 1) and R the resistance measured from the complex impedance spectrum. When measuring the
electrical conductivity, shortcuts can occur due to either defects or an asymmetry within the deformation as-
sembly. Considering the stability field of the sample-bearing minerals upon heating, clinochlore is also expected
to remain stable in all runs, but other phases such as serpentine minerals reach their stability limits at elevated
temperatures, which may affect the conductivity (Figure 6). In addition, considering the thermal gradient between
the center and tips of the sample, it is possible that some dehydration-induced fluids can percolate during
deformation for OR96TF and OR100TF. Furthermore, for the sake of clarity, we only refer to conductivity values
assuming progressive extrusion of the Ni inner electrode.

The processed mechanical data and associated electrical data are presented together with stress & as a function of
strain ¢ in Figure 6. The initial linear part is defined as the elastic strain, until yielding followed by plastic strain.
Although stress accuracy has been estimated at £30 MPa for the conventional Griggs-type apparatus (Holyoke &
Kronenberg, 2010; Kido et al., 2016), our experiments have been performed in the new-generation one, accuracy

A
. i OR96TF
= R |;‘> -/------- By o gy EENE
- % | '
S | s
o 1 : :
2 || mineral stability limits | MASH system ; 5
] — chrysotile ' n {
s MSH system — antigorite ‘ :
--4~ antigorite unsat./sat. === clinochlore
0.51 chrysotile ~ |CMSH system +59C v )
| ||- - telc +forsterite |.__tremolite + forsterite 30°C ;
— talc — tremolite -70°C I
T T . T ; ;
400 500 600 700 800
Temperature (°C)

Figure 5. Pressure-Temperature diagram with the expected transformations during the runs. Experimental conditions are
represented with yellow, red, and purple squares (temperature at thermocouple). Uncertainties on confining pressure and

temperature are <0.05 GPa and <5°C. Shadows account for maximum variability radially (30°C) and vertically (70°C), as
described in the text. The arrow shows the P-T path toward deformation conditions. The stability limit of clinochlore (major
hydrous phase in the Aheim dunites), that is, MASH-system chlorite, is represented along with all minor phases identified in
the starting material (except phlogopite, stable to higher temperatures).
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Table 2
Summary of the Experimental Runs
Run Pressure Temperature (°C) Piston speed (mm s Mean sample strain rate (sfl) Max. shortening (%)
OR93TF 1 GPa 500 1.0x 10~ 7.1 % 107 32.4
ORY6TF 800 1.1x 107 7.8 x 107° 36.7
OR100TF 650 8.0 x 107 32x%107° 26.8

of which might be significantly better based on previous experiments (Mansard et al., 2018), but this remains to be
quantified. After the experiment, stress measurements must also be corrected from both the changing contact
surface during sample widening and stiffness of the apparatus (Kido et al., 2016; Précigout et al., 2018). The latter
was measured at 15 pm/kN using a tungsten carbide cylinder and a copper sleeve, respectively, in place of the
sample column and confining medium, both compressed at 1 GPa (Figure S2 in Supporting Information S1). It
should be noted that, due to the inner Ni electrode, the actual contact surface between the sample and piston is not
equal to T X 7oy ? & 50 mm? but rather © X (r 2 — ri,2) ~ 46 mm?. However, as the assembly is confined by
solid NaCl and considering that the downward extrusion of the electrode into the lower piston is limited, we can
reasonably consider that it bears some part of the applied force. As a consequence, the value of the stress applied
to the dunite sample should be comprised between & and £ =~ 1.1 X¢& respectively in plain and dashed black lines
on Figure 6. The impact of Ni extrusion is illustrated in Figures 6, 7b, and 8, and discussed in Section 4.4.

2.4. Microstructural Observations and Phase Identification

Following deformation experiments, samples were cut in half along the inner electrode, that is, vertically, and
then prepared for characterization. Polished surfaces were investigated using light and scanning electron mi-
croscopy. Most of the observations were made using a ZEISS Sigma field emission scanning electron microscope.
To determine the composition of either starting or deformed materials, we performed qualitative analyses using an
Oxford Instruments Energy Dispersive Spectrometer. The chamber vacuum was 2.50 x 10~° mbars, and the
acceleration voltage was 15 kV. As the studied rocks are not electrically conductive at ambient temperature, the
polished surfaces were coated with amorphous carbon for SEM imaging. Microstructural analyses on samples
ORO93TF, OR100TF, and OR96TF are respectively reported in Figures 9-11.

3. Results
3.1. Proof-of-Concept Experiment on Carrara Marble

To ensure the accuracy and reproducibility of the electrical data provided by the ElectroGriggs setup, we con-
ducted a proof-of-concept experiment using Carrara marble, the mechanical and electrical results of which are
provided in Figure 3. During the pumping stage of the experiment, which involves alternatively increasing
pressure and temperature up to the first step of deformation conditions, the electrical conductivity remained
around 1077 S m™", with significant fluctuations during the building of the electrical circuit. Heating to 500°C led
to a sharp increase in the conductivity. Deformation was launched at 500°C and 1 GPa by advancing the ¢, piston
at a constant flow rate. The lead, on top of the assembly (Figures 1b and 2c), is first extruded until the hit-point is
reached, that is, onset of sample deformation. Here, lead extrusion was characterized by relatively stable con-
ductivity after initial stabilization. Elastic loading, starting around 22:30, was accompanied by a significant in-
crease until we stopped the pump at 00:00, that is, peak stress after ~5% shortening. The relaxation step gave rise
to a sharp conductivity peak, followed by a quick drop that progressively evolved toward a gentle increase similar
to the one observed during lead extrusion. In any case, conductivity values range between 10 and 107 Sm™},
consistent with measurements for carbonates in static conditions (Mirwald, 1979; Ono & Mibe, 2015). This peak
is due to the transient percolation of supercritical CO, (Mirwald, 1979).

Following the first step of relaxation, we increased the temperature to 650°C, which instantaneously produced a
sharp increase in conductivity until values within the range of available data from static experiments (Mir-
wald, 1979; Ono & Mibe, 2015). Re-starting the deformation pump simultaneously increased both the force and
conductivity until we stopped the pump after 5% of finite strain. The conductivity then remained stable at around
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107 S m™" all over mechanical relaxation, before increasing again at more
than 3.10™* S m™~' when we increased the temperature from 650 to 800°C. At
such high temperatures, deformation did not produce any effect on conduc-
tivity, fixed around 5.107° S m™', near the range of conductivity values
measured in static conditions for calcite and dolomite (Mirwald, 1979; Ono &
Mibe, 2015).

During quenching, rather than dropping the temperature from 800 to 200°C in
2 min without pressure control, we left the confining pressure pump running to
keep it constant at 1 GPa and stopped the quenching process at 650 and 500°C,
leaving the conductivity stabilizing for a couple of minutes. These conductivity
values are higher than the respective ones recorded during deformation (and
relaxation), highlighting a direct effect of strain and/or high-temperature
crystallization on electrical conductivity. Interestingly, a peak of conductiv-
ity was also observed at ~350°C and ~0.9 GPa during the final step of
quenching from 500 to 200°C. Considering the phase diagram from CaCOj;
(Johannes & Puhan, 1971), this peak may occur due to cations re-arrangement
during the transition from calcite to aragonite (Figure S3 in Supporting In-
formation S1). The actual origin of this peak, along with the one observed
during relaxation at 500°C, will be explored in future studies dedicated to the
electrical conductivity of the Carrara marble.

3.2. Electrical Conductivity Versus Mechanical Data of the Aheim
Dunite

For the three sets of data presented here, the pressure transducers, load cell,
displacement transducers, thermocouple and electrodes were functioning all
along the experiments from pumping to quenching, so that we have a complete
record of the pressure/stress, piston displacement and temperature, as well as a
large and almost complete data set of sample electrical resistance. In Figures 6
and 7, we provide the mechanical data coeval with electrical conductivity from
the starting point of sample deformation (“hit-point™) to the time of quenching
(not included). At 500°C (OR93TF), the electrical conductivity decreases
during elastic loading from ~10™* down to 2 x 107> S m™"' (i.e., an order of
magnitude) and tends to increase and fluctuate during plastic deformation
(between 2 X 107> and 3.3 x 107> S m™!). In addition, short-period oscilla-
tions (3—4 datapoints, i.e., 11-14 min) of the conductivity values are noted in
the plastic regime, far exceeding typical uncertainties. The latter is commented
together with Microstructural observations in the Section 4. The electrical
conductivity at 650°C (OR100TF) similarly decreased during loading from
~4x 1072 downto4 x 107* S m™! (an order of magnitude) and then fluctuated
between 4 X 107 and 3 X 107* S m™". However, a sudden—but limited—

Figure 6. Evolution of the electrical conductivity and differential stress as a function
of strain in the new-generation Griggs-type apparatus. (a) Experiment OR93TF
performed on a Aheim dunite sample at a confining pressure of 1 GPa, a temperature
of 500°C and an average strain rate of 7.1 X 107057 (21.0 X 10~* mm s™Y). See text
for definitions and error bars. (b) Experiment OR100TF performed on a Aheim
dunite sample at a confining pressure of 1 GPa, a temperature of 650°C and a strain
rate of 3.2 X 107° s™! (8 x 107> mm s™"). The vertical arrow indicates a sudden
increase in electrical conductivity during elastic loading while conductivity rather
exhibits an overall decrease. The “texture build-up” refers to any textural or
structural evolution that seems to affect the radial conductivity after sample yielding
(onset of sample-scale plasticity). (c) Experiment OR96TF performed on a Aheim
dunite sample at a confining pressure of 1 GPa, a temperature of 800°C and a strain
rate of 7.8 X 107°s7! (%1.1 x 107* mm s7!).
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Figure 7. Direct comparison of the experimental results on the Aheim dunite deformed at 500, 650, and 800°C. (a) stress versus strain curves for the three experiments,
with a recap of temperatures, strain rates, and pressure. (b) Electrical conductivity versus strain. The mark “hold” accounts for a switch from controlled strain to constant
load, that is, the piston is stopped and the pumps keep controlling; “stop” indicates that there is no control to keep a constant load anymore. Details are provided in
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Figure 8. Results at 500°C (a), 650°C (b), and 800°C (c) compared to the typical conductivity of olivine with limited water content. Evolution of the conductivity with
strain (Figures 6a—6c¢) compared to the typical conductivity of olivine with limited water contents of 14, 350, and 600 ppm (Gardés et al., 2014) and of clinochlore (Shen
et al., 2023) for the same P-T conditions. The time window “loading” refers to initial elastic loading; “yielding” corresponds to the plastic transition, that is, elastic limit

of the sample and onset of plasticity; “creep” refers to plastic strain. See mechanical data in Figures 6 and 7.
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Figure 9. Microstructural observations on a subvertical section of sample OR93TF. Backscattered electron images and scanning electron microscopy. Run conditions:
1 GPa, 500°C. (a) full section showing the inner and outer electrodes (Ni and Ni + Pt, respectively) and the upper and lower pistons (alumina); (b) detailed view of a
chlorite-rich region; (c) zoom with detailed mineralogy, revealing phlogopite stable with chlorite, as micrometric serpentine veins; (d—f) detailed view of a region with
average chlorite content, showing the mineral diversity of the Aheim dunite, including talc, serpentine, phlogopite, and some calcic amphiboles; (g) typical micro-scale
grain-boundary paragenesis between various hydrous phases, most of which consisting of talc and two serpentine minerals. Abbrev.: am = amphibole; chl = chlorite
(clinochlore); chr = chromite; cpx = clinopyroxene; en = enstatite; ol = olivine (forsterite); phl = phlogopite; serp = serpentine (chrysotile and/or antigorite); ta = talc.

increase of conductivity (8 X 107 to 107> S m™") occurred within the loading phase (at ~1.4% strain; vertical
arrow in Figure 6b), and a smoother transient increase was observed at the end of the yielding phase (at ~#8%
strain). This is followed by a similar, but permanent, increase of conductivity at ~16% strain when the deformation
pump stopped due to a security alarm by applying a short relaxation step for 15 min. Finally, we applied a
constant-load phase (i.e., oil pressure constant) between 20- and 26-% strain, which appeared characterized by a
sigmoid increase of conductivity from ~4 X 107 t0 7 x 107* S m™".

In contrast, the sample deformed at 800°C (OR96TF; Figure 6¢) did not exhibit any decrease in electrical con-
ductivity, but rather a low initial conductivity value of 6 x 107> S m™'. Sample yielding is then characterized by a
slight increase of conductivity to ~10™* S m™", with minor fluctuations. Importantly, from 8% strain, we observe
a transient increase of conductivity reaching 2 x 107* S m™' at 14%-15% strain and back down to
0.4 x 107* S m™" at 20% strain, followed by further increase to ~2.8 x 107* S m™! at 30% strain. Finally,
switching to a constant load induces a strong increase in conductivity up to 2 X 107> S m™'.

3.3. Microstructural Observations Versus Electrical Conductivity

In Figures 9-11, we provide microstructural observations of the three experiments on Aheim dunite. Overall, we
first observe that the three dunite samples contain amounts of olivine (92 vol.%), chlorite (~6 vol.%) and minor
phases (=2 vol.%) similar to the starting material (Figure 4). Chlorite (and minor phases) may appear somehow
irregularly distributed at the sample scale (e.g., Figure 9a), which—as long as it remains stable—cannot have a
major impact on bulk electrical conductivity because (a) chlorite conductivity is not much higher than that of the
bulk (Figure 8), (b) zones with higher chlorite contents are only 2D views of volumes containing ~6 vol.% of
chlorite between the inner and outer electrodes, and (c) chlorite crystals mostly exhibit a vertical shape preferred
orientation when the conductivity is measured radially.

In the sample deformed at 500°C (OR93TF), diverse minor phases were identified with energy-dispersive X-ray
spectroscopy, such as amphibole, chromite, pyroxenes, phlogopite, serpentine and talc (Figures 9¢c—9g). The
relatively homogeneous sample-scale deformation is expressed by semi-brittle features at the microscale (e.g.,
Figure 9d). All mineral phases appear thermodynamically stable, but serpentinite is associated with minor iron
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Figure 10. Microstructural observations on a subvertical section of sample OR100TF. Backscattered electron image and scanning electron microscopy. Run conditions:
1 GPa, 650°C. (a) full polished section; (b—c) focus on areas with representative mineralogy; (d) detailed view of a hydrous aggregate made of tremolite, chlorite, and
phlogopite; (e) detailed view of a phlogopite. Pink arrows highlight low variability of rock thickness. Abbrev.: chl = chlorite (clinochlore); chr = chromite;

en = enstatite; ol = olivine (forsterite); ph = phlogopite; ta = talc; tr = tremolite (amphibole); Pt = platinum; Ni = nickel.

oxide, whose alignment along serpentinite crystallographic planes would suggest minor chemical adjustment at
elevated temperatures, releasing both iron and water (partial dehydration reactions; Ferrand, 2019b).

The sample deformed at 650°C (OR100TF) reveals the same mineral diversity (Figure 10), except for serpen-
tinite, which was expected to breakdown (Figure 5) and has indeed dehydrated. Similar to the sample deformed at
500°C (OR93TF), the deformation was relatively homogeneous and no major structure developed at the sample
scale (Figure 10a). Considering that the observed variations in electrical conductivity are solely controlled by
temperature and water content (Figure 8), OR100TF seems a bit more hydrated than OR93TF at 500°C. The
initial conductivity of OR100TF would indeed be consistent with a dunite containing 400-500 ppm H,0, instead
of 350 ppm for OR93TF (Gardés et al., 2014). This could result from the serpentinite breakdown that may release
around 120 ppm of H,O considering 0.1 vol.% of serpentinite (12% X 0.1% = 0.012% = 120 ppm). Finally, we
note some over-representation of chromite in sample OR100TF (polished surface; Figure 10a). Chromite is highly
conductive (~1 S m™" at 650°C), leading to bulk conductivities of ~#2.5 x 10™* S m™" in olivine aggregates with
4% connected chromite (instead of 3.2 X 107°S m_l; Sun et al., 2021). Nonetheless, the Aheim dunite contains
<<1% disconnected chromite, so we can neglect its influence in this study.

Detailed microstructural observations show (semi)brittle features in all three samples, but only deformation at
800°C (OR96TF) has localized strain in the form of macroscopic faulting (Figure 11). The polished section
reveals a fault segment going through a highly deformed aggregate of talc and olivine, that is, products of
serpentine breakdown (Berman et al., 1986); instead, full clinochlore dehydration (breakdown) would have
produced aggregates of olivine, enstatite and spinel (Staudigel & Schreyer, 1977), not observed in this study. At
800°C, serpentinite is expected to undergo fast dehydration due to the overshoot of its stability limit. A ductile-to-
brittle transition was reported at the sample scale in serpentinites at high temperatures (e.g., Proctor &
Hirth, 2016) and would be the mechanical signature of minor mineral transformation locally at the microscale
(Ferrand, 2019a). The embrittlement of the Aheim dunite (macroscopic faulting) reported under these conditions,
compared to homogeneous sample-scale deformation at 500 and 650°C (OR93TF and OR100TF), likely origi-
nates from a catastrophic stress transfer due to local dehydration of minor amounts of hydrous minerals (e.g.,
Figure 11d), for example, serpentine (Ferrand et al., 2017).
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Figure 11. Microstructural observations on a subvertical section of sample OR96TF. Backscattered electron image and scanning electron microscopy. Run conditions:
1 GPa, 800°C. Pink arrows highlight low variability of rock thickness. (a) full polished section; (b) macroscopic fault connected to dehydrated serpentine; (c) detailed
view of an area characterized by semi-brittle deformation; (d) detailed view of a dehydrated serpentine cluster; (e) light microscopy image. Abbreviations: chl = chlorite
(clinochlore); en = enstatite; ol = olivine (forsterite); ph = phlogopite; ta = talc; tr = tremolite (amphibole).

4. Discussion
4.1. Grain Boundaries and the Role of H,O

In olivine aggregates, as in most silicates, grain boundaries constitute high diffusivity pathways and are the main
carriers of electrical charges (e.g., Fisher, 1951; Fisler et al., 1997; Mantisi et al., 2017; Marquardt & Faul, 2018).
Grain boundary diffusivity can be orders of magnitude higher than that of crystals (e.g., Demouchy, 2010;
Novella et al., 2017). These high-diffusivity pathways can have variable geometries, which can be approximated
by several simple models (e.g., Ferrand, 2020). In addition, most water defects (or free water, if any) are
distributed at grain boundaries (e.g., Ferrand & Chin, 2023; Hiraga et al., 2004; Précigout et al., 2019; Sommer
et al., 2008), which significantly increases electrical conductivity notably via networks of hydrogen bonds either
at grain boundaries or as crystal defects (e.g., Karato, 1990; Yoshino, 2010).

In our case, electrical conductivity is measured radially (horizontally) between the inner and outer electrodes during
a vertical mechanical loading. On Carrara marble, we describe an increase in conductivity with increasing strain at
500 and 650°C, particularly revealed during the quenching stage. This feature is consistent with the effect of grain
boundaries that flatten and parallelize into the plane normal to the shortening axis. However, for OR93TF (500°C)
and OR100TF (650°C) on Aheim dunite, the conductivity first gradually decreases down to an order of magnitude
during mechanical loading in the elastic regime (Figures 6a and 6b). As the yield stress is not reached, no additional
grain boundaries (crack) are formed, and thus the only way to decrease radial electrical conductivity is to reduce the
volume of conductive materials, which for dunites can only be done by thinning grain boundaries. Therefore, we
interpret the reduced electrical conductivity with increasing axial stress as due to thinning of the grain boundaries
oriented (sub)horizontally (i.e., normal to the compression axis). Following the yield stress, that is, in the plastic
regime, grain boundaries are then expected to be progressively transposed into the plane normal to the maximum
stress during deformation, giving rise to a progressive increase of conductivity, as documented for all our ex-
periments. However, the experiment OR96TF (800°C; Figure 6¢) does not record any drop in conductivity before
plastic yielding (<3% strain, i.e. elastic domain), but rather an initially low conductivity (<10™* S m™"). Such a low
electrical conductivity indicates that grain boundaries did not contain much water (Gardés et al., 2014). Thus,
contrary to what is observed at lower temperatures, at 800°C, full dehydration of grain boundaries occurs before
deformation. This temperature is high enough for all serpentinite to dehydrate and, as the capsule is open (Pt tube
around direct contacts between dunite and alumina; Figure 2), release most free H,O outside of the sample.
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The fact that the capsule is open allows free water produced by potential dehydration reactions within the samples
to escape the system, for instance upon sample-scale percolation. The relatively high conductivity values recorded
at 500 and 650°C are consistent with the expected values for olivine polycrystals (Gardés et al., 2014; Figure 8)
with minor fluid production due to the dehydration of serpentine (“serp”, still stable in sample OR93TF, 500°C),
which we estimate to be around 0.1 vol.% from SEM imaging (Figure 9). With serpentine containing ~12% H,0,
the expected amount of free water produced upon its dehydration is 12% X 0.1% =~ 0.012% = 120 ppm, which
could well explain the difference in starting conductivity between OR93TF (500°C; 350 ppm H,0) and OR100TF
(650°C; 400-500 ppm H,0). These electrical conductivity values are consistent with the expected values for well-
preserved dunites with £350-600 ppm H,O (Gardés et al., 2014). At 1 GPa, serpentinite minerals are supposed to
be fully dehydrated above 560°C (chrysotile) and 625°C (antigorite), as expected from thermodynamics (pink and
gray curves in Figure 5). As serpentinite is not found in OR100TF (650°C; Figure 10), we interpret that ser-
pentinite destabilized within the dunite before deformation. Dehydration-induced water would have wetted grain
boundaries (Précigout et al., 2017, 2019), thus increasing the conductivity of these high-diffusivity pathways
(Gardés et al., 2014; Marquardt & Faul, 2018).

Clinochlore conductivity at 500, 650, and 800°C is also reported in Figure 8, with values of 1.6 X 10_4,
1.1 % 10_3, and 1072 S m_l, respectively (1 GPa; Shen et al., 2023). Interestingly, the electrical conductivity of
stable clinochlore (12 wt.% H,0) is close to that of a dunite that would contain 300-400 ppm H,0. In addition, in
this study clinochlore is only 5-7 vol.% and is not radially connected. Consequently, as long as it is stable, it can
be neglected when interpreting conductivity changes. In such hydrous minerals, protons are part of the lattice,
whereas in olivine aggregates, protons form a network of OH bonds at grain boundaries (so-called “water de-
fects”) that eventually enhance the conductivity of these high-diffusivity pathways (Ferrand & Chin, 2023;
Fisher, 1951). At 1 GPa, clinochlore is expected to remain thermodynamically stable up to ~815°C (Figure 5).
This is confirmed for runs OR93TF (500°C; Figure 9) and OR100TF (650°C; Figure 10), but chlorite shows signs
of instability at 800°C (run OR96TF; Figure 11) due to proximity with its breakdown conditions (Figure 5), which
might contribute to the transient/overall increase of conductivity during deformation at 800°C.

The low conductivity recorded at 800°C reveals that the sample has been dried (free water has escaped the system;
Figure 8c) before the onset of controlled deformation. In other words, serpentine has already been fully consumed
and water either consumed by newly formed minerals (talc; Figure 11d) and/or dried out via assembly scale
percolation. The final increase of conductivity upon relaxation (up to ~10™> S m™! only) would rather be
consistent with limited horizontal percolation of fluids coming from partial/local destabilization of chlorite. It
must be clarified that the link between electrical conductivity changes and water production (mineral reaction) is
not straightforward as electrical conductivity would rather be mainly controlled by the establishment of fluid

percolation networks.

Changes in radial conductivity appear directly due to axial compression, as mechanical stress favors vertical
grain-boundary fluid percolation upon loading (Figures 6a and 6b; <3% strain) and horizontal fluid percolation
upon unloading or relaxation (Figure 6¢; >30% strain). This significant and direct impact on electrical con-
ductivity at the sample scale likely results from the modulation of the thickness and geometry of grain boundaries,
which intrinsic conductivity is expected stable at fixed pressure, temperature and water content. We observe
conductivity changes ranging about one order of magnitude over 6%—7% strain for 5-6 hr. Since the conductive
phase is already connected, this is not a topological change, but rather an increase in its volume fraction.
Assuming that grain-boundary compressibility is the sole cause of conductivity changes in the elastic regime, and
assuming a transversely isotropic medium, the surface fraction of grain boundaries would have changed over an
order of magnitude, that is, multiplied by 10 to explain the increase of effective conductivity by 10. However, the
thickness of grain boundaries can only be pinched by 10%-50% (Hansen et al., 2012; Thieme et al., 2023;
Wheeler et al., 2001). Thus, the presence of (free) volatiles at grain boundaries in the dunite must contribute to the
observed conductivity variations by densifying the distribution of OH bonds that favor electron mobility. Either
OH re-arrangement or stress-induced fluid percolation events are likely at grain boundaries to explain the
observed electrical conductivity values.

4.2. Deformation as a First-Order Parameter to Control Electrical Conductivity

In our experiments, we confirm that temperature has a strong effect on electrical conductivity, but we also
demonstrate how the latter may significantly change over strain, either elastic (linearly related to stress) or plastic
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(denser conductive networks due to fracturing), especially if mobile defects (e.g., water) are present at grain
boundaries. Although not observed for Carrara marble—probably because calcite is much weaker than olivine—
this is particularly the case at 500 and 650°C for Aheim dunite, where the conductivity first decreases during
elastic loading, and then increases with plastic strain. How the sample deforms (elastic vs. plastic) thus strongly
influences the electrical conductivity, here attributed to closing, and then transposition of H,O-rich grain
boundaries. Furthermore, in contrast to the experiment at 500°C, deformation at both 650 and 800°C involves an
onset of plasticity associated with a transient increase in electrical conductivity. Based on microstructural ob-
servations (e.g., Figure 9d), this feature would result from fracturing or faulting events that produce electrical
pathways by-passing the tortuosity of grain boundaries and allowing sample-scale percolation of dehydration-
induced fluids. A larger signature was observed at 800°C, for which major faulting occurred during deforma-
tion (Figures 11a and 11b). The sample-scale, cross-like geometrical distribution of these macroscopic faults also
indicates that stress plays a major role in their production; they nucleate and develop from stress concentrations
(e.g., edges of the top piston; Figure 11b). Moreover, considering conductivities of 10™* and 4 X 107> S m™!
respectively measured at 500 and 650°C, and being aware that electrical conductivity increases with increasing
temperature, we would have expected a conductivity >107> S m™" at 800°C, assuming that clinochlore remains
fully stable and that the system can be considered closed. This feature is consistent with a deformed material that
has undergone a physical change, the effect of which involves a sharp increase in conductivity when the
deformation is stopped. Further experimental investigations are required to understand the exact nature of these
events.

The short-period fluctuations observed during plastic deformation of Aheim dunite at 500°C are more difficult to
interpret. As explained before, they do not consist of systematic ups and downs from one measurement to another,
and their amplitude is larger than what we expect from uncertainties on resistance estimates (Figure S1 in
Supporting Information S1). Short-period fluctuations are possibly the signature of transient processes occurring
at the microscale within the sample or may be due to either small-scale fluid percolation events resulting from
local dehydration of serpentinite or semi-brittle events. Faulting, grain crushing, and fluid percolation can be
closely related. Further investigations would be required, including a series of additional experiments, to un-
derstand what it is about.

In any case, these results strongly suggest that deformation (especially elastic strain) may strongly modulate fluid-
dominated electrical anomalies. Stress and strain have indeed a significant impact on electrical conductivity by
controlling the shape and number of electrically conductive features, which consist of faults and fractures at the
sample scale, and grain boundaries at the microscale. Although our data set here remains preliminary/limited, we
thus urge geoscience researchers to consider deformation as an important factor when proposing interpretations of
electrical conductivity profiles, especially magnetotelluric (MT) profiles that can image deeper than 30 km
(~1 GPa).

4.3. Geophysical Implications and Perspectives

To date, more than 99% of HP-HT electrical conductivity data come from laboratory experiments that do not
consider the effect of deviatoric stress and deformation processes (e.g., Dai & Karato, 2009; Dai et al., 2012;
Gaillard, 2004; Gardés et al., 2014; Karato, 2006; Sifré et al., 2014). However, many natural anomalies of
electrical conductivity (MT profiles for large scales) characterize rocks that are currently experiencing significant
deformation, which appear to be often correlated with moderate to high anisotropy (Kluge et al., 2022; Lemonnier
et al., 1999; Masana et al., 2004; Unsworth et al., 2005). We demonstrate that stress and strain can significantly
modulate electrical conductivity values, bringing in light that MT studies, especially revealing deep (>20 km
depth) high-conductivity anomalies, are far from finding a simple explanation. As measuring in situ electrical
conductivity during deformation of a significantly large sample, the ElectroGriggs thus opens a new era in
experimental geophysics, with implications including either the interpretations of electrically conductive
anomalies in MT models (e.g., Ingham & Brown, 1998; Naif et al., 2013) or earthquake physics (e.g., Ferrand
et al., 2021).

Active fault zones exhibit various electrical signatures, the interpretation of which requires experimental data sets
on known/simplified systems (e.g., Fazzito et al., 2009; Mazzella & Morrison, 1974; Ritter et al., 2005; Zhu
et al., 2009). MT profiles in tectonically active regions have revealed electrical anomalies in various depth ranges
(e.g., Ingham & Brown, 1998; Jiracek et al., 2007; Tiirkoglu et al., 2008; Unsworth, 2010; Unsworth et al., 2005;
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Xu et al., 2019). The North and East Anatolian Faults provide very variable electrical conductivity profiles along
strike (e.g., Karas et al., 2017, 2020; Kaya et al., 2013; Tiirkoglu et al., 2015); the Alpine Fault, accommodating
most of the relative movement between the Pacific and Australian plates in New Zealand, is characterized by a
deep (>8 km) electrical conductivity anomaly ( 107-18 m_l) in its aseismic (ductile) part. The latter coincides
with a low seismic velocity, so it is assumed to result from a network of electrolytic fluids, rather than partial
melting or connected solid phases (Kluge et al., 2022). Conversely, the Alhama de Murcia Fault (SE Spain; e.g.
Masana et al., 2004) is associated with a strong electrical conductivity anomaly (1-10 S m™') between 0.4 and
1 km below the surface (fragile domain), interpreted by the circulation of fluids in fractured rocks (Marti
et al., 2020). Although non-trivial, these profiles show links between electrical anomalies and large-scale strain
localization, but without providing any simple/direct explanation.

In Nepal, a conductive anomaly (x0.1 S m~ ) at 15-30 km depth (Lemonnier et al., 1999) seems to be associated
with strong seismicity (Adhikari et al., 2021). Studies have questioned their lateral extension and sustainability
(e.g., Unsworth, 2010). In southern Tibet, high conductivities would be due to hydrothermal fluids or partial
melting (e.g., Li et al., 2003), recalling the great uncertainties regarding compositions and thermal regimes at
these depths. While high conductivities linked to the thermal regime would be expected to be regional and stable
(Unsworth et al., 2005), those due to the percolation of hydrothermal fluids are likely to fluctuate (Girault
et al., 2018, 2023). In Nepal, large-scale structural irregularities are suspected to favor fluid percolation, whose
links with seismicity (Adhikari et al., 2021) must be explored. We thus encourage further developments inte-
grating both electrical and acoustic monitoring to better understand deep fault zones. While acoustic emissions
tell us about strain localization and seismicity (e.g., Ferrand et al., 2017; Gasc et al., 2022), active acoustics
provide information about seismic velocities, reduced by the presence of fluids (Moarefvand et al., 2021), and
electrical conductivity can inform about the connectivity of these fluids and thus their ability to percolate (e.g.,
Laumonier et al., 2017; Mart{ et al., 2020). Furthermore, the design proposed in this study could even bring new
insights regarding the nature of the transient low-viscosity material that lubricates dynamic sliding and facilitates
the propagation of the seismic rupture (Ferrand et al., 2021).

Coeval changes in the seismic and electrical properties of faults have been widely observed in sub-surface
conditions (e.g., Eberhart-Phillips et al., 1995) and laboratory analogs (Glover et al., 1996; Jouniaux
et al., 2006). Seismic processes are known to induce modifications in the electrical field (Fujinawa et al., 2011).
The conductivity peaks we observed (Figure 6a) might indicate microfaulting with a much higher sensibility than
what we can see from sample-scale mechanical data. In the case of dynamic propagation, interpretations should
also consider the suction effect in the dilatant quadrant that can either affect the dynamic lubricant (Ferrand
etal., 2018) or pre-existing pore fluids (e.g., Brantut, 2020), as suspected along deep segments of the San Andreas
Fault (Mazzella & Morrison, 1974).

Existing data sets only allow separate discussions about stress and electrical conductivity (e.g., Karato, 2006;
Pommier et al., 2018), which cannot address in situ processes affecting for example, the state of matter in cracks
or grain boundaries with increasing stress. As mentioned in the introduction, only a few high-pressure defor-
mation experiments (>0.7 GPa) could be performed using coeval stress and electrical conductivity measurements.
Previous experimental series reported shear-parallel conductivity values one order of magnitude higher than those
normal to shear (e.g., Zhang et al., 2014) already suggested that stress and strain cannot be ignored in the
interpretation of electrical anomalies in fault zones. Unfortunately, the experimental design only allowed shear
experiments on thin gouges, which can contribute to understanding fault zones with variable thicknesses or
degrees of maturity, but are unable to address strain localization processes involved in faulting. In contrast, the
ElectroGriggs allows pure shear deformation on centimetric cylinders (15 mm high, 8 mm thick), which can be
used to study strain localization processes associated with earthquake triggering within intact samples.

The LAB is another example of strain localization feature locally associated with electrically conductive
anomalies. Generally considered as a rheological limit between the rigid lithosphere and the convective
asthenosphere, the LAB may contain melt or volatiles (D. H. Green et al., 2010; Hirth & Kohlstedt, 1996; Rychert
et al., 2020; Schmerr, 2012). High electrical conductivity is reported at the LAB in the spreading direction
(8 x 107> S m™") compared to the ridge direction (3 X 10> S m™"; Evans et al., 2005; Baba et al., 2006). Such
values and contrasts could be explained by the presence of a small melt fraction in the spreading direction
(Caricchi et al., 2011; Naif et al., 2013; Yoshino et al., 2010). This has become, along with fluids, the basis for
interpretations about the nature of the LAB in numerous studies (e.g., Kawakatsu et al., 2009; Naif et al., 2013;

FERRAND ET AL.

17 of 22

85UB0|7 SUOWILLOD 3AFea1D 3dedldde aup Aq peusenoh aJe ssjpie YO ‘SN JO s3I 10} ArIqi] 8UIUO A1\ UO (SUORIPUOD-pUR-SLIBYLI0D" A 1M ARIq 1 BulUO//SANY) SUORIPUOD PUe SWB | 83 885 *[5202/TT/9z] U0 AriqIT8uluO AB|IM ‘Uoa ISIed 10dST Ad 6292T009DS202/620T OT/10p/wiod" Ao mAreiqpul|uosgndnbe//sdny woiy pepeojumoq ‘TT ‘G202 ‘£20252ST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2025GC012629

Stern et al., 2015). However, interrogations have recently emerged from lab experiments (e.g., Ferrand & Del-
dicque, 2021; Yamauchi & Takei, 2020), highlighting other parameters capable of significantly slowing down
seismic waves or increasing conductivity, such as a small grain size, that is, high density of grain boundaries
(charge carriers; Ten Grotenhuis et al., 2004), or the presence of volatiles that increase grain-boundary diffusion
(e.g., Karato, 1990). The link between conductive anomalies and the potential presence of melt-rich channels has
further been questioned by recent experimental results (Ferrand & Chin, 2023) and could rather be explained by
the presence of garnet pyroxenite (fossilized LAB; Ferrand, 2020). The ElectroGriggs can reproduce strain
localization at P-T conditions relevant for the LAB (i.e., P = 24 GPa and T > 1,000°C) and shows that
deformation at such depth can increase the electrical conductivity by producing electrically conductive pathways,
either transient or sustainable. Thus, the anisotropic nature of electrically conductive anomalies at the LAB would
not necessarily be (fully) compositional.

4.4. Further Improvements and Technical Developments

Uncertainties can arise from the resistance measurement, but they remain limited (e.g., 100 Q error bar for
R =2kQ and 400 Q for R = 7 kQ; Figure S1 in Supporting Information S1), which leads to maximum errors about
the size of datapoints on Figure 6. Therefore, in the calculation of the conductivity from the resistance, it is
important to consider any factor that could influence the distance between the inner Ni electrode and the outer Ni
sleeve, and the surface between the sample and electrodes. The sample surface is assumed constant during
deformation considering that shrinking is fully accommodated by inner deformation of the Ni electrode. Sample
height is easily estimated as we impose strain and can precisely measure it (Précigout et al., 2018), but it is
important to notice that some Ni can be extruded downwards inside the hole of the lower piston (e.g., Figure 9a),
therefore reducing the contact surface between the sample and the electrode. This defect in our setup results in a
slight underestimate of the conductivity and uncertainties due to the unknown dynamics of Ni extrusion. The
impact of the latter is reported in Figure 6 and will vanish with further developments. In addition, we note that the
distance between the inner and outer electrodes, although it increases with axial shrinking, remains relatively
homogeneous from top to bottom, as confirmed by SEM observations (e.g., pink arrows in Figure 10).

Finally, experimental conductivity measurements at high P and T are subject to the risk of shortcuts or discon-
nections of the electrical circuits (e.g., Pt wire broken under pressure due to asymmetry/defects in the assembly).
Usually, thermocouples and electrodes become efficient after initial compression and/or heating. Under high P-T'
conditions, defects in the assembly may also prevent electrical current to pass through the rock sample. Out of the
four experiments on dunite, only one (OR99TF) failed to provide electrical conductivity measurements. The
origin of the problem remains unknown as surprisingly the electrodes remained connected even after unloading.

5. Conclusions

We report the first measurements of rock electrical conductivity during experimental deformation of Carrara
marble—as a proof-of-concept experiment—and Aheim dunite samples in a new-generation Griggs-type appa-
ratus at a pressure of 1 GPa and temperatures of 500, 650, and 800°C. Upon adaptation of the sample assembly to
perform synkinematic electrical conductivity measurements, we show that deformation strongly impacts the
electrical conductivity of rocks, including olivine-rich rocks containing substantial amounts of water in either
chlorite, minor hydrous phases, or grain boundaries. At 500 and 650°C, the radial electrical conductivity of dunite
(normal to maximum compressive stress) drops down to an order of magnitude during mechanical loading. This is
interpreted by squeezing grain boundaries that are oriented normal to the compressive deviatoric stress. In
contrast, at 800°C, the dunite sample only records an increase in conductivity until we quench the sample; no drop
in conductivity is observed during elastic loading, probably because grain boundaries have been dried during the
pumping stage. Furthermore, at 650 and 800°C, the onset of plasticity is associated with a transient increase in
electrical conductivity, interpreted as the emergence and development of faulting events based on microstructural
observations. Plasticity would form new-grain boundaries and allow relaxation of other grain boundaries, leading
to an increase of electrical conductivity. The data presented here are the first of a brand-new experimental data set,
opening the scope of experimental geophysics for significant achievements to come, including valuable contri-
butions to reducing the interpretive non-uniqueness of geophysical signatures.
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