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Key Points:

 Collective phyllosilicate content controls the first-order friction behaviour of an-
desitic samples from geothermal fields in volcanic arcs

« Negative frictional healing is observed and thought to be related to the presence
of expandable clays

e The transition to a ductile shear zone in volcanic-arc settings is influenced by al-
teration’s control on frictional strength
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Abstract

The majority of geothermal energy is produced in tectonically-active volcanic-arc regions
due to their high geothermal gradients. Reservoirs in these settings are often stratified
with smectite/kaolinite-, illite-, and chlorite-rich zones, in order of increasing depth and
temperature. Eighteen andesitic core and surface samples were taken from five geother-
mal fields in the Lesser-Antilles and Cascade volcanic arcs. The collected samples have
experienced various degrees of alteration and can be considered, in their ensemble, to

be representative of the previously-mentioned alteration zones. The influence of the al-
teration was assessed through biaxial rate-and-state friction experiments on prepared gouge.
The samples were each tested at 10, 30, and 50 MPa normal stress in both nominally-
dry and nominally-wet conditions. While significant water-induced frictional-strength
reduction was observed, phyllosilicate content dominates frictional behaviour, with in-
creased phyllosilicate content reducing frictional strength, promoting velocity-strengthening
behaviour, and reducing frictional healing. Negative frictional healing is observed and
likely related to the presence of expandable clays, leading to frictional weakness over long
time periods. It is suggested that, by controlling frictional strength, phyllosilicate con-
tent influences the depth of onset of ductile shear zones, which often underlie these reser-
voirs and are critical for the horizontal advection and vertical sealing of geothermal fluid.
Further, as these types of reservoirs are likely critically stressed, varying degrees of al-
teration within different reservoir zones can give rise to the formation of stress jumps.
Overall, the frictional behavior depended to a first order on overall phyllosilicate con-
tent, potentially simplifying engineering studies.

Plain Language Summary

Altered andesitic core and surface samples were taken from five geothermal fields
in volcanic arc environments. The alteration has resulted in the formation of clay-like
(phyllosilicate) minerals. Through a large number of friction experiments, it is shown
that the amount of clay-like minerals controls frictional properties, irrespective of the
specific clay-like minerals present, potentially simplifying induced seismicity studies if
all clay-like minerals might be treated frictionally as one species. Increased clay-like min-
eral content decreases frictional strength (making faults weaker), promotes stable slid-
ing (meaning faults are unlikely to nucleate an earthquake), and reduces frictional heal-
ing (meaning faults recover strength slowly). The unusual phenomenon of fault weak-
ening during seismic stasis (negative frictional healing) is also occasionally observed and
linked to clay-like minerals. Further, reservoirs in these settings are often rooted in dis-
tributed (ductile) shear zones which facilitate horizontal fluid movement. It is suggested
that the extent to which clay-like minerals have formed will influence the depth at which
this distributed shear zone begins. Finally, it is suggested that the reduced frictional strength
of clay-like-mineral-rich zones may lead to the formation of sharp stress changes between
highly- and un-altered zones, indicating a strong control of alteration on fracture prop-
agation.

1 Introduction

As geothermal energy production greatly benefits from a high geothermal gradi-
ent, the preponderance of global geothermal electricity production is located near tectonically-
active volcanic- or, equivalently, magmatic-arc regions (Stelling et al., 2016). Some ex-
amples include Cerro Pabellon, Chile (Maza et al., 2018), Tolhuaca Geothermal Field,
Chile (Melosh et al., 2010), the Awibengkok Geothermal System, Indonesia (Stimac et
al., 2008), Darajat, Indonesia (Rejeki et al., 2010), the Ogiri Field, Japan (Goko, 2000),
the Copahue Geothermal Reservoir, Argentina-Chile (Barcelona et al., 2019), Los Azufres,
Mexico (Cathelineau & Izquierdo, 1988), Bouillante, France (Jaud & Lamethe, 1985),
Newberry, USA (MacLeod & Sammel, 1982), and Mount Meager, Canada (Jessop, 2008).
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These systems located in volcanic- or, in many cases, specifically andesitic-arcs repre-
sent a significant proportion of global geothermal energy production (Stelling et al., 2016).

However, our understanding of the structure, fluid pathways, and history of these
reservoirs is generally poor (e.g., Bouchot et al. (2010); Favier, Lardeaux, Corsini, et al.
(2021)). Secondary permeability is thought to be a key factor in the productive poten-
tial of such geothermal systems (Stelling et al., 2016) and is often governed by fractures
and faults in these contexts (Curewitz & Karson, 1997; Goko, 2000; Stimac et al., 2008;
Navelot et al., 2018; Jolie et al., 2021; Favier, Lardeaux, Corsini, et al., 2021). The flu-
ids that flow through these discontinuities often cause the hydrothermal alteration of the
surrounding rock due to chemical disequilibrium (Fenner, 1934; Browne, 1978; Frolova
et al., 2014). As alteration, while dependent on fluid-to-rock (F/R) mass ratio and the
degree of disequilibrium, is strongly dependent on temperature, which often varies di-
rectly with depth, it is not uncommon for alteration to occur in temperature-delimited
zones, albeit with this zonation often appearing during the cooling of the system. For
example, smectite and kaolinite form at relatively low temperatures and therefore gen-
erally form a shallow alteration zone, at times overprinting previous high-temperature
alteration (e.g., Patrier et al. (1997)). Below this, at slightly higher temperatures an illite-
rich or mixed-layer zone may have previously formed. Deeper still, at again higher tem-
peratures, a chlorite-rich alteration zone may be present. The combination of these three
zones leads to a typical geothermal reservoir structure with a smectite/kaolinite zone over-
lying an illite-rich zone, which in turn overlies a chlorite-rich zone (e.g., Cathelineau and
Izquierdo (1988); Mas et al. (2006); Sillitoe (2010); Stimac et al. (2015)). Of course, many
other alteration products will likely form in such reservoirs and the zones themselves may
not be marked by sharp boundaries such that transitions are common. Note, addition-
ally, that it is common to find strong lateral variations of temperature and alteration fa-
cies in these contexts. At any rate, alteration and the formation of secondary minerals
can significantly impact the permeability and porosity of fluid pathways and may lead,
for example, to the zone rich in smectite and kaolinite forming a clay cap, preventing the
loss of heated fluids to the surface through advection (Frolova et al., 2010, 2014; Wyer-
ing et al., 2014; Navelot et al., 2018).

Frictional sliding can result in such phenomena as cataclasis and gouge formation,
dilation, and cracking; all of which can have meaningful implications for fluid flow. Ad-
ditionally, considering the high geothermal gradient present in most geothermal fields,
the transition in mode and mechanism of deformation can be anomalously shallow in these
regions (Lucchitta, 1990; Cameli et al., 1993; Ranalli & Rybach, 2005). The "ductile"
shear zones of distributed deformation at the base of many geothermal fields (e.g., Stimac
et al. (2015); Yagupsky et al. (2023)) may serve as a foundation for the sub-vertically-
oriented faults within the reservoir, and act as zones providing horizontal fluid transport
(Knipe & McCaig, 1994; Kohlstedt et al., 1995; Verati et al., 2018; Favier et al., 2019;
Favier, Lardeaux, Corsini, et al., 2021), while acting as vertical seals (Stimac et al., 2015),
Figure 1. The depth of this zone will depend, in part, on the frictional strength of the
rock (Griggs, 1936; Paterson, 1958; Byerlee, 1968; Kohlstedt et al., 1995; Ranalli & Ry-
bach, 2005; Violay et al., 2012; Meyer et al., 2019; Meyer & Violay, 2023). Therefore,
an understanding of how the frictional behaviour of these rocks may change and develop
in these settings throughout the life of the system is important for reconstructing the
entire history of the reservoir, which can in turn improve the exploration process within
that specific field, in particular as these fields have a tendency to migrate and often have
non-monotonic temperature profiles, resulting in potentially hidden high-temperature
zones (e.g., Mas et al. (2003, 2006)). It is further crucial to understand how these faults
control the state of stress of the field and how they respond to engineering operations
influencing stress and pore pressure conditions.

Further, geothermal projects have often been burdened by instances of induced seis-
micity. For example, induced seismic events in Basel, Switzerland (Héring et al., 2008),
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Figure 1. A representative example of a volcanic arc system, based on Richards (2011); Sti-

mac et al. (2015); Revil and Gresse (2021). The argillic zone (E) may contain smectite, kaolinite,
and/or illite, may overprint higher-temperature alteration, and may act as a clay cap. Propylitic
alteration (G) may produce chlorite. Due to a high geothermal gradient, the onset of ductile
deformation (i.e., the Localized-to-Ductile Transition) is found at a relatively shallow depth

(O) and leads to the formation of a ductile shear zone (P). This zone is comprised of laterally-
extensive fractures that connect to listric-like faults and allows for the lateral transfer of fluids,
while acting as a vertical seal. As depth and temperature increase, deformation mechanisms shift
from brittle to plastic. The onset of this second transition may occur within the ductile shear
zone or outside of it. Note that the original in-situ rocks may be many different types of volcanic
rock (e.g., tuff, ash, lava, etc.) depending on the deposition history of the region. The schematic

is not to scale.
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St. Gallen, Switzerland (Obermann et al., 2015), Darajat Geothermal Field, Indonesia
(Pramono & Colombo, 2005), Soultz-sous-Foréts, France (Dorbath et al., 2009), and Po-
hang, South Korea (Kim et al., 2018) have in some cases led to significant project dif-
ficulties. Therefore, an understanding of the frictional properties of rocks is relevant to
prevent unwanted seismicity and better understand how a reservoir responds to shear
stimulation, a stimulation technique often applied to Enhanced Geothermal Systems. This
is particularly true in the case of volcanic arcs, where seismicity may at times be capa-
ble of inducing debris avalanches (Keefer, 1984; Siebert, 1984) or threatening the integrity
of the clay cap (Yamaya et al., 2013).

Here, 18 samples (15 core samples and 3 surface samples) are collected from two
volcanic arcs relevant for geothermal energy exploration and exploitation: the Lesser An-
tilles and Cascade volcanic arcs. The samples are generally andesitic in nature and have
undergone a wide range of alteration. A general overview of the samples is provided in
Table 1. Gouges are prepared from the samples and their frictional behaviours are tested
in a biaxial apparatus in the rate-and-state friction framework (Dieterich, 1979; Ruina,
1983). It is found that alteration has the potential to significantly influence the friction
coefficient, velocity-dependence, and inter-seismic healing of this rock type, having con-
sequences in these settings for geothermal-reservoir-history reconstruction and fluid flow
(because friction coefficient is related to the depth of onset of any ductile shear zone),
in-situ stresses (because the stress state is influenced by the friction coefficients along
critically-stressed faults), and induced seismicity (because friction coefficient, velocity
dependence, and healing all influence the seismic response of faults).

2 Sample Sourcing
2.1 The Lesser Antilles Volcanic Arc

The Lesser Antilles form an island volcanic arc and are a result of the subduction
of the North and South American plates underneath the Caribbean Plate at approxi-
mately 20 mm per year (Deng & Sykes, 1995; DeMets et al., 2010). The Lesser Antilles
are home to a number of active volcanoes, Figure 2a, and are considered to have geothermal-
energy production potential. Despite this, geothermal energy production is currently only
operative in Guadeloupe, in the Bouillante geothermal field. Other islands, such as Mar-
tinique, have seen the drilling of a number of exploratory wells. Cores from these wells
and surface samples from Guadeloupe will be used in this study as representative of the
potential geothermal systems of the Lesser Antilles.

Terre-de-Haut, an island belonging to the Guadeloupe Archipelago, Figure Al, is
primarily composed of andesitic rocks (Jacques & Maury, 1988), a typical composition
for the recently-active arc in the Lesser Antilles (Navelot et al., 2018). As with the cur-
rent Bouillante system, the paleo-geothermal system in the central part of Terre-de-Haut
is associated with the intersection of two major fault systems (Verati et al., 2016). As
surface samples from Les Saintes can be considered as analogues to in-situ Bouillante
geothermal reservoir rock (Verati et al., 2016; Navelot et al., 2018; Favier, Lardeaux, Ve-
rati, et al., 2021), three such samples were used for this study, taken from the center of
Terre-de-Haut, near Grande Anse, which is comprised of highly-altered andesite (Jacques
& Maury, 1988; Navelot et al., 2018). Note that, due to this alteration, it is difficult to
know if these samples were originally lavas, debris, or pyroclastic flows (Jacques & Maury,
1988; Favier, Lardeaux, Corsini, et al., 2021); however, lavas sampled in this region are
generally in the basalt-andesite to dacite range (Verati et al., 2016; Favier, Lardeaux,
Corsini, et al., 2021). These samples will be referred to as S491B, S4911, and B494D.

Located on the center-west side of Martinique, the Plain of Lamentin is an allu-
vial plain surrounded by older volcanic highlands and lain down on a volcanic substra-
tum (Mas et al., 2003; Gadalia et al., 2014), Figure A2. The reservoir of Lamentin is cut
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by large, widespread, and often steeping-dipping normal faults (Genter et al., 2002; Gadalia
et al., 2014). These faults are thought to be the conduits through which mantle-derived
gases reach the Lamentin reservoir and even the surface (Gadalia et al., 2019). It is not
uncommon to find alteration minerals such as kaolinite, chlorite, and calcite within cores
taken from zones transected by faults (Genter et al., 2002). On the basis of clay-mineral
signatures and a-spectrometry, it is thought that the system presented temperatures greater
than 200°C as recently as 250,000 years ago (Mas et al., 2003; Gadalia et al., 2019). It
currently presents much more moderate temperatures, less than 100°C. In this study,

the cores from the LA02 (Carrére) well were taken from 422 m, 541.55 m, and 767.8 m

and will be referred to as LA02422, LA02541, and LA02767, respectively. Further, two
cores from the LAO3 (Californie) well are studied here from depths of 749.8 m and 758.2

m and will be referred to as LA03749 and LA03758, respectively. Both of these cores are
from moderately to slightly fractured zones with calcite fillings (Genter et al., 2002). Fur-
ther information on the field histories of Lamentin and Les Saintes can be found in Ap-
pendices AO1 and A02. Sample photos can be found in Supplementary Material, Fig-

ures S1-S2.

2.2 The Cascade Volcanic Arc

The Cascade Volcanic Arc is located in the Northwestern United States and South-
western Canada. This continental volcanic arc is related to the spreading of the Juan
de Fuca Ridge and the subduction of the Juan de Fuca Plate under the North Ameri-
can Plate (Jessop, 2008). The Cascade Volcanic Arc is home to a number of active vol-
canoes, Figure 2b, and is considered to have significant geothermal-energy production
potential. In particular, Mount Meager in Canada and the Newberry Volcano EGS Demon-
stration Project are thought to represent promising candidates for geothermal energy
production, and both have been drilled and cored. Further exploration has also occurred
farther inland in the Summerland Basin, but this resource is likely low enthalpy.

Mount Meager is a volcanic complex located in southwest British Colombia in the
Garibaldi Volcanic Belt, Figure A3. For this study, a core sample of diorite was taken
from well M-17, drilled across the southern flank of Pylon Peak (Jessop, 2008), in the
interval from 433.4 m to 437.1 m (1422 ft to 1434 ft). This sample will be referred to as
M1430.

The Summerland Basin is an Eocene volcanic caldera located in the Okanagan Val-
ley of British Columbia, Figure A4, and has been interpreted to be composed of accreted
oceanic and island arcs as part of the Intermontane Belt of the Canadian Cordillera (Monger
& Irving, 1980; Church et al., 1990). The Summerland Basin comprises several major
units; of particular importance here are the massive volcanic beds of the Marron For-
mation, principally comprised of alternating ash and lava flows which are largely con-
tinuous despite being offset by faulting (Michel et al., 2002; Jessop, 2008). For the study
being performed here, samples were taken from 810.3 m (2658.5 ft), 819.9 m (2690 ft),
915.9 m (3005 ft), and 954.0 m (3130 ft). These samples will be referred to as G2658,
G2690, G3005, and G3130, with the numerical portion of the name corresponding to the
sample depth in feet. All four samples are part of the Marron Formation’s Kitley Lake
Member, which is predominantly composed of chloritized amygdaloidal porphyritic tra-
chyandesite. While G2658 is considered to be fairly fresh trachyandesite, the rest of these
samples have undergone alteration. G2690 displays pink oxidation, whereas G3005 has
undergone carbonate-rich alteration and is light green in color. G3130 is dark green and
is chloritic clay rich.

The Newberry Volcano, Figure A5, is located 60 km east of the Cascade range in
central Oregon, covers an area of 1200 km?, and has been active as recently as 1,300 years
ago (MacLeod & Sammel, 1982; MacLeod & Sherrod, 1988). While the composition of
its rocks varies widely at depth, it is thought that it is underlain by a rhyolitic magma
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Figure 2. The geodynamic contexts of the samples. Detailed geological maps are given in Ap-
pendix A. a) A map of the Lesser Antilles Volcanic Arc. Sample sourcing locations are denoted
by red boxes, with (i) corresponding to Les Saintes, and (ii) to Lamentin. The listed volcanoes,
denoted by orange triangles, are all likely to have been active in the last 11,700 years (Holocene)
(Global Volcanism Program, 2024), with the numbers corresponding to (1) Mount Scenery, (2)
Soufriére Hills (Montserrat), (3) La Grande Soufriére, (4) Morne Plat Pays, (5) La Soufriére
(Saint Vincent), and (6) Kick’em Jenny. These volcanoes are generally related to the subduc-
tion of the North and South American plates underneath the Caribbean Plate. b) A map of the
Cascade Volcanic Arc. Core samples are taken from locations denoted by the red boxes, with
(iii) corresponding to Mount Meager, (iv) Summerland Basin, and (v) to Newberry. The listed
volcanoes, denoted by orange triangles, are all likely to have been active in the last 11,700 years
(Holocene) (Global Volcanism Program, 2024), with the numbers corresponding to (1) Silver-
throne Caldera, (2) Mount Garibaldi, (3) Mount Baker, (4) Glacier Peak, (5) Mount Rainier, (6)
Mount St. Helens, (7) Mount Adams, (8) Mount Hood, (9) the Three Sisters, (10) Crater Lake.
These volcanoes are generally related to the subduction of the Juan de Fuca Plate underneath
the North American Plate. Also shown is the spreading center between the Juan de Fuca and
Pacific Plates (i.e., the Juan de Fuca Ridge). The ETOPO 2022 Global Relief Model is used as
the base map (NOAA National Centers for Environmental Information, 2022).
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Table 1.

A summary of the samples used for this study. The rock types are taken from Verati

et al. (2016); Favier, Lardeaux, Corsini, et al. (2021) for Les Saintes and Mas et al. (2003) for

Lamentin; otherwise they are unpublished. Ba is basalt, An is andesite, Dac is dacite, and TrAn

is trachyandesite. Depths are measured depths. The temperature, T, data are taken from Mas

et al. (2003) for Lamentin wells, Ghomshei et al. (2004) for Mount Meager, Jessop (2008) for
Summerland Basin (based on a linear interpolation of temperature measurements taken at 706
and 946.5 meters depth), and Walkey and Swanberg (1990) for Newberry. Note that these are the

modern temperatures for these reservoirs. The predominant alteration type (Pred. Alt. Type)

and phyllosilicate content by weight (Phyll.) are given in the last two columns and are based on

XRD results (shown in more detail later, see Section 5.1.2), with predominant alteration type

noting the principal category of secondary phyllosilicate mineral present. Intermediate means

that no one phyllosilicate mineral is responsible for more than 67% of the phyllosilicate minerals

present.

Sample Location (well name) Rock Type Depth [m| T [°C| Pred. Alt. Type Phyll. ¢
B494D Les Saintes (surface) Ba/An-Dac - - Smectite 23
S4911 Les Saintes (surface) Ba/An-Dac - - Smectite 29
S491B Les Saintes (surface) Ba/An-Dac - - Illite 49

LA02422 Lamentin (LA02) An 442.0 49 Intermediate 51

LA02541 Lamentin (LA02) An 541.6 47 Intermediate 44

LA02767 Lamentin (LA02) An 767.8 47° Chlorite 10

LA03749 Lamentin (LA03) An® 749.8 7 Al-smectite /Kaolinite 62

LA03758 Lamentin (LA03) An 758.2 7 Intermediate 19
M1430 Mount Meager (M-17) Diorite ~435 167 Intermediate 21
G2658  Summerland Basin (GSC495) TrAn 810.3 37 Mg-smectite 15
G2690  Summerland Basin (GSC495) TrAn 819.9 37 Chlorite 17
G3005  Summerland Basin (GSC495) TrAn 915.9 40 Chlorite 15
G3130  Summerland Basin (GSC495) TrAn 954.0 41 Chlorite 20
N3583 Newberry (GEO N-2) Ba-Ba/An 1092.3 134 Mg-smectite 24
N3808 Newberry (GEO N-2) Ba-Ba/An 1160.7 143 Mg-smectite 22
N4330 Newberry (GEO N-2) Ba-Ba/An 1319.8 163 Mg-smectite 15
N4343 Newberry (GEO N-2) Ba-Ba/An 1323.7 164 Intermediate 20
N4422 Newberry (GEO N-2) Ba-Ba/An 1348.0 166¢ Mg-smectite 18

@ This sample is heavily altered and from a fault zone. The original rock type cannot be stated
with certainty. See Genter et al. (2002).
® The last depth for which temperature was recorded for this well was 724 m.

¢ The last depth for which temperature was recorded for this well was 1346 m.

chamber of approximately 5 km in diameter (MacLeod & Sherrod, 1988). Interest in this
region is related in particular to an exploration well (USGS N-2) completed in 1981, where
a temperature of 265°C was encountered at 932 m (MacLeod & Sammel, 1982). For the
study being performed here, samples were taken from the GEO N-2 (not the USGS N-
2) well at 1092.3 m (3583.5 ft), 1160.7 m (3808 ft), 1319.8 m (4330 ft), 1323.7 m (4343
ft), and 1348.0 m (4422.5 ft). These samples will be referred to as N3583, N3808, N4330,
N4343, and N4422, with the numerical portion of the name corresponding to the sam-
ple depth in feet. These samples are basaltic to basaltic-andesitic in composition with
varying degrees of alteration. Further information on the field histories of Mount Mea-
ger, Summerland Basin, and Newberry can be found in Appendices A03-A05. Sample
photos can be found in Supplementary Material, Figures S3-S5.



239 3 Methods

240 3.1 Sample preparation

on The samples were first photographed and then cut into more manageable pieces.

212 Two cut pieces of each sample were analysed with X-ray Diffraction (XRD) and as thin

243 sections. The remaining sample material was crushed by hand with first a hammer and

244 then an agate mortar and pestle. Finally, the prepared gouge was passed through a sieve
25 to ensure a particle size of less than 125 um, later confirmed by granulometry, Supple-

246 mentary Material, Table S6. The samples were never oven dried to avoid altering the clays
247 present in the sample (Summers & Byerlee, 1977). One gram of each sample was ground
248 with 15 ml of ethanol for 10 minutes using the McCrone mill equipped with agate grind-
249 ing elements to ensure a nominal average particle size of 1 um, important for the quan-

250 titative phase analysis.

251 3.2 Sample characterization

252 3.2.1 Microstructure

253 Thin sections were prepared by Thin Section Lab and the Institute of Earth Sci-

254 ences at the Université de Lausanne from virgin samples and then carbon coated and

255 analyzed using scanning electron microscopes (SEMs) at the University of Poitiers (JEOL
256 JSM IT500) and the Ecole Polytechnique Fédérale de Lausanne. These samples were viewed
257 using back-scattered electrons, illustrating density contrasts. In addition, energy-dispersive
258 X-ray spectrometry (EDX) was used to evaluate the mass percentages of elements present
259 in different minerals in the samples. This was then used to calculate the structural for-

260 mulae of the minerals, which, in conjunction with the density contrasts and particle mor-

261 phology, led to mineral identification. Specifically, the SEM was equipped with a Bruker
262 Lynxeye EDX spectrometer with a XFlash 4030 Silicon drift detector. The analytical

263 conditions for quantitative EDX analysis were as follows: acceleration voltage 15 kV, cur-
264 rent beam 1 nA, counting time 50 s, working distance 11 mm. The standards used for
265 the EDX quantitative analysis consisted of albite (Na, Al, Si), almandine (Mg, Fe), diop-
266 side (Ca), orthoclase (K) and spessartite (Mn). Matrix corrections were performed us-

267 ing the Phi-Rho-Z correction.

268 3.2.2 X-ray Diffraction (XRD) and Quantitative Phase Analysis (QPA)
269 XRD data was collected on randomly-oriented powders using a Bruker D8 Advance
270 diffractometer operating in Bragg-Brentano geometry and using CoKa radiation (A =

n 1.7902 A; 40 kV — 35 mA). Data was collected from 5-90° 26, counting 6s per 0.026° step.
2 Following identification of the crystalline phases, sample mineralogy was assessed quan-
273 titatively with the Rietveld program BGMN and the Profex user-interface (Doebelin &

274 Kleeberg, 2015). Clay minerals were grouped by families (kaolinite, micas, and swelling
275 2:1). Swelling 2:1 minerals include both discrete smectite and smectite-containing mixed
276 layers (e.g., chlorite/smectite or corrensite). When both species coexist, XRD data was
277 fit using smectite contributions with contrasting hydration states to reproduce the po-

278 sitions of basal reflections. The tri- or di-octahedral character of identified phyllosilicates
279 was derived mainly from the position of (06,33) diffraction bands despite significant over-
280 lap with phases such as quartz. XRD analyses were guided by the chemical analyses per-
281 formed with SEM/EDX, and vice versa. The quantity of amorphous material was de-

28 termined by adding corundum as an internal standard. The difference between the amount
283 of corundum added and refined was recalculated into the amorphous content.
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Figure 3. Side-on view of double-direct shear arrangement used during the investigation.

(A) gouge sample; (B) stainless steel block. A horizontal piston on the right-hand-side of this
image applies the horizontal (normal) force. The left-hand-side is supported by the HighSTEPS
apparatus’ internal wall. The vertical piston applies the vertical (shear) force through the central

sample holder.

3.3 Apparatus

Double-direct shear experiments (Dieterich, 1972) were performed in the HighSTEPS
apparatus (Violay et al., 2021), Figure 3, a biaxial apparatus located at the the Ecole
Polytechnique Fédérale de Lausanne. The prepared gouge is placed in between one ver-
tical and two horizontal sample holders, with 4.86 mm of gouge on either side, and is then
compacted by hand with a steel block and a levelling jig. The surface of the horizontal
sample holders on which the gouge is placed and compacted measures 34 mm by 34 mm.
Both the horizontal and vertical sample holders are grooved to a depth of 0.5 mm, with
the grooves repeating every 2 mm. The groves ensure shearing occurs inside the gouge
layer (Marone et al., 1990).

3.4 Experimental procedure

In order to test the frictional behaviour of the gouge samples, the sample holders
are placed inside the apparatus and the horizontal piston is moved into contact with the
sample holder. After contact is established, the normal load is increased to 1 MPa. At
this stage, if the experiment is to be performed under nominally-wet conditions, the im-
permeable membrane (a plastic bag) containing the sample holders and sample is filled
with deionized water, and the normal load of 1 MPa is held for 40 minutes. This cor-
responds to the time required for the horizontal piston to reach an approximately con-
stant position. If the experiment is to be performed under nominally-dry conditions (room
temperature and humidity), this holding period is skipped. Note that while deionized
water can take a significant amount of time to reach equilibrium with gouge samples (up
to two days with calcite gouge (Carpenter, Collettini, et al., 2016)), here additional XRD
analyses were performed on a calcite-rich gouge (N3583) after an experiment to verify
that there was no significant loss of calcite or alteration of clay minerals during the ex-
periment, Supplementary Material, Figure S24 and Table S7. Next, the normal load is
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increased to either 10, 30, or 50 MPa, depending on the experiment. These values cor-
respond to effective stresses typical of lithostatic burdens at approximately 650, 2000,

and 3300 m depth, respectively; depths relevant for shallow faults. This normal load is
then held for 20 minutes to allow for sample compaction, Supplementary Material, Fig-
ure S8. At this point nominally-wet samples have been equilibrating with the added wa-
ter for approximately 1.5-2.5 hours, depending on the normal stress of the experiment.
Then, the vertical piston, which is brought into contact with the vertical sample holder

at the beginning of the experiment, is lowered at 10 £ for 11 mm, Figure 4. This con-
stitutes the run-in phase of the experiment which allows for the development of the shear
fabric and steady-state friction (e.g., Pozzi et al. (2022); Noél et al. (2023); Noél, Gior-
getti, et al. (2024)). After the run-in, the velocity-step sequence is begun. Each veloc-

ity step is 500 um long, with 3, 10, 30, 100, and 300 £= being the up-step velocities. Next,
the slide-hold-slide sequence is begun, where during each slide-hold-slide the sample is
sheared for 500 um at 10 t%l before the vertical piston holds a constant position for ei-
ther 1, 3, 10, 30, 100, 300, 1000, or 3000 seconds, after which the sample is again sheared
at 10 £2 for 500 wm as the next sliding phase is carried out. Finally, the vertical and
then horizontal forces are removed by first raising the vertical piston and then retract-

ing the horizontal piston. At this stage the sheared sample is stored, dried, and then placed
in epoxy resin to enable later thin section preparation for micro-structural analysis. All

18 samples were tested at 10, 30, and 50 MPa under both nominally-wet and nominally-
dry conditions resulting in 108 total experiments. Note that all references to wet and dry
conditions from this point on refer to nominally-wet (immersed but not necessarily sat-
urated) and nominally-dry (room humidity, approximately 40%) conditions, respectively.
All experiments are performed at room temperature, but it should be noted that, at low
temperatures (< 300 °C), first-order friction characteristics are considered to be rela-
tively independent of temperature (e.g., Scholz (2019), ch. 2). That said, second-order
friction characteristics do often show temperature dependence (e.g., Blanpied et al. (1991);
Kolawole et al. (2019); Jeppson et al. (2023)).

4 Data Treatment

Considering that the gouges present a constant surface area of 34 mm by 34 mm,
the applied normal stress, o, and shear stress, 7, are calculated based on the applied ver-
tical and horizontal forces, F, and Fj, respectively. Note that the shear stress is applied
across an area twice as large as that for the normal stress as the experiments were per-
formed in double-direct shear. Error in the force measurements was taken as 0.3 kN, based
on standard levels of noise. The slip, ¢, is calculated as the difference in vertical posi-
tion based on the values recorded by the optical encoder attached to the vertical piston
just above the sample. The layer thickness is calculated based on the values recorded by
the optical encoder fixed to the horizontal piston. Error in the displacement measure-
ments was taken as 250 nm, based on standard levels of noise (e.g., Figure 5¢). The ef-
fective error on all single measurements propagates for other derived quantities, see Sup-
plementary Material. Displacement data are corrected based on machine stiffnesses (Violay
et al., 2021). The data are not filtered and were collected at 10 Hz except during the ve-
locity steps where the recording frequency was 2 kHz.

4.1 Friction Coefficients

Apparent friction, p*, is defined based on the ratio between 7 and o. Apparent fric-
tion coefficients calculated this way neglect cohesion, layer thinning, and densification
(Scott et al., 1994).
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4.1.1 Coefficient of frictional yield, i,

During the elastic loading of the sample, a stiffness, k, is defined based on the lin-
ear portion of the loading curve, after anelastic deformation, and fit using a least-squares
regression. An apparent frictional yield coefficient, u3, is defined for each experiment based
on the last moment that the loading curve intersects the line defined by k, breaking from
linearity, Figure 4. This point is also known as the proportional limit. The criterion used
for defining the accepted deviation is somewhat arbitrary, meaning application of this
parameter to real conditions should be done with care (e.g., Kutz (2009), pg. 445). In-
stead, this parameter should be treated as a simple proxy for the yield point of the ma-
terial. Note, however, the yield point is likely dependent on temperature, such that it
is difficult to apply these values, found at room temperature, to reservoir conditions. Us-
ing the values of uy, a coefficient of frictional yield, py, is defined for each rock sample
using a least-squares estimate, based on the values of yuj from experiments at 10 MPa,

30 MPa, and 50 MPa normal stress, weighted based on the uncertainty of each data point,
with cohesion forced to be zero, Figure 4(b,c). Note that this parameter is not neces-
sarily a coefficient, but is presented as such to capture the dependence on normal stress.
Details on the fitting and confidence interval are provided in Supplementary Material

and Montgomery and Runger (2011). This process is performed for both the wet and

dry suites of experiments, yielding a wet, uy, and dry, ug, coeflicient of frictional yield

for each sample.

4.1.2 Dynamic coefficient of friction, uq

An apparent dynamic coefficient of friction, pj3, is defined for each experiment as
the average value of p* during the last 1.5 mm of the run-in, Figure 4. Then, for each
sample, a dynamic coefficient of friction, uq, is defined using a least-squares estimate,
based on the values of i} from experiments at 10 MPa, 30 MPa, and 50 MPa normal
stress, weighted based on the uncertainty of each data point, with cohesion forced to be
zero, Figure 4(b,c). Details on the fitting and confidence interval are provided in Sup-
plementary Material and Montgomery and Runger (2011). This process is performed for
both the wet and dry suites of experiments, yielding a wet, 4%, and dry, ud, dynamic
coefficient of friction.

4.2 Velocity Steps

The velocity dependence of friction, a key component of one of the two principal
criteria for the nucleation of a dynamic earthquake (Rice & Ruina, 1983; Ruina, 1983),
is modelled using the rate-and-state friction constitutive law (Dieterich, 1979),

0
W= py +aln (;) + bln <UD0 >, (1)

0 c

where g is an initial value of apparent friction prior to a change in velocity from vy to
v, a is the direct effect, b is the evolution effect, D, is the critical slip distance, and 6 is

a state variable which is given by,
de vl vl
= _In( = 2
at Do <DC> ’ 2)

when described by the slip law (Ruina, 1983). Velocity steps are detrended and then fit
with RSFit3000 (Skarbek & Savage, 2019), Figure 5. Insight into frictional stability can
then be provided by evaluating a—b, where a—b > 0 represents velocity-strengthening
behaviour and a — b < 0 velocity-weakening behaviour. Velocity-weakening behaviour

is one of the necessary conditions for unstable fault slip under the assumption of small
perturbations (Rice & Ruina, 1983; Ruina, 1983).
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Figure 4. a) An example experiment, G2658 at 50 MPa normal stress under dry conditions.

(b,c) A demonstration of how the picked values of the apparent frictional yield and dynamic

friction coefficients are used to calculate the actual coefficients of frictional yield and dynamic

friction coefficients of the samples. The sample G2658 is used as an example.
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Figure 5. A series of velocity steps from an example experiment, G2658 at 50 MPa under

dry conditions. a) The full series of velocity steps. After a run-in performed at 10 £%, velocity

steps of 3, 10, 30, 100, and 300 £2 are performed, each for 500 um. b) A zoom on the region

outlined by a dotted red line in (a). The velocity step is fit with both the slip and aging laws,

with the slip-law fit shown here. The parameters a, b, and D, are illustrated. ¢) The change in

layer thickness based on detrended data. This image illustrates how ABVS is found.
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4.3 Slide-Hold-Slides

Inter-seismic healing can be assessed through the use of slide-hold-slides (Dieterich,
1972), providing insight into potential earthquake recurrence time and strength recov-
ery along faults. The healing that occurs during a given slide hold slide, Ay, is found
as the difference between the peak in apparent friction achieved upon reshearing and the
steady-state value of apparent friction prior to the hold, Figure 6(a, b). Generally, the
healing increases with the logarithm of time (Dieterich, 1972). This allows for the def-
inition of a healing rate, 3, which is defined based on (Paterson and Wong (2005), pg.
174),

. t
Apg, = Blogyg <1 + th) ) (3)

where ¢y, is the hold time and ¢. is the hold time for which the healing can be consid-
ered to be zero, taken here as one divided by the recording frequency of 10 Hz. This is
then solved for 8 with a weighted-least-squares estimate using all eight holds, Figure 6d.

4.4 Dilatancy Measurements
4.4.1 Velocity Steps

Based on Marone and Kilgore (1993); Ikari et al. (2009); Giacomel et al. (2021),
and analogous to the parameter € from Segall and Rice (1995), a parameter « represent-
ing the normalized dilation is defined for each velocity step,

Ahys v
T()—Oéln (UO) 5 (4)

which acts as a measure of the dilatancy response of the gouge to a change in velocity.
Then, Ah,s is the near-instantaneous dilantancy that occurs when the velocity changes
from vy to v during a velocity step and hg the layer thickness just prior to the step. Note
that the layer thickness is de-trended prior to this calculation based on the approximately
linear steady-state change in layer thickness occurring after the velocity step, Figure 5c.

4.4.2 Slide-Hold-Slides

The change in layer thickness that occurs during a given slide hold slide, Ahgps,
is calculated as (e.g., Giacomel et al. (2021)),

Ahgps = Ohy, + Ohs, (5)

where dhy, is the dilation that occurs during the hold phase, based on the average thick-
ness of the gouge (i.e., considering the experiments are performed in double-direct shear),
and Ohs is the dilation that occurs upon re-shearing, again based on the average thick-
ness of the gouge. Note that Jhy, is a negative value as the gouge compacts during a hold.
This allows for the definition of three dilation rates: By, Bs, Bghs, for the hold periods,
re-shearing events, and overall slide-hold-slide sequence which are the best-fit slopes of

Ohn th dhs th Ahghs th
o = Bylogyg (1 + tc> " The = Bslog; (1 + i) h; = Bsnslogyo [ 1+ t )

An illustration of these calculations can be seen in Figure 6(c, e). Note that, as Ahgps

is a linear combination of 0hy, and Ohg, Bgns is also a linear combination of By, and Bs.
Therefore, By, and Bg, two different measurements of dilatancy at different parts of the
slide-hold-slides, will be presented here to highlight the rate of change in layer thickness
during the slide-hold-slides. Other authors have first de-trended the layer thickness to
account for monotonic long-term trends in dilation (Giacomel et al., 2021). This was not
done here due to the use of load point displacement measurements (as opposed to mea-
surements directly on the fault). Correcting for layer thickness as a function of vertical
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Figure 6. a) An example of a sequence of slide-hold-slides for sample G2658 at 50 MPa un-

a) 0.69

der dry conditions. The hold periods are written under the minimum value of apparent friction
reached during each hold. b) A zoom on the area in (a) delineated by a dotted red box. c) The

change in layer thickness occurring during the 100-second hold, corresponding to the dotted red

box in (a). Note that, from Equation 5, Ahgns = Ohn + Ohs. d) The healing incurred after each
hold is plotted as points. These points are then fit to find a value for the healing rate, 5. The er-

ror for the linear fit is weighted based on the error of each value of Apj, and fit with a 95 percent

confidence interval. e¢) The normalized dilation incurred during the hold, Ohx, and upon reshear,
Ohs. These data are then fit with Equation 6 to find the dilation rates, By, Bs, and Bgns (not

shown).
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slip while using load point displacement measurements would incorrectly adjust layer thick-
ness during the re-shear period prior to the re-initiation of slip. Finally, while the data

fit to all three measured dilations in Equation 6 are not truly linear, their fitted slopes

still serve as a useful tool to compare the relative tendencies for dilation in the differ-

ent experiments.

5 Results
5.1 Sample Characteristics
5.1.1 Alteration Features

SEM analyses showed clear differences in sample mineralogy. In particular, certain
samples were clearly highly altered presenting many secondary minerals, while others
were composed almost exclusively of primary minerals. As an example, Figure 7 shows
four samples: LA02767 (a), LA03749 (b), LA02422 (c), and N4343 (d). While LA02767
has experienced alteration, in particular with the presence of chlorite and quartz, it is
one of the least-altered samples in this study, and may therefore be representative of a
zone which has undergone only limited rock-fluid interaction. LA03749 is an altered sam-
ple principally composed of phyllosilicates (kaolinite and smectite), with some carbon-
ate minerals (ankerite). It is likely that the rod-like shapes were originally plagioclase.
In LA02422, likely coming from an illite-rich or Al-smectite/kaolinite-rich zone, phyllosil-
icates (kaolinite and illite) and carbonates (siderite) are common. N4343 contains a sig-
nificant amount of chlorite and is thus likely coming from a chlorite-rich zone. However,
the presence of other phyllosilicates suggests this sample might represent an intermedi-
ate state, with multiple alteration phases.

5.1.2 XRD

The detailed XRD results are presented in Supplementary Material, Tables S1-S5,
but a simplified version is given here in Table 2. Note that the expandable clays and kaoli-
nite are typical of the Al-smectite/kaolinite- or Mg-smectite-rich zones (kaolinite is never
associated to Mg-smectite), the micas are typical of the illite-rich zone (illite is a dioc-
tahedral mica), and chlorite is typical of the chlorite-rich zone. The samples are classi-
fied based on both their absolute weight percentage of phyllosilicate content and the rel-
ative amounts of each phyllosilicate, Table 2. Samples more than 40% by weight phyl-
losilicate are considered highly altered, between 20% and 40% by weight are moderately
altered, and below 20% are slightly altered. In this sense, phyllosilicate content is used
a proxy for the level of alteration as phyllosilicates are secondary minerals in these sam-
ples. If a sample’s phyllosilicate content is made up of more than 67% of a given phyl-
losilicate type then that sample is considered to be representative of the zone correspond-
ing to that phyllosilicate. Based on this classification, LA03749 has a mineralogy rep-
resentative of a highly-altered Al-smectite/kaolinite-rich zone. B494D, S4911, N3583, and
N3808 have mineralogies which might be representative of Al-smectite/kaolinite- or Mg-
smectite-rich zones which are moderately altered. G2658, N4330, and N4422 could be
representative of Mg-smectite zones that are only slightly altered. S491B can be consid-
ered representative of a highly-altered illite-rich zone. LA02422 and LA02451 can be con-
sidered highly-altered samples, intermediate between all three zones. M1430 and N4343
are intermediate between zones but only moderately altered. LA03758 is also interme-
diate but only lightly altered. LA02767, G2690, G3005, and G3130 can be considered
to represent the chlorite-rich zone with a low level of alteration.
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Figure 7. Images of polished thin sections made from intact samples taken during SEM
analysis with backscattered electrons, illustrating density contrast. a) LA02767 is only lightly
altered, with the presence of a small amount of chlorite. b) LA03749 is highly altered, exhibiting
secondary minerals almost exclusively. In particular, this sample is marked by the significant
presence of smectite and kaolinite, making it representative of the clay cap of a geothermal
reservoir in a volcanic arc setting. ¢) LA02422 is also highly altered, with the most abundant
phyllosilicates being dioctahedral micas, as can be seen by the illite present on the SEM image.
However, this sample is classified as intermediate due to the presence of kaolinite and 2:1 expand-
able dioctahedral clays. d) N4343 is only moderately altered, but contains a significant amount of
chlorite and is classified as intermediate between alteration zones. In (b) the shapes of replaced

primary minerals (in many instances likely plagioclase) can be clearly seen.
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Table 3.

A summary of the friction coefficients. The coefficients of frictional yield for dry and

wet conditions are given by ,ug and py , respectively. The dynamic coefficients of friction for dry

and wet conditions are given by ud and uY, respectively. Each friction coefficient is based on

three separate experiments, each at a given normal stress of either 10, 30, or 50 MPa. See Fig-

ure 4 for an illustration of this procedure. The error refers to the 90% confidence interval fit, see

Supplementary Material. Predominant alteration type is based on Table 2.

Sample Location Pred. Alt. Type s [ wy -] ud [ wy -
B494D Les Saintes Smectite 0.26 £ 0.02 0.23 £ 0.01 0.57 £ 0.01 0.48 £ 0.01
S4911 Les Saintes Smectite 0.18 £ 0.04 0.19 +£0.04 0.56 £ 0.03 0.40 £ 0.01
S491B Les Saintes Illite 0.16 £ 0.05 0.18 £ 0.04 0.46 + 0.01 0.33 £ 0.02
LA02422 Lamentin Intermediate 0.26 £ 0.02 0.17 +£0.03 0.48 +£0.02 0.35 £ 0.01
LA02541 Lamentin Intermediate 0.21 £ 0.04 0.21 £ 0.07 0.51 £ 0.02 0.37 £ 0.02
LAO02767 Lamentin Chlorite 0.29 £ 0.02 0.23 £ 0.06 0.59 =+ 0.03 0.59 £ 0.03
LA03749 Lamentin Al-smectite/Kaolinite 0.19 £ 0.03 0.15 £ 0.02 0.25 £ 0.05 0.24 £+ 0.02
LA03758 Lamentin Intermediate 0.25 £0.04 0.23 +£0.03 0.59 & 0.02 0.53 £ 0.03
M1430 Mount Meager Intermediate 0.22 £ 0.06 0.24 +£0.05 0.58 £ 0.02 0.50 £ 0.02
G2658 Summerland Basin Mg-smectite 0.30 £0.04 0.27 £0.04 0.61 £0.03 0.55 £ 0.03
G2690 Summerland Basin Chlorite 0.28 £ 0.05 0.32 £ 0.07 0.58 £ 0.02 0.51 £ 0.01
G3005  Summerland Basin Chlorite 0.27 £ 0.05 0.30 + 0.01 0.60 & 0.03 0.54 £ 0.02
G3130 Summerland Basin Chlorite 0.30 +0.02 0.28 +£0.02 0.60 + 0.02 0.53 £+ 0.01
N3583 Newberry Mg-smectite 0.24 £0.05 0.22 £ 0.03 0.55 £ 0.07 0.48 £ 0.09
N3808 Newberry Mg-smectite 0.22 £ 0.02 0.24 £ 0.06 0.58 +0.04 0.48 £ 0.03
N4330 Newberry Mg-smectite 0.24 £0.05 0.28+0.04 0.59+0.04 0.49 £ 0.06
N4343 Newberry Intermediate 0.27 £ 0.04 0.30 £ 0.11 0.59 £ 0.02 0.49 £ 0.02
N4422 Newberry Mg-smectite 0.28 £ 0.14 0.25 +0.04 0.59 £+ 0.03 0.50 £ 0.03

5.2 Overall summary of friction coefficients

Coefficients of frictional yield have a median value of approximately 0.26 in dry con-
ditions and 0.24 in wet conditions, meaning any water weakening that is present is gen-
erally within the errors of the calculations of the friction coefficients. Dry dynamic fric-

tion coefficients have values which are typically between 0.55 and 0.60, with the lowest
value being 0.25, the highest 0.61, and the median 0.58. Sample with more phyllosili-

cate content generally have low dynamic friction coefficients. Note that these friction co-
efficients, in particular the dynamic friction coeflicients, are generally associated with nar-
row 90% confidence windows, despite all possible sources of experimental error, Table 3.
This acts as justification for cohesion being neglected. Water-induced frictional-strength

reduction for the dynamic coefficient of friction is present in all but one sample (LA02767).

The median value of water-induced frictional-strength reduction is 0.09, with the most
extreme water-induced frictional-strength reduction seen in S4911, a difference of 0.16
or 29%. Water-induced frictional-strength reduction is more common in samples rich in
phyllosilicate content. The friction coefficients are summarized in Table 3, with a more
detailed look at site-specific results in the Supplementary Material, Section 4 and Fig-
ures S9 and S10.

5.3 Overall summary of velocity steps

Of the 18 samples tested, in 14 cases a is larger in wet conditions than in dry con-
ditions. Similarly, in 11 instances b is larger in dry conditions than in wet conditions.
Ultimately, however, a—b is larger (more positive) in wet conditions than in dry con-
ditions for 17 of the samples. Regarding the critical slip distance, D, is often larger (for
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15 out of 18 samples) in wet conditions than in dry conditions. Finally, « is larger in wet
conditions than in dry conditions for 15 of the samples.

As normal stress increases, a decreases for 14 of the samples. Similarly, b decreases
with increasing normal stress for 12 of the samples. Finally, however, a—b increases with
increasing normal stress for 4 of the samples, decreases for 3 samples, and displays no
clear trend with normal stress for 11 samples. The critical slip distance increases with
increasing normal stress for 6 samples, decreases with increasing normal stress for 1 sam-
ple, and displays no clear trend with normal stress for 11 samples. « increases with in-
creasing normal stress for 1 samples, decreases for 2 samples, but displays no clear trend
for the other 15 samples. These data can be found in the Supplementary Material, Ta-
bles S8 to 525, with a description of site-specific results in the Supplementary Material,
Section 4 and Figures S11-S15.

5.4 Overall summary of frictional healing

The healing rate does not consistently vary with water presence when all of the sam-
ples are taken together, in some instances it decreases when the experiment was performed
in wet conditions in others it increases. This effect is clearly composition dependent. When
the healing rate varies with normal stress, most often it decreases as normal stress in-
creases, otherwise it remains approximately constant. An increasing healing rate with
increasing normal stress is rare in these samples. Phyllosilicate-poor (<25%) samples (B494D,
LA02767, LA03758, M1430, G2658, G2690, G3005, G3130) have a decreasing healing rate
with increasing normal stress in dry conditions. These data can be found in the Supple-
mentary Material, Tables S26-S30. Site-specific descriptions of the results can be found
in the Supplementary Material, Section 4 and Figures S16 and S18.

Values for By, the dilation rate (often negative, implying compaction) during the
hold, are greater (more negative) in wet conditions than in dry conditions for almost all
of the experiments performed. The values for By, the dilation rate during the reshear,
are more mixed when compared between dry and wet conditions, and can be considered
generally similar. For higher normal stresses, By, is often greater. A similar, but less con-
sistent, trend persists for By. These data can be found in the Supplementary Material,
Tables S26-S30. Site-specific descriptions of the results can be found in the Supplemen-
tary Material, Section 4 and Figures S17 and S19.

Finally, negative healing rates were consistently observed in N3583 in wet condi-
tions and LA03749 in wet conditions for large hold times. These negative healing rates
led to negative healing for large hold times, generally at either 1000 or 3000 seconds. Neg-
ative healing was not observed for these samples in dry conditions. Isolated instances
of negative healing rates were also observed in LA02422 and N3808. Negative healing
will be further discussed in Section 6.1.

5.5 Post-Mortem Microstructure

An analysis of the post-mortem sample fabrics, Figure 8, reveals fabric elements
typical of deformation of brittle fault rocks, particularly when phyllosilicate content is
low. Phyllosilicate-rich rocks are more likely to develop the S-C-C’ fabrics common in
this type of material and first described for ductiley-deformed mylonites (e.g., Berthé
et al. (1979); Volpe et al. (2022)), Figures 8(b, d). Conversely, samples with limited amounts
of phyllosilicates are more likely to develop Y-B-P-R fabrics typical of granular-rich faults
(e.g., Logan et al. (1992); Volpe et al. (2022)), Figures 8(a~c). In general, the lightly-altered
samples, limited in their phyllosilicate contents, exhibited the highest levels of localized
deformation. In samples richer in phyllosilicates, deformation was more distributed (duc-
tile). This is an indication of a change in mode of deformation, from localized to duc-
tile, as phyllosilicate content increases. Further, a change in mechanism is also likely, as
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Figure 8. SEM images are of samples deformed at 50 MPa under (a, b) dry and (c, d) wet
conditions. The samples shown are (a, ¢) LA02767 and (b, d) LA03749. LA02767 represents

a sample exhibiting minimal alteration, with a low (10%) weight percentage of phyllosilicates.
LAO03749 is a highly-altered sample with significant amounts of kaolinite and smectite (62% by
weight phyllosilicates). a) A low-strain domain as well as R- and P-shear bands can be seen. ¢) A
low strain domain along with Y- and R-shear bands can be seen. b) C planes, R-shear bands, as
well as S foliations can be seen. d) S foliations can be seen. Generally, while localization still oc-
curs for the sample high in phyllosilicate content (LA03749 in b, d), deformation is more ductile
(distributed) in this case compared to the sample low in phyllosilicate content (LA02767 in a, c).
These images can be further compared with Figure 10(b-e), which also shows a sample deformed
at 50 MPa containing 24% phyllosilicate content by weight. Arrows underneath the images show
the far-field shear direction. It should be noted that the part of the thin section near the teeth
(e.g., the bottom of (a)) was often not recovered. Additional localization often occurs in this part

of the gouge. The pre-mortem images of these samples can be found in Figure 7(a, b).

rocks with principally Y-B-P-R fabrics (seen primarily in samples with low phyllosili-
cate contents) indicate cataclastic processes as the primary deformation mechanism. Con-
versely, rocks with principally S-C-C’ (seen primarily in samples with high phyllosilicate
contents) fabrics indicate frictional sliding along foliations (Volpe et al., 2022). Note that
both of these mechanisms are brittle deformation mechanisms. This implies that alter-
ation, by producing phyllosilicate minerals in these settings, promotes both a change in
deformation mode and mechanism. Generally, dry experiments also produced increased
localized deformation compared to wet experiments, with wet experiments also gener-
ally yielding more widespread grain-size reduction.
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6 Discussion
6.1 Negative frictional healing

Interestingly, while the frictional resistance upon reshear of all of the samples in-
creases with the logarithm of hold time for small hold times (<1000 seconds), for a few
samples (N3583, LA03749, LA02422, and N3808), large hold times (>1000 seconds) may
result in negative healing rates and even negative healing. This phenomenon is most pro-
nounced in N3583 in wet conditions at all tested normal stresses, Figure 9. This phe-
nomenon is clearly dependent on water presence, as the same sample tested in dry con-
ditions does not result in negative healing, Figure 9. Negative healing rates and nega-
tive healing have been previously observed (Boulton et al., 2012; Chen et al., 2015; Te-
sei et al., 2017; Orellana et al., 2018; Jeppson et al., 2023; Pozzi et al., 2023). Tesei et
al. (2017) observed negative healing for bare-surface carbonate samples, relating it to fast-
healing gouge patches that ultimately result in the fracturing of the intact rock, yet here
experiments were performed on gouge. Orellana et al. (2018), who observed negative heal-
ing for small hold times in Opalinus Clay, suggested that their negative healing could
be explained by a local overpressure at small hold times; this would result in transiently
reduced effective normal stresses and therefore reduced strength. This mechanism is a
possible explanation for the negative healing observed here, and was also suggested by
Boulton et al. (2012), but is difficult to confirm without on-fault pore pressure measure-
ments. Here, however, negative healing was only observed at large hold times. Jeppson
et al. (2023) observed negative healing only at elevated temperatures (200°C) and sug-
gested that the underlying mechanisms was thermally activated. Here, however, nega-
tive healing was observed at room temperature. The negative healing for N3583 in wet
conditions is associated with an increased compaction during the hold (negative dilation)
relative to dry experiments, Figure 9(d), but the dilation upon reshear is quite similar
for both wet and dry cases, Supplementary Material, Figure S21. Reversing the hold times
still resulted in only large hold times yielding negative healing, indicating a limited ef-
fect of strain, Supplementary Material, Figure S22.

The post-mortem microstructures of N3583 can be observed in Figure 10, with Fig-
ure 10(a) showing an undeformed sample. In Figure 10(b, d), the sample deformed in
dry conditions and did not demonstrate negative healing. In Figure 10(c, e) the sample
deformed in wet conditions and did exhibit negative healing. Clearly, a significant dif-
ference in grain size can be observed between the two cases. This suggests that the sam-
ple deformed in wet conditions experiences significantly more cataclasis than the sam-
ple deformed under dry conditions; however, this is a common effect observed in many
samples. Further, the grains are more rounded and less angular when N3583 is deformed
in wet conditions, which can be indicative of dissolution.

Indeed, Jeppson et al. (2023) speculated that the development of alteration prod-
ucts, such as phyllosilicates, and solution-transfer processes may have lowered the strength
of the rock in their case; however, XRD analyses performed after the experiment reveal
that the gouge composition did not change during the experiment, at least not on the
scale of the bulk, Supplementary Material, Figure S24 and Table S7. It can be noted in
Table 2 that N3583 has the most 2:1 expandable trioctahedral clays of all the samples.
N3808, a sample which also showed limited negative healing, also has a significant amount
of 2:1 expandable trioctahedral clays. These clays were not measured in LA03749 and
L.A02422, with instead the presence of 2:1 expandable dioctahedral clays. Why other sam-
ples with significant amounts of expandable clays, such as S4911, did not show negative
healing is unclear, however. Alternatively, N3583 has more calcite (15.7% by weight, Sup-
plementary Material, Figure S5) than any other sample (no other sample has more than
10% by weight). Because expandable clays absorb Ca?* ions, it may be that calcite is
dissolved during long hold times in wet conditions and, due to its absorption by clay min-
erals (which have a negative charge), is not able to be re-precipitated, resulting in loss
of strength and negative healing. To test this hypothesis, an experiment on N3583 at 50
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Figure 9. Slide-hold-slides for N3583 in both dry (a) and wet (b) conditions. The length of
the hold is written under the minimum value of apparent friction reached during each hold. Im-
portantly, this sample exhibits negative frictional healing, but only in wet conditions for large

(>1000 seconds) hold times. The (c) healing, Apuy, and (d) normalized dilation during the hold,

‘1—}3‘, as a function of hold time, ¢n, for these cases (a, b).

MPa was run using acid fluid (HCI solution 0.1 M diluted by a factor of ten yielding a
pH of 2). Negative healing was slightly enhanced, but the difference was within exper-
imental error such that the test was inconclusive, Supplementary Material, Figure S23.
XRD analyses, including analyses on the extracted clay fraction, performed on the post-
mortem sample revealed that calcite concentrations did not change before and after the
test, nor did the clay mineral species, Supplementary Material, Figure S24 and Table S7.

A further possibility may be related to the platy structure of phyllosilicates, which
cause the accelerated saturation of real contact areas (Saffer & Marone, 2003; Carpen-
ter et al., 2011; Tesei et al., 2012; Carpenter, Ikari, & Marone, 2016; Ikari et al., 2016;
Collettini et al., 2019). It may be, for example, that the grain rotation of phyllosilicates
results in a texture with pronounced preferred orientation during longer holds which in
turn inhibits or even reduces asperity expansion, ultimately reducing either real contact
area or the quality of contact, resulting in reduced healing. As dry samples have under-
gone less cataclasis, larger grains are still intact. For this reason a granular load-bearing
framework may still be in place in dry experiments, such that real contact still increases
during long holds and negative healing does not result. Further investigation is clearly
required.
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Figure 10. a) An intact sample of N3583. (b-e) N3583 deformed at 50 MPa under (b, d) dry
conditions and (c, e) wet conditions. N3583 exhibited negative healing under wet conditions.

Arrows underneath the images show the far-field shear direction.
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6.2 Velocity dependence and dilatancy

When all of the velocity steps are taken together, it can be seen that a and, in par-
ticular, b do not have a clear relationship with the dilation occurring during the veloc-
ity step, Figure 11(a-d). However, the overall velocity dependence, a—b, does seem to
correlate directly with «, Figure 11(e, f). As seen previously (e.g., Ikari et al. (2009))
the value of o does not seem to depend on upstep velocity. Indeed in Figure 11 it was
not necessary to separate the results based on velocity, with all velocity steps plotted to-
gether. Certain samples, in particular those with high phyllosilicate contents, displayed
negative values of b. This is likely due to the saturation of contact area, as previously
seen in experiments on phyllosilicate-rich samples (Saffer & Marone, 2003; Tkari et al.,
2009; Carpenter, Ikari, & Marone, 2016; Collettini et al., 2019).

6.3 Frictional healing and dilatancy

Generally slightly smaller healing rates are seen at larger normal stresses, Figure 12.
However, this trend may be well or poorly pronounced depending on the type of sam-
ple. Some samples (in particular those rich in phyllosilicates) do not clearly show this
trend at all. Samples also tend to show greater dilation rates at higher normal stresses,
maybe counter-intuitively implying that on a per-sample basis more sample compaction
during a hold and more sample dilation during reshear yields less healing. This is un-
expected as dilatancy should depend on the grain size of the fabric that controls the shear
strength (e.g., the boundary shear, in the case of granular materials). At higher stress,
less dilation is expected as less grain climbing and rigid body rotation of the grains can
be attained without grain fracturing (e.g., Bos and Spiers (2001); Giorgetti et al. (2015)).
However, it should be noted that the dilation rates By and By are both normalized by
the gouge thickness prior to the start of a hold, which is significantly less at the start
of a hold for experiments at higher normal stresses. Indeed, by simply plotting the heal-
ing, Apj, versus the dilation upon reshear, Ohs, for all holds performed in all experiments,
it can be clearly seen that more dilation corresponds to more healing, Figure 12(a, b).
As a matter of fact, normalizing the dilation by layer thickness and replotting results in
a less collapsed trend. This implies that the anticorrelation between sample dilation dur-
ing reshear and healing is an artifact of the normalization and that gouge thickness at
the start of a hold is not the correct normalization parameter for dilation rates. It is likely
that the correct normalization involves a micro-scale measurement local to the exper-
imental fault and not a macro-scale measurement at the load cells of the machine’s pis-
tons. A similar argument can be made for the larger dilation rates seen in wet conditions,
as the gouge has a larger tendency to compact under wet conditions. That said, there
still exists a positive trend between healing rate and dilation-upon-reshear rate, Figure 12(c,
d).

6.4 The influence of water

As previously mentioned, wet samples tend to have compacted more than dry sam-
ples at any given landmark in the experiment. Based on microstructure, for example Fig-
ures 8 and 10, deforming gouge under wet conditions leads to more distributed catacla-
sis and a more significant reduction in grain size than when the same sample is deformed
at the same normal stress but dry. This is likely due to the increased localization occur-
ring during dry experiments, resulting in large low-strain domains and only local cat-
aclasis. Alternative explanations include local overpressure, the Rehbinder effect, fault
lubrication, or general water weakening (e.g., Noél et al. (2021); Noél, Fryer, et al. (2024))
leading to an increased ease in grain sliding; however, it may also be due to the period
of sample wetting at the start of all wet experiments. Sample wetting is performed for
40 minutes at low normal stress (1 MPa), but the samples continuously compact dur-
ing this time. Wet conditions further affect healing rate; however, whether or not heal-
ing is increased or decreased in wet conditions is sample dependent. Finally, note here
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Figure 11. A demonstration of how a — b scales with the normalized dilation upon a velocity

step, a, for (a, ¢, ) dry and (b, d, f) wet conditions. The correlation between « and (a, b) a,

(¢, d) b, and (e, f) @ — b. It can be seen that the correlation between o and @ — b principally
stems from «’s correlation with a. The more a fault gouge must dilate to increase its sliding ve-
locity the more velocity strengthening that gouge generally is. Velocity steps where either a or b
was found to be above 0.02 were excluded because they were considered to be anomalous values

related to difficulties in keeping a constant normal stress at high velocities.
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Figure 12. (a, b) The healing, pf;, versus the dilation upon reshear, dhs, for holds performed

in (a) dry and (b) wet conditions. In the case that the healing is negative (or represents a neg-
ative healing rate compared to smaller hold times), the data point is outlined in red. (c, d) The
healing rate, 3, versus the dilation-upon-reshear rate, Bs, for experiments performed in (c) dry
and (d) wet conditions. In the case that the healing becomes negative for large hold times, the

data point is outlined in red.
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that deionized water was used during the experiments and that pore-fluid chemistry can
affect second-order friction characteristics (e.g., Carpenter, Collettini, et al. (2016)).

6.5 The influence of phyllosilicate content

The alteration of volcanic samples can lead to the existence of a variety of phyl-
losilicate minerals within the rock matrix. It has long been recognized that the presence
of phyllosilicate minerals has a tendency to either mechanically or chemically reduce the
frictional resistance of gouge samples, with initial work focusing on soils (Skempton, 1964;
Lupini et al., 1981). More recently, a large number of authors have demonstrated this
phenomenon for a wide variety of conditions, rock types, and gouge compositions (e.g.,
Summers and Byerlee (1977); Logan and Rauenzahn (1987); Moore et al. (1997); Mor-
row et al. (2000); Brown et al. (2003); Saffer and Marone (2003); Moore and Lockner (2004,
2007); Tkari et al. (2009); Tembe et al. (2010); Tkari et al. (2011); Saffer et al. (2012); Te-
sei et al. (2012); Giorgetti et al. (2015); Carpenter, Ikari, and Marone (2016); Fang et
al. (2016); Zhang et al. (2022); Ashman and Faulkner (2023)). Additionally, the frictional
healing (Bos & Spiers, 2000; Carpenter et al., 2011; Tesei et al., 2012; Giorgetti et al.,
2015; Carpenter, Ikari, & Marone, 2016; Ikari et al., 2016; Shreedhara et al., 2022) and
velocity-dependence (Summers & Byerlee, 1977; Giorgetti et al., 2015; Phillips et al., 2020)
of gouge samples has been shown to be influenced by phyllosilicate content.

The strong influence of phyllosilicate content on frictional behavior and common
occurrence of phyllosilicates in fault gouge have led to the questioning of the use of unaltered-
rock or monomineralic friction results, without considering phyllosilicate content, to model
natural fault gouge (Bos & Spiers, 2000). This may be particularly true for hydrother-
mal systems where alteration products are common. Indeed, all eighteen samples col-
lected here in-situ contain phyllosilicates and other secondary minerals.

While the presence of phyllosilicates generally reduces frictional strength, decreases
frictional healing, and promotes velocity-strengthening behavior, different phyllosilicate
minerals produce these effects to a variety of degrees and magnitudes (Summers & By-
erlee, 1977; Morrow et al., 1992; Moore et al., 1997; Morrow et al., 2000; Moore & Lock-
ner, 2004; Ikari et al., 2009). Despite this, direct comparisons between frictional param-
eters and the general phyllosilicate content have been performed on numerous occasions
(e.g., Brown et al. (2003); Tembe et al. (2010); Tesei et al. (2012); Giorgetti et al. (2015)),
and it has further been suggested by some authors that the overall phyllosilicate con-
tent controls the friction coefficient to a first order (Morrow et al., 1992; Brown et al.,
2003; Saffer et al., 2012). Similarly, here, the dynamic friction coefficient is shown to be
a first-order function of phyllosilicate content in andesite-like volcanic rocks from vol-
canic arc settings, despite the wide variety of mineralogies of the samples, Figure 13. It
should be noted that, as shown by other workers mentioned above, different phyllosil-
icate minerals are still expected to have different influences on the friction characteris-
tics of a given gouge. The emphasis here is on the first-order behavior, with a view to
simplify engineering and hazard studies. A less clear trend is also present for the coef-
ficient of frictional yield. The weakening with increased phyllosilicate content is present
in both wet and dry conditions, but is more significant in wet conditions. Generally, the
higher the phyllosilicate content the larger the difference in weakening between wet and
dry conditions, as seen by other authors (Morrow et al., 1992). This trend may reverse
for very large phyllosilicate contents (> 0.6), Figure 13f, but it is also likely that the nominally-
dry samples at such high phyllosilicate contents are sufficiently wet (due to, for exam-
ple, room humidity) to behave as (partially) wet samples.

Further, as seen by previous workers in other rock types and gouge compositions
(Logan & Rauenzahn, 1987; Niemeijer & Spiers, 2006; Ikari et al., 2007, 2009; Tembe et
al., 2010; Ikari et al., 2011, 2016; Fang et al., 2016; Zhang et al., 2022), the velocity de-
pendence of these andesitic-like volcanic arc samples is affected by phyllosilicate content,
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Figure 14. The direct effect, a, slightly decreases with increased phyllosilicate content,

but the evolution effect, b, decreases significantly. Overall this results in an increase in
a—b and therefore increased velocity-strengthening behaviour. A decrease in b has been
previously associated with a transition from brittle to "semi-brittle" behaviour (Carpenter,
Collettini, et al., 2016). The dilation that occurs during a velocity step also generally
decreases with increasing phyllosilicate content, similar to previous observations (Ashman
& Faulkner, 2023).

Additionally, as shown previously in other rock types (Bos & Spiers, 2000; Carpen-
ter et al., 2011; Tesei et al., 2012; Carpenter, Ikari, & Marone, 2016; Ikari et al., 2016;
Shreedhara et al., 2022), the healing rate is reduced in samples with higher phyllosili-
cate contents, Figure 15. As seen by Bos and Spiers (2000), dilation upon reshear is re-
duced for higher phyllosilicate contents and might be related to observations of perme-
ability decrease during shear slip in phyllosilicate-rich crystalline samples (Meng et al.,
2022).

While difficult to constrain precisely, it seems that phyllosilicate content begins hav-
ing a significant influence on frictional behaviour at weight contents larger than approx-
imately 20%. Previous operators, in a variety different geological contexts, have reported
a range of values for the onset of a significant influence of phyllosilicate content. Giorgetti
et al. (2015) reported that as little as 5% talc content was already enough to significantly
influence the behaviour of talc-calcite mixtures; whereas Brown et al. (2003) report be-
haviour similar to that reported here for samples relevant to subduction zones. Similar
results were also reported by Tembe et al. (2010) for quartz-clay mixtures. Tesei et al.
(2012) report a still higher value of phyllosilicate content, albeit with a more stringent
criterion for weakening. While a relative independence of first- and second-order frictional
behavior on the specific phyllosilicate mineral is generally shown here, this data set lacks
a sample with a large (>40% by weight) amount of chlorite, such that phyllosilicate-mineral-
specific behavior may appear for highly-altered chlorite-rich samples. Additionally, it should
be noted that while the temperature independence of first-order friction characteristics
is accepted at low (<300 °C) temperatures (e.g., Scholz (2019), ch. 2), second-order fric-
tion characteristics are often dependent on temperature (e.g., Blanpied et al. (1991); Ko-
lawole et al. (2019); Jeppson et al. (2023)).

The evolution effect, b, in the measurement of the velocity-dependence of friction
reflects the evolution and renewal of contact area (Dieterich, 1979; Ikari et al., 2016; Scholz,
2019). As shown here and elsewhere, phyllosilicate-rich rocks often exhibit very low, or
even negative, values of b (Saffer & Marone, 2003; Ikari et al., 2009, 2016). This is be-
cause clay gouge particles are in complete contact and the contact area does not change
upon a step in velocity (Saffer & Marone, 2003; Ikari et al., 2016). Interestingly, how-
ever, it has been shown here that phyllosilicate-rich gouge can also exhibit negative heal-
ing, likely due to either (1) the saturation and even reduction of real contact area dur-
ing periods of very low slip velocities (during the hold periods of slide-hold-slides the stress
reduction is due to slip, despite the far field slip rate being maintained at zero (Marone,
1998)), or (2) due to a reduction in the quality of contacts, for example through the de-
velopment of a preferred orientation. Although the sliding velocities during the veloc-
ity steps performed here and by other operators are too high for this effect to be evident
during laboratory velocity steps (the time scale of contact renewal due to slip is shorter
than the time scale for contact area/quality reduction), tectonic strain rates are orders
of magnitudes lower and may be more comparable to the slip rate during slide-hold-slide
holds. It may be that, at tectonic strain rates, these phyllosilicate-rich samples would
undergo contact area/quality reduction as far-field stresses cause mineral reorientation.
Depending on relative time scales between contact area reduction and contact resatu-
ration during slip, it may be therefore that - at very low strain rates - these samples ex-
hibit higher values of b than those measured in the laboratory, potentially leading to ve-
locity weakening at tectonic strain rates. Indeed, bulk rate-strengthening phyllosilicate-
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rich samples have recently been connected to slow-slipping earthquakes (Volpe et al., 2024).
We caution that this phenomenon, while plausible, is highly speculative.

6.6 Implications
6.6.1 Geothermal reservoirs

Geothermal reservoirs in volcanic arc settings often have a general, albeit simpli-
fied, structure consisting of, from shallowest to deepest, a smectite-kaolinite zone, an illite-
rich zone, a chlorite-rich zone, and finally a ductile shear zone (Cathelineau & Izquierdo,
1988; Stimac et al., 2015; Verati et al., 2018). Examples of this hydrothermal alteration
pattern, either in part or in full, include Bouillante, France (Beauchamps et al., 2019),
Terre-de-Haut, France (Beauchamps et al., 2019), the Ogiri Field, Japan (Goko, 2000),
Pauzhetskoe geothermal field, Russia (Frolova et al., 2006), Okeanskoe geothermal field,
Russia (Frolova et al., 2006), the Cophaue geothermal reservoir, Argentina (Barcelona
et al., 2019; Yagupsky et al., 2023), Darajat, Indonesia (Rejeki et al., 2010), Cerro Pa-
bellon, Chile (Maza et al., 2018), Tolhuaca, Chile (Melosh et al., 2010; Sanchez-Alfaro
et al., 2016), Mount Meager, Canada (Hormozzade Ghalati et al., 2023), and the Aw-
ibengkok Geothermal System, Indonesia (Stimac et al., 2008). The literature also con-
tains examples of ductile shear zones acting as vertical fluid barriers (Stimac et al., 2015;
Yagupsky et al., 2023) and horizontal fluid conduits (Favier, Lardeaux, Verati, et al., 2021;
Favier, Lardeaux, Corsini, et al., 2021). The samples tested here can provide insight into
the likely frictional properties of the smectite- and kaolinite-rich, illite-rich, and chlorite-
rich zones. In particular, samples B494D, S4911, LA03749, N3808, and N3583 are likely
representative of smectite- and kaolinite-rich zones, sample S491B is likely representa-
tive of illite-rich zones. G3130 may represent chlorite-rich zones, although the degree of
alteration is somewhat low compared to previously-listed examples. LA02541, LA02422,
M1430, and N4343 may represent mixed or transitional layers, with multiple types of al-
teration present. Other samples may be interpreted to represent these zones in cases where
the alteration is less developed.

The frictional properties of the samples have been shown to depend, to a first or-
der, on the general phyllosilicate contents of the samples. It is therefore not expected
that the different zones mentioned above have significantly different frictional proper-
ties based solely on their relative phyllosilicate compositions. This should facilitate the
numerical modelling of frictional phenomena in these regions; however, a given geother-
mal system may have different propensities for producing certain alteration minerals, mean-
ing that high phyllosilicate contents may be more or less likely to be found in a given
zone resulting in differing frictional properties depending on the zone being modelled.

The ductile shear zones which provide lateral fluid transport in these settings can
only occur when the primary mode of deformation is delocalized or, equivalently, duc-
tile (e.g., Rutter (1986); Knipe and McCaig (1994); Meyer and Violay (2023)). For this
to occur, the bulk yield stress of a given rock mass as it experiences a far-field stress must
be lower than its frictional strength. As the frictional strength has been shown here and
elsewhere to be dependent on the phyllosilicate content of the rock, the localized-to-ductile
transition (LDT) is predicted to be dependent on the phyllosilicate content (e.g., Koroknai
et al. (2008)), and therefore alteration, of the in-situ rock, Figure 16. While increasing
phyllosilicate content lowers the frictional strength of fault gouge, it is not necessarily
the case that the LDT will occur at a greater stress (and therefore greater depth). In-
deed, it may be that the higher the phyllosilicate content the lower the yield stress of
the rock. However, there is currently no systematic study of the impact of phyllosilicates
on the yield (onset of yield) of volcanic rocks, and the effect of phyllosilicate content on
bulk yield stress (which can be expected to be temperature dependent) was only tested
here at room temperature. Yet, the LDT depends on the competition between the fric-
tional strength and the yield stress of the material. Hence, despite the apparent decrease
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Figure 13. a) A ternary diagram illustrating the relative proportions of phyllosilicate miner-
als, Table 2. For simplicity, 2:1 expandable clays, kaolinite, vermiculite are all grouped together
in the category "Sm/KIn"; taken as representative of a smectite- and/or kaolinite-rich zone. Sim-
ilarly, both dioctahedral and trioctahedral micas are grouped together in the "Mca" category;
considered representative of the illite-rich zone, as illites are dioctahedral micas. "Chl" stands for
chlorite. A sample is considered to belong to one of these three groups when when the relative
proportion is greater than 0.67. Samples belonging to the Sm/Kln category are denoted with
yellow points, those belonging to the Mca category with grey points, and those belonging to the
Chl category with green points. Intermediate cases are left white. The marker size corresponds
to the total phyllosilicate content. The (b) dry and (c) wet coefficients of frictional yield. The
(d) dry and (e) wet coefficients of dynamic friction as a function of phyllosilicate content for all
samples. The coefficients of dynamic friction are calculated as demonstrated in Figure 4. f) The
water-induced frictional-strength reduction of the dynamic friction coefficient as a function of the

phyllosilicate content.
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peated as an inset here in (a)), where yellow is representative of the smectite/kaolinite zone, grey

of the illite-rich zone (illites are dioctahedral micas), green of the chlorite-rich zone, and white is
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Figure 15. (a, b) The frictional healing rate, 3, as a function of the phyllosilicate content

of each sample in both dry (a) and wet (b) conditions. Note that experiments which exhibited
negative healing rates for longer holds are not plotted here. (c, d) The dilation-upon-reshear rate
as a function of phyllosilicate content for dry (c) and wet (d) conditions. Points are colored in
accordance with Figure 13a (repeated as an inset here in (a)), where yellow is representative of
the smectite/kaolinite zone, grey of the illite-rich zone, green of the chlorite-rich zone, and white

is intermediate between two or more zones.
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in frictional yield coefficient with increasing phyllosilicate content (and supporting mi-
crostructural observations), we are unable to assess the relative impact of clays on fric-
tional strength and bulk yield stress at reservoir conditions and therefore unable to as-
sess whether the LDT will shift to shallower or greater depths with increasing alteration.
It should be noted, however, that alteration resulting in an increased proportion of phyl-
losilicate minerals has been suggested as a mechanism resulting in a shallower brittle-
ductile transition along tectonic faults (Shea & Kronenberg, 1992; Imber et al., 2001).

The alteration of a given zone is reliant on the ability of hydrothermal fluids to reach
that zone, typically through fluid conduits such as faults and fractures. It is therefore
possible that certain zones of a given reservoir remain fairly unaltered. This can be seen,
for example, in the samples from Lamentin where the relatively unaltered LA03758 oc-
curs in close proximity to the highly altered LLA03749, or in the Tolhuaca-1 wellbore in
the Tolhuaca Geothermal Field (Melosh et al., 2010). As these reservoirs occur in regions
which are tectonically active and likely critically stressed, it can be thought that the stress
present in a given reservoir horizon will depend on the frictional resistance of that hori-
zon (e.g., Harrison et al. (1954); Brudy et al. (1997); Townend and Zoback (2000); Zoback
and Townend (2001); Zoback et al. (2002); Evans et al. (2012)). Therefore, zones which
are frictionally weak will be able to support smaller differential stresses. An implication
of this idea is the prediction that, in normal-faulting stress regimes (where the maximum
principal stress is fixed by the overburden), such as that recently active in Les Saintes
(Verati et al., 2016), the minimum principal stress will be larger in phyllosilicate-rich zones
and smaller in unaltered zones if the environment is critically stressed, leading to the for-
mation of stress jumps when altered and unaltered zones are vertically adjacent, Figure 16.
This has been previously implied for the Soultz-sous-Foréts reservoir (Meller & Kohl, 2014),
albeit in a different tectonic setting. While stress jumps have been observed and mea-
sured in a number of instances, particularly in sedimentary basins (e.g., Kry and Gron-
seth (1983); Teufel (1989); Lucier et al. (2006); Wileveau et al. (2007)), to the authors’
knowledge they have not yet been observed in a volcanic-arc setting in igneous rock. The
presence of a stress jump would have significant influence on natural and induced frac-
ture propagation and containment, as a jump in minimum principal stress can signifi-
cantly inhibit a propagating fracture (e.g., Adachi et al. (2010)).

In summary, it can be expected that, for geo-reservoirs in volcanic arc settings, the
degree of alteration controls (1) the ability of faults within and around the reservoir to
nucleate seismic slip (by influencing their velocity dependence; i.e., a—b) as well as their
sliding strength (uq) and strength recovery (3), (2) the depth of ductile shear zones, which
are crucial for the horizontal movement of fluid, and (3) the vertical propagation of nat-
ural and induced fractures through phyllosilicate content’s influence on the minimum prin-
cipal stress.

6.6.2 Seismicity in volcanic arcs

Volcanic arcs are found in areas of active plate tectonics and are therefore likely
to be seismically-active regions. For example, a significant number of on- and off-shore
faults in the Guadeloupe archipelago are seismically active and are thought to control
the volcanic activity, fluid flow, and superficial earthquakes in the area (Verati et al., 2016).
The results presented here can be used to help with the understanding of active volca-
noes, where alteration has been previously suggested to potentially lead to explosive vol-
canic behaviour by reducing the permeability of pore and micro-fracture pathways (Heap
et al., 2019).

Further, geothermal projects are often concerned with induced seismicity. For ex-
ample, a risk assessment related to induced seismicity has been commissioned for the New-
berry EGS Demonstration project (Wong et al., 2010). The frictional data presented here
suggest that zones which are highly-altered and rich in phyllosilicates are less likely to
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Figure 16. An example stress profile and localized-ductile transition resulting from the alter-
ation profiles of a hypothetical geothermal reservoir in a volcanic arc setting. a) A cross-section
illustrating the wellpath and the alteration zones present. b) The example stratigraphic profile
comprised of (A) a smectite-kaolinite-rich zone, (B) an illite-rich zone, (C) an unaltered zone, (D)
a chlorite-rich zone, and (E) a ductile shear zone. Note the faults/fractures represented by black
curved lines. The presence of these fluid conduits allows for alteration to occur in these zones.
The unaltered zone, which may be equivalently present within the clay cap or chlorite-rich zone,
is a result of the lack of faults and fractures crossing this zone. Further note that the ductile
shear zone does not necessarily coincide with the end of the chlorite-rich zone. c) The stress pro-
file in a normal-faulting stress regime. The vertical stress increases linearly with depth. As these
zones are often critically-stressed, the magnitude of the minimum horizontal stress depends on
the friction coefficient. In altered zones, phyllosilicate content is high and the differential stress
is low. This may result in stress jumps (F). The onset of the localized to ductile transition will
result in a relative increase in the minimum horizontal stress (G). d) The differential stress as a
function of depth based on frictional strength and yield stress of each zone. The ductile to local-
ized transition begins when the frictional strength is larger than the yield stress (Rutter, 1986;
Meyer et al., 2019). The frictional strength of the rock has been shown here to depend on the
phyllosilicate content, meaning alteration may affect the depth of the localized-to-ductile transi-
tion and therefore the depth of the ductile shear zone and its proximity to the acting geothermal
reservoir. Note that the yield stresses of the samples were not measured here at reservoir condi-

tions and likely also depend on alteration.
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produce a large seismic event, despite being frictionally weak (Meller & Kohl, 2014; Fang
et al., 2016). However, slip induced in these zones may act to transfer stress to a stronger,
less-altered patch of a given fault. In general, care should be taken to contain the foot-
print of a given operation to as small a region as possible within a phyllosilicate-rich zone.
This not only means limiting pore pressure increases to a small region, but also ensur-

ing that aseismic-slip and thermo- and poro-elastic stress changes associated with fluid
injection and stress transfer due to fault slip are also constrained.

7 Conclusion

The frictional properties of eighteen core and surface samples from five geother-
mal reservoirs in volcanic arc settings have been explored through 108 biaxial experiments.
It has been shown that, despite the previously-demonstrated differences in the frictional
behaviour of different phyllosilicate minerals in monomineralic experiments, the over-
all combined phyllosilicate content controls the frictional behaviour in these settings to
a first order. This simplification may facilitate the numerical modelling of these geother-
mal reservoirs which often have stratified alteration zones in which different phyllosil-
icate minerals dominate. Specifically, larger phyllosilicate contents result in reduced fric-
tional strength, an increased tendency for velocity-strengthening behaviour, and reduced
frictional healing. Further, negative healing was observed, in particular in one sample
which was rich in calcite and 2:1 expandable trioctahedral clays under wet conditions
(deionized water), and warrants further investigation. The faults and fracture networks
which make up these reservoirs are often rooted in ductile shear zones, crucial for the
horizontal advection of geothermal fluids, and it is suggested here that the depth of on-
set for these zones will depend on the level of alteration and may therefore shift in time
as alteration continues. Finally, the critically-stressed nature of these reservoirs and the
varying degrees of alteration in their constituent horizons implies that stress jumps may
develop, with important implications for fracture propagation.

Appendix A Field histories
AQ01 Les Saintes

The western coast of Basse Terre on the island of Guadeloupe presents a number
of hydrothermal expressions near the town of Bouillante, including hot springs, mud pools,
steaming ground, and fumaroles (Correia et al., 2000). This led to geothermal exploration
of the area by the BRGM in the 1960’s (Jaud & Lamethe, 1985) and ultimately the drilling
of four exploration wells by Eurafrep and la Société de Production d’Electricité de Guade-
loupe (SPDEG) between 1969 and 1977 (Jaud & Lamethe, 1985). These wells encoun-
tered high-temperature conditions (approximately 245°C), but only one well (BO-2) showed
potential for economical steam production (Jaud & Lamethe, 1985; Correia et al., 2000).
Two other wells were plugged and a fourth, deeper well (BO-4) was deemed to have too
low of a productivity to warrant production (Correia et al., 2000). Initially, only BO-
2 was connected to a 4.7 MWe-capacity power plant which was brought online in 1987
(Correia et al., 2000). Following a slight decline in production from BO-2, BO-4 was stim-
ulated with the injection of cold fluid; while the area was monitored for induced seismic-
ity during the stimulation activities, no seismic events were recorded (Correia et al., 2000).
In 2001, three further wells were drilled from the platform of BO-4. Two of these wells
(BO-5 and BO-6) were connected to a new geothermal power plant, raising the produc-
tivity of the field to 15 MWe (Mas et al., 2006). The geothermal field is comprised of pre-
dominately andesitic volcanic horizons (Bouchot et al., 2010), and is considered to be
located at the junction between a major transcurrent fault and a perpendicular network
of steeply-dipping normal faults (Verati et al., 2014; Navelot et al., 2018).

Les Saintes is an island archipelago of Guadeloupe located South of Basse Terre,
Figure Al. One of its principal islands, Terre-de-Haut, is considered to contain outcrops
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Figure A1l. A geological map of Terre-de-Haut; modified from Favier, Lardeaux, Verati, et al.

(2021). Les Saintes samples are taken from the central very highly hydrothermalized area.

which represent an exhumed geothermal paleo-system, active between 2.4 and 2.0 Ma,
which may act as an analogue for the modern-day Bouillante geothermal reservoir (Verati
et al., 2016; Navelot et al., 2018; Favier, Lardeaux, Verati, et al., 2021). While there have
been no exploration wells drilled in this area, it is thought that the paleo-gradient was
likely in the range of 90 to 140 ;—Sl, with the deepest part of the paleo-reservoir at ap-
proximately 2.5 km (Favier, Lardeaux, Verati, et al., 2021). The present day geother-
mal gradient of the area is not known, but near the Gaudeloupe archipelago a gradient

in the range of 69 to 98 E—SI may be considered reasonable (Manga et al., 2012).

A02 Lamentin

The presence of thermal springs in the area of Le Lamentin motivated a first geother-
mal exploration phase in the late 1960s (Gadalia et al., 2014), with a relatively deep ex-
ploration well, LA-101, drilled in 1970 to a depth of 771 m; this well presented a max-
imum temperature of approximately 90°C at 250 m depth (Genter et al., 2002). Sub-
sequent surface investigations and drilling programs in the 1980’s and early 2000’s fur-
ther explored the area (Gadalia et al., 2014). In particular, three exploratory wells were
drilled in 2001 by the Compagnie Francaise de Géothermie (CFG) with the goal of in-
vestigating the possibility of developing a high-enthalpy reservoir at depth and to im-
prove the data coverage of the existing geothermal reservoir between 200 and 400 me-
ters depth (Genter et al., 2002). Accompanying this drilling program was a scientific pro-
gram headed by the Bureau de Recherches Géologiques et Miniéres (BRGM) (Sanjuan,
Genter, et al., 2002). Ultimately, this exploration program found that there was no ma-
jor evidence of a high-temperature geothermal reservoir. However, while this system is
a low-temperature hydrothermal system with a maximum recorded temperature of ap-
proximately 90°C, evidence (such as clay mineral structure, for example) of a fossil high-
temperature system is present (Genter et al., 2002; Mas et al., 2003). Additionally, while
there are currently no active geothermal wells at Lamentin, a new round of investiga-
tions has begun to probe key uncertainties regarding the geothermal system with the hope
of updating its conceptual model and proposing new sites for exploration (Gadalia et al.,
2019). To this end, cores from two of the three exploration wells drilled in the early 2000’s
are used in this study, Figure A2.
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The Habitation Carrére well, also known as LA02, was drilled in an area of ther-
mal springs. The drilling was performed in a destructive manner until a depth of 386.7
m after which the well was cored to a depth of 816.15 m (Genter et al., 2002; Mas et al.,
2003). LA02422 comes from a permeable zone characterized by mud losses (between the
depths of 412 and 428 meters) which is also considered to be one of the main aquifers
of this well (Genter et al., 2002; Sanjuan, Traineau, et al., 2002). The bottom hole tem-
perature of this well was 47°C at the time of measurement. Further measurements at
100 m and 350-375 m indicate temperatures of 40°C and 50°C, respectively (Genter et
al., 2002).

The Californie Well, also known as LA03, was drilled destructively to 398.14 m and
then cored to 1000.25 m (Genter et al., 2002). The maximum temperature of this well
is thought to be 88°C at around 400 meters depth; temperature below this depth is slightly
lower, with a bottom-hole temperature reading of 83°C at 997 m (Genter et al., 2002).
The formations encountered by this well are more permeable but less fractured than those
in the Carrére well (Genter et al., 2002).

A03 Mount Meager

In the Mount Meager area, the Meager Creek Hot Springs were first drilled in 1974
as part of a scientific project aimed at investigating local thermal springs (Jessop, 2008).
These initial shallow wells then led to the drilling of deeper exploration wells in the early
1980’s. These wells encountered temperatures sufficient for a producing geothermal sys-
tem (approximately 290°C at 3000 m), but the flow rates were deemed insufficient for
economic power production (Jessop, 2008). Further drilling occurred in the 1990’s and
2000’s, including three cored holes drilled in 2001 and 2002. One of these cored holes,
M-17, Figure A3, was drilled to a total depth of 1186 m and exhibited a maximum tem-
perature of 197°C at 1100 m depth (Jessop, 2008). The other two wells both recorded
temperatures of over 200°C (Jessop, 2008). Despite these results, and further deeper drilling
in the mid-2000’s, power production never materialized beyond a pilot geothermal power
facility. Interest has recently been renewed in Mount Meager, however, with Geoscience
BC and the Geological Survey of Canada commissioning a study to reduce exploration
risk for geothermal energy associated with volcanic systems of Canada (Grasby et al.,
2020; Hormozzade Ghalati et al., 2023).

A0} Summerland Basin

In 1990, the EPB/GSC495 well was drilled to a depth of 712 m in the Summer-
land Basin, Figure A4, being cored from 544 to 712 m (Church et al., 1990; Jessop, 2008).
This well was extended and cored in 1992 to a depth of 956 m (Jessop, 2008). The orig-
inal purpose of this wellbore was exploratory geothermal research; however the highest
temperature recorded in the well was approximately 41°C at 946.5 m (Jessop, 2008). Al-
though the temperatures measured were sufficient for the low-temperature geothermal
system proposed, no usable water was found and the project was largely abandoned (Jessop,
2008). The cores have since been stored at the Geological Survey of Canada - Calgary
core storage facility. Indeed, this region has long been thought to be a potential geother-
mal resource (e.g., Jessop (2008) and references within), and, with renewed interest in
geothermal energy, British Columbia is being revisited with an aim to reduce the explo-
ration risk for geothermal resources associated with volcanic systems (e.g., Grasby et al.
(2022)).

A05 Newberry

The Newberry Volcano cores used in this study were taken from an exploratory well
(GEO N-2, sometimes referred to as GNC-2) drilled by Geo Newberry Crater, Inc. to
a depth of approximately 1370 m and with a maximum temperature of 167°C (Walkey
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1019 & Swanberg, 1990; Ayling et al., 2012). This well is located approximately 2.8 km from

1020 the western flank of the Newberry caldera and was one of a number of exploratory wells

1021 drilled in the area (Bargar & Keith, 1999). Core from the GEO N-2 well has been pre-

1022 viously described by Bargar and Keith (1999) and used in fracture characterization (Ayling
1023 et al., 2012), geophysical (Fetterman & Davatzes, 2011), and geomechanical (Li et al.,

1024 2012; Wang et al., 2016) studies among others.

1025 Approximately 30 years after the drilling of GEO N-2, in 2008 a further well NWG
1026 55-29, located approximately 1 km from GEO N-2, Figure A5, was drilled and targeted
1027 for shear stimulation by AltaRock Energy (Cladouhos et al., 2016). This well was drilled

1028 to a measured depth of 3067 m and recorded an equilibrated static bottom hole temper-
1020 ature of 331°C (Cladouhos et al., 2016). Shear stimulation occurred across of 1200-meter
1030 stretch of uncased hole (Fang et al., 2016), and concerns about related induced seismic-
1031 ity, have led AltaRock Energy to commission a risk assessment report related to induced
1032 seismicity (Wong et al., 2010) and perform seismic monitoring (Cladouhos et al., 2013).
1033 The potential for induced seismicity due to this project has been the subject of labora-

1034 tory studies using core from NWG 55-29 (Fang et al., 2016).
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