
1.  Introduction
Oceanic transform faults have low seismic coupling, and display far fewer and smaller earthquakes than expected 
from fault length-magnitude scaling relations, based on the Harvard centroid moment tensor catalog (e.g., Bird 
et al., 2002). Instead, up to 95% of displacement occurs aseismically, despite the faults cross-cutting the brittle 
mafic crust (Boettcher & Jordan, 2004). This earthquake deficit has been explained in two ways: (a) oceanic 
transforms experience both earthquakes and aseismic creep along the same fault segments, but at different times 
(e.g., Abercrombie & Ekström, 2001; Hilley et al., 2020; McGuire et al., 1996); and/or (b) oceanic transforms are 
segmented into “locked patches” hosting quasi-periodic earthquakes of Mw > 6.0, and microseismically active 
“rupture barriers” dominated by creep (e.g., McGuire, 2008; McGuire et al., 2005, 2012; Sykes & Ekström, 2012; 
Wolfson-Schwehr et al., 2014). Several recent studies have linked seismic style to alteration and damage of rocks. 
Throughout the crust and upper mantle, variable fault zone damage inferred from geophysically constrained 
mechanical properties (e.g., Froment et al., 2014; Roland et al., 2012), coupled to enhanced fluid circulation and 
growth of frictionally weak, hydrous phyllosilicates (e.g., Roland et al., 2010), provides one hypothesis to explain 
persistent along-strike segmentation in seismic behavior. Models for the rheology of high-strain mylonites indi-
cate that seawater infiltration may control rheology and modulate the proportions of seismic and aseismic slip at 
temperatures >300 °C (Kohli et al., 2021). This hypothesis has, however, not been tested against direct geological 
or mechanical observations on oceanic crustal rocks at T < 300 °C.

Abstract  Oceanic transform faults are inferred to be weak relative to surrounding oceanic crust and 
primarily slip aseismically. Neither their weakness nor tendency to creep are well-explained. We test the effects 
of fault-rock evolution on oceanic transform fault frictional strength and stability using direct-shear experiments 
(at room temperature, 10 MPa normal stress, and fluid-saturated conditions) on dolerite from the East Pacific 
Rise and natural fault rocks from the exhumed Southern Troodos Transform, Cyprus. Dolerites and cemented 
breccias are frictionally strong (μ = 0.52–0.85) and velocity-weakening (strength decreases with increasing slip 
velocity, characteristic of earthquakes). In contrast, matrix-rich chlorite-bearing fault breccias and gouges are 
frictionally weak (μ = 0.25–0.48) and velocity-strengthening (characteristic of stable creep). This transition 
implies that seismic behavior is controlled by degree of damage and alteration, such that earthquakes can 
nucleate within relatively intact oceanic crust, whereas fault segments of increased damage and chlorite content 
tend to slip aseismically.

Plain Language Summary  Oceanic transform faults are plate boundary faults where motion of 
oceanic lithosphere is dominantly horizontal and parallel to tectonic motion. Fewer and smaller earthquakes 
than expected occur along these faults, which are also considered weak structures. The reasons for their 
weakness and lack of large earthquakes are puzzling. To understand these characteristics, we conducted 
laboratory deformation experiments using rocks collected from the ocean floor (near Hess Deep in the Pacific) 
and from an ancient transform fault (in Cyprus). We sheared cylindrical samples, holding one half in place 
and sliding the other over it, creating laboratory equivalents of geological faults. We find that dolerite, one 
of the primary rock-types of the oceanic crust, is strong and capable of starting earthquakes. In contrast, we 
find that already damaged and altered rocks, found within natural faults (containing an increased proportion 
of the mineral chlorite), are weak. The same damage and alteration responsible for the weakness also prevents 
earthquakes. Our findings suggest that variations in the size and number of earthquakes on oceanic transform 
faults is controlled most of all by how damaged the existing rock is and how much alteration to weak, water-
bearing secondary minerals such as chlorite has occurred along fault planes.
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On geological time scales, the stress state of oceanic transforms requires them to be mechanically weak relative 
to the surrounding crust (Zoback, 1991). Many mechanisms have been proposed to explain the inherent weakness 
of oceanic transforms in the shallow, brittle regime, including hydration of mafic and ultramafic minerals to fric-
tionally weak (friction coefficient, μ, <0.6) phyllosilicates and serpentine (Behn et al., 2007; Moore et al., 1997), 
and elevated fluid pressure lowering the effective normal stress (Bergerat et al., 2000; Sykes & Ekström, 2012). 
Interconnected phyllosilicates have also been inferred to promote aseismic (velocity-strengthening) behavior of 
weak, mature continental faults (e.g., Imber et al., 1997; Schleicher et al., 2012). Within the oceanic lithosphere, 
the specific phyllosilicate chlorite has been found to contribute to strain localization along weak oceanic de-
tachment faults (Escartín et al., 2003; MacLeod et al., 2002). However, there is a lack of geological or labora-
tory deformation evidence for comparable processes occurring along oceanic transforms; instead, experimental 
data on basalt and gabbro deformation have shown velocity-weakening behavior and μ ≥ 0.6 (Cox, 1990; He 
et al., 2007; Phillips et al., 2020; Zhang et al., 2017). If, however, creeping segments host increased damage and 
alteration, there is a need for targeted experiments on damaged and/or altered oceanic rocks. Here, we present the 
results of the first laboratory direct-shear friction experiments targeting a natural sample set of dolerite and dol-
erite-derived fault rocks from an oceanic transform fault. The data test the hypothesis that progressive evolution 
in fault rock damage controls both oceanic transform fault strength and slip style.

2.  Materials and Methods
2.1.  Samples

We obtained frictional properties of two intact dolerite samples dredged from the fast-spreading East Pacific Rise 
(EPR) (RRS James Cook cruise JC21; MacLeod et al., 2008). We did likewise from natural fault rocks (named 
following Sibson, 1977) collected from the sheeted dolerite dyke layer within the exhumed Southern Troodos 
Transform Fault Zone (STTFZ), Cyprus, that represent minor (cemented breccia), moderate (matrix-rich brec-
cia), and intense (fault gouge) deformation and alteration (Figures 1 and 2a). The proportion of relatively intact 
dolerite clasts within the fault rocks was used as a proxy for fault zone damage, with decreasing clast proportion 
representing increased alteration and strain. Clast proportions for the various fault rocks were obtained by man-
ually outlining clasts in Adobe Illustrator and determining proportions using ImageJ (FIJI) version 2.0.0 from 
backscattered scanning electron images of the samples prior to experiments.

The relatively intact EPR dolerites experienced typical hydrothermal alteration at greenschist facies conditions 
and contain ∼60% plagioclase, ∼30% pyroxene/actinolite, and ∼5–10% chlorite within the crystalline ophitic 
texture. One of the dolerite samples (fractured dolerite) also contains variably oriented fractures. Of the STTFZ 
material, the cemented dolerite breccia comprises ∼75% dolerite clasts (∼0.2–9.0 mm), that are also altered to al-
bite, actinolite, and <10% chlorite, within a fine-grained matrix that contains the same minerals, in approximately 
the same proportions as the dolerite clasts, and no obvious fabric. The matrix-rich breccia sample contains ∼45% 
dolerite clasts (∼0.1–9.0 mm) surrounded by chlorite-rich matrix. Our fault gouge sample comprises a foliated 
chlorite-rich matrix with only ∼25% dolerite clasts (∼0.05–4.5 mm) and minor amounts of quartz and calcite, 
minerals that are absent from the other samples.

2.2.  Experimental Methods

Friction experiments were carried out using a GIESA RS5 single direct-shear apparatus (Figure 2b) (following 
Ikari et al., 2015) at the Marum Research Faculty at the University of Bremen, Germany, at room temperature 
(∼20 °C in a climate-controlled room), 10 MPa normal stress (σn), and under fluid-saturated conditions (3.5% 
NaCl brine), appropriate for samples deforming within the upper crust of a vertical oceanic transform, where 
brittle deformation is expected. For one sample (intact dolerite), the peak strength at 10 MPa σn exceeded the 
apparatus limit and it was therefore initially broken under 1 MPa σn, before increasing the load to 10 MPa for the 
velocity-step test.

All five samples were run both as minicores, with any in situ fabric parallel to the shearing plane of the ex-
periment apparatus, and as powders (grain size <125 μm). To deform the cylindrical (∼20 mm in height, 25 
mm diameter) samples, the direct-shear apparatus induces a “localized” shear plane within the sample (Fig-
ure 2b). The direct-shear apparatus has two horizontal displacement sensors (Figure 2b), one which monitors 
the machine driving or load point velocity (Vlp) and one measuring the offset of the cell plates and the sample  
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velocity (V). During rapid changes in sample velocity, e.g., sample fracture or stick-slip events, these two ve-
locities can deviate.

At the start of the experiment, we applied an initial constant displacement rate of 10 μm/s until a steady-state 
shear strength, τ, was reached, typically after ∼5–6-mm displacement (Figure 2b). In some instances (e.g., dol-
erite and cemented breccia minicores; Figure S2), steady-state was not reached within 6 mm, in which case we 
measured τ at 6 mm to allow for comparison between experiments. We continually measured τ throughout the 
experiments and use this to calculate residual sliding friction coefficient, μ, as μ = τ/σnʹ, where σnʹ is the effective 
normal stress (σn—pore fluid pressure). This calculation of μ assumes that the samples are cohesionless; however, 
for some materials, such as those containing clay minerals, cohesion may not necessarily be negligible even dur-
ing sliding (Ikari & Kopf, 2011); therefore, we report μ in this study as an “apparent” friction coefficient, which 
facilitates comparison with previous work.

Once steady-state shear strength (or 6-mm displacement) was reached, we began the velocity-step test (VST) 
experiment. We applied threefold increases in Vlp within the range of 0.1–30 μm/s (Figure 3a). For each veloc-
ity step, we measured the velocity-dependence of friction as the rate-and-state friction parameter a–b. a–b is 
defined as Δμss/ΔlnV, where Δμss is the change in steady-state friction after the change in sample velocity (e.g., 
Dieterich, 1979, 1981; Marone, 1998). The parameter a–b is important in predicting fault slip behavior. Values 
of a–b > 0 indicate velocity-strengthening behavior and are associated with stable fault creep, whilst a–b < 0 

Figure 1.  (a) Geological map of the Troodos ophiolite, Cyprus, and location of the Southern Troodos Transform Fault Zone (STTFZ) (red box). (b) Geological map of 
the STTFZ after Gass et al. (1994) showing sample locations for (1) cemented breccia, (2) matrix-rich breccia, and (3) fault gouge. (c)–(f) Field photographs illustrating 
the inferred progressive deformation of the STTFZ mafic crust.
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indicates velocity-weakening behavior (i.e., the strength of the rock decreases with increasing slip velocity), 
characteristic of unstable fault slip, and required for earthquake nucleation (Dieterich, 1979, 1981; Marone, 1998; 
Scholz, 1998). The frictional response to a velocity up-step can be described by the aging law, which explicitly 
considers that friction can evolve as a function of time and not necessarily slip (Dieterich & Kilgore, 1994). We 
use this law because it better describes natural phenomena (Kanu & Johnson, 2011; Rubin, 2008), but note that 
the slip law (Ruina, 1983) also fits our data well. For each velocity step, a–b was calculated using inverse mod-
eling techniques in RSFit3000 (Skarbek & Savage, 2019) that yield the individual constitutive parameters a and 
b, where b = b1 + b2; however, in cases where the friction response to the velocity change is well described by a 
single-state variable, b2 = 0.

Following the experiments, samples were dried, set in epoxy resin and cut parallel to the shear direction and per-
pendicular to the slip surface to analyze the slip surface in cross-section view. Backscattered scanning electron 
images were acquired using a Zeiss Sigma HD Field Emission Gun scanning electron microscope, operated in a 
high vacuum mode with an accelerating voltage of 20 kV and 60 μm aperture in the School of Earth and Envi-
ronmental Sciences at Cardiff University.

Figure 2.  (a) Thin section scans of the starting materials for this study. (b) Example of a friction-displacement curve for (powdered) cemented breccia exhibiting 
velocity-weakening behavior (a–b < 0). Right inset shows a schematic representation of the laboratory setup. Larger inset shows a close-up of the velocity-step test. (c) 
Individual velocity step (3–10 μm/s from (b)), overlain with an inverse model (modeled using RSFit3000) from which rate-and-state friction parameters (as defined by 
Skarbek & Savage 2019) are obtained.
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Mineralogy of each sample was determined using a combination of optical microscopy and X-ray diffraction 
(XRD) analysis (Figure S1 in Supporting Information S1). XRD analysis was carried out on powdered samples 
using a Philips PW1710 Automated Powder Diffractometer using Cu-Kα radiation at 35 kV and 40 mA. Analysis 
was carried out at a scan rate of 0.02°2θ/s between 2 and 70°2θ.

3.  Results
3.1.  Frictional Strength of Fault Rocks

Steady-state friction for minicores decreases linearly (R = 0.94) with decreasing clast proportion from μ = 0.85 
in EPR dolerite to μ = 0.28 in the chlorite-rich fault gouge (Figures 3a and S2 in Supporting Information S1). 
For powdered samples, the correlation is also linear (R = 0.87), but the steady-state friction is systematically 
lower, with μ  =  0.69 in EPR dolerite, decreasing to 0.25 in the chlorite-rich gouge (Figures  3a and S2 in 
Supporting Information S1).

Figure 3.  (a) Steady-state friction, (b) a–b, and (c) b as a function of clast proportion. (d) Peak sample velocity during failure of intact samples versus friction. Larger 
symbols represent the initial fracture for each experiment, smaller symbols represent subsequent breaks. Intact dolerite was broken under 1 MPa σn, all other samples 
under 10 MPa.
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3.2.  Velocity-Dependence of Friction

For the EPR dolerites and STTFZ cemented breccia, velocity-weakening frictional behavior is observed in both 
intact and powdered samples (Figure 3b). Only two a–b values were determined for the fractured dolerite min-
icore, and none for the dolerite minicore, because of irregular fluctuations in the data that likely arise from 
roughness of the induced fracture surfaces. Velocity-strengthening frictional behavior is observed in both intact 
and powdered STTFZ fault gouge. The matrix-rich breccia sample is dominantly velocity-strengthening, with 
positive a–b values for the minicore, and a–b from −0.0002 to 0.0018 for the powdered sample (Figure 3b). We 
observe no dependence of a–b on sliding velocity (Figure S3 in Supporting Information S1). The transition from 
velocity-weakening to velocity-strengthening behavior correlates with a decrease in b (Figure 3c) whereas a var-
ies less (Figure S4 in Supporting Information S1).

Overall, a–b increases with decreasing clast proportion, with the dolerite having the lowest a–b and fault gouge 
has the highest. a–b also correlates with μ, with a crossover in behavior from velocity-strengthening to veloci-
ty-weakening at μ ≈ 0.5 (Figure S5 in Supporting Information S1), consistent with previous experimental work 
(Ikari, Marone, & Saffer, 2011).

3.3.  Initial Rock Failure

A range of peak sliding velocities occurred during the initial failure of the minicore samples. V of the fault gouge 
and matrix-rich breccia largely reflected the applied slip rate, reaching maximum slip speeds of ∼0.02–0.03 mm/s. 
However, the cemented breccia and both dolerite samples showed distinct frictional slip events where V exceeded 
the applied rate. The cemented breccia and fractured dolerite exhibited peak sliding velocities reaching 0.55 and 
0.36 mm/s, respectively (Figure 3d). The dolerite minicore slipped audibly at a velocity of 18.65 mm/s imme-
diately following peak friction (Figure 3d). Sampling rate limits the maximum measurable V in the direct-shear 
device to ∼15–20 mm/s, suggesting that our recorded value of 18.65 mm/s is a minimum value. Slip velocities of 
mm/s are rare in direct-shear experiments, and a V > 1 mm/s falls within the range of slip speeds that can generate 
seismic waves (e.g., Rowe & Griffith, 2015).

3.4.  Microstructural Observations

Cross-sectional backscattered electron images of the sheared samples show that brittle fracture and grain-size 
reduction are common processes over an irregular zone of deformation up to ∼4-mm thick within the dolerite and 
breccia minicores (Figures 4a and 4c), and up to ∼0.5 mm on either side of the shear zone within the dolerite and 
breccia powders (Figures 4b and 4d). In the dolerite minicore, fragments up to several millimeters in length are 
surrounded by much finer clasts down to ∼1 μm (Figure S6a in Supporting Information S1). The cemented brec-
cia minicore also shows fine clasts sizes down to ∼1 μm that surround fragments up to ∼2 mm in the shear zone 
(Figures 4c and S6c in Supporting Information S1). The fragment size in the experimentally deformed cemented 
breccia minicore is, in part, controlled by the size of the pre-existing dolerite clasts. Riedel (R) shears formed 
during experimental deformation of the EPR dolerites and the STTFZ cemented breccia (Figures 4a and 4c).

The matrix-rich breccia shows a weakly developed, discontinuous foliation accompanied by grain-size reduction 
over a zone ∼3 mm thick in the minicore and <1 mm in the powdered sample (Figures 4e, 4f and S6e in Support-
ing Information S1). The fault gouge sample shows a well-developed chlorite-defined foliation (Figures 4 and S7 
in Supporting Information S1), bending toward parallelism with a narrower, ∼1–3 mm wide, shear zone, defined 
by interconnected and aligned chlorite grains in both the minicore and powdered samples (Figures 4g–4i and S6f, 
S6g in Supporting Information S1).

4.  Discussion
4.1.  Frictional Strength of Intact and Faulted Mafic Crust

Our results show a clear correlation between frictional strength and clast proportion (Figure 3a). The high fric-
tional strength obtained for the EPR dolerites is related to a load-bearing framework of minerals (albite, actino-
lite, relict pyroxene) developed at greenschist facies hydrothermal conditions. These minerals are relatively strong 
in laboratory experiments performed at greenschist facies pressures and temperatures (μ > 0.7; He et al., 2013). 
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The STTFZ cemented breccia is cemented with an albite-actinolite mineral assemblage (±minor quartz), indi-
cating it also experienced greenschist facies hydrothermal conditions. Because of this cement, the breccia is rel-
atively strong despite being more faulted and having a lower clast proportion than the EPR dolerites. In contrast, 
the matrix-rich breccia and fault gouge samples show steady-state frictional strengths that are much lower. In the 
dolerites, the chlorite proportion is small relative to matrix-rich breccia and fault gouge (Figures 4 and S7 in Sup-
porting Information S1). Chlorite is known to be weak (μ ∼ 0.3) under almost all laboratory conditions from room 
temperature and 10 MPa pressure (Fagereng & Ikari, 2020), up to 400 MPa and 600 °C (Okamoto et al., 2019), 
and therefore, the weakness of the matrix-rich breccia and fault gouge can be attributed to an increase in chlorite 
content.

Interconnectivity of the weak phase can lead to more weakening than expected for a given volume fraction 
(Escartín et al., 2001; Handy, 1990), but our experiments show an approximately linear strength decrease with 
increasing matrix fraction (Figure 3a). A foliation was present prior to laboratory deformation of the fault gouge 
minicore and developed during the experiments on the powdered fault gouge sample (Figures 4h and 4i). This 
agrees with field observations that a foliation develops in the most mature, highly strained faults, and suggests 
gouge deformation occurs by sliding along chlorite basal planes that define the foliation. Phyllosilicate align-
ment can result in fault weakening (Collettini et al., 2009; Holdsworth et al., 2011; Ikari, Niemeijer, & Mar-
one, 2011; Schleicher et al., 2010) and allows shear to localize onto foliation planes (Haines et al., 2013). The less 

Figure 4.  Backscattered scanning electron images of sheared: (a) dolerite minicore; (b) powdered dolerite; (c) cemented breccia minicore; (d) powdered cemented 
breccia; (e) matrix-rich breccia minicore; (f) matrix-rich breccia powder; (g) gouge minicore; and (h)–(i) powdered gouge. Dashed white lines show approximate 
boundaries of shear deformation. Fractures with orientations representing Riedel (R) shears are shown in green. Dashed orange lines highlight foliations.
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well-developed and less interconnected foliation in the matrix-rich breccia may therefore explain why it remains 
stronger than the foliated fault gouge where the chlorite is interconnected.

The strength difference between the minicore and powdered samples of the matrix-rich breccia and fault gouge 
is smaller than for the EPR dolerites and the cemented breccia (Figure 3a). The difference in strength between 
powders and minicores can be attributed to minicore cohesion (defined as the shear strength at σn = 0) being 
greater for the cemented rocks compared to more damaged ones. Assuming μ is equal for minicores and powders, 
cohesion is ∼35 and ∼14 MPa for the EPR dolerite samples, ∼9 MPa for the cemented breccia sample, and ∼1.6 
and ∼0.6 MPa for matrix-rich breccia and gouge samples, respectively.

4.2.  Frictional Stability of Dolerite and Dolerite-Derived Fault Rocks

EPR dolerite and STTFZ cemented breccia are velocity-weakening (Figure 3b), consistent with the brittle frac-
tures that developed (Figures 4a–4d). In contrast, the chlorite-rich STTFZ matrix-rich breccia and fault gouge are 
velocity-strengthening (Figure 3b), behavior consistent with other studies of foliated, chlorite-rich fault gouges 
(e.g., Imber et al., 1997; Schleicher et al., 2012; Smith & Faulkner, 2010). The tendency for frictional weakness 
to be associated with velocity-strengthening behavior (Figures 3a, 3b and S5 in Supporting Information S1) is 
consistent with previous work on a wide range of natural and analogue fault gouges (e.g., An et al., 2021; Ikari 
et al., 2016; Shimamoto & Logan, 1981; Tesei et al., 2012).

The change in frictional stability, a–b, with decreasing clast proportion is largely controlled by a decrease in the 
friction rate parameter b (Figure 3c). b describes the velocity-dependent loss in strength caused by changes in 
contact area (the “evolution effect”; Dieterich & Kilgore, 1994). Since our matrix-rich breccia and foliated fault 
gouge comprises well-aligned platy chlorite grains (Figures 4g–4i), the grain contact area may be at a maximum, 
explaining low values of b (Ikari et al., 2016; Saffer & Marone, 2003).

In the STTFZ samples, the change in slip behavior from velocity-weakening to velocity-strengthening is con-
sistent with an increase in fault zone damage (decreased clast proportion) and associated alteration (increase in 
chlorite content and its interconnectivity), which may be a general feature of oceanic transforms. Brittle fractures, 
as observed in the dolerites and cemented breccia (Figures 4a–4d), provide a mechanism for increasing the per-
meability of the faults. This increased permeability can enhance fluid flow and alteration to chlorite, as suggested 
for rupture barrier regions along active oceanic transforms (e.g., Froment et al., 2014; Roland et al., 2010, 2012).

4.3.  Slip Behavior of Oceanic Transform Faults

The microstructures created during the experiments (Figure 4) are comparable to those in the natural fault rocks. 
Although laboratory-derived frictional properties may (e.g., Blanpied et al., 1995) or may not (e.g., Moore & 
Lockner, 2008) change with P-T conditions, we infer that similar experimental and natural microstructures indi-
cate that our results are broadly applicable within the upper oceanic crust. Furthermore, the relative weakening 
that occurs with increased chlorite content likely holds throughout the oceanic crust, as other experiments have 
shown chlorite to remain weak (μ ≤ 0.4) up to 600 °C (Okamoto et al., 2019).

Applied to oceanic transforms, our experimental observations are consistent with geophysical inferences that 
(a) along-strike changes in seismic behavior are controlled variable fault zone damage and alteration (Froment 
et al., 2014; Roland et al., 2010, 2012), and (b) faults within the transform domain are frictionally weaker than 
the surrounding crust (Behn et al., 2002; Beutel & Okal, 2003; Homberg et al., 2010). Crustal transform faults 
that contain matrix-rich or gouge-rich material with interconnected phyllosilicates are likely to be weak and 
have low seismic coupling, as has been inferred for some segments of active oceanic transforms that have low 
seismic velocities (e.g., Froment et al., 2014; McGuire et al., 2012; Roland et al., 2012), whereas regions of the 
crust that have not experienced much damage or alteration, or are cemented, are strong and are capable of hosting 
earthquake slip. This is supported by a correlation between frictional weakness and frictional stability (Figures 3a 
and 3b), and audible slip at relatively fast rates recorded during initial the fracturing (Figure 3d; >1 mm/s) of 
dolerite and cemented breccia samples, whereas such fast rates were not recorded when shearing samples with 
a small dolerite clast proportion. These results suggest that the formation of interconnected chlorite may play an 
important role on the rheology of oceanic transforms. Comparably, at mantle depths, strength contrasts between 
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faults and wall rocks may also be related to hydration and alteration to fine-grained mylonites (Kohli et al., 2021) 
and foliated serpentinite (Cox et al., 2021).

The progressive transition in frictional strength and behavior observed here could be taken to suggest that oceanic 
transforms should become more aseismic with age. However, no such age-seismicity relationships are observed 
along active oceanic transforms. Since deformation in active oceanic transforms occurs along pre-existing frac-
tures such as dyke margins and cooling joints (e.g., Bergerat et al., 2000; Homberg et al., 2010; MacLeod & Mur-
ton, 1993), which occur in a range of orientations, there are abundant new surfaces for fault strands to form along 
and continue to supply new intact material. Geometrical complexities (e.g., Macdonald et al., 1986; Pockalny 
et al., 1988; Searle, 1981) and spatial variation in damage and alteration can therefore result in a heterogeneous 
seismic behavior. New intact dolerite, here found to be strong and velocity-weakening, can be continually faulted 
leading to the local nucleation of seismicity as intact dolerite rocks fracture (Figure 3d), even if mature fault zones 
have developed elsewhere.

5.  Conclusions
We conducted direct-shear friction experiments on intact and powdered samples of dolerite from the East Pa-
cific Rise (Hess Deep) and a series of mafic fault rocks from the exhumed Southern Troodos Transform Fault 
Zone, Cyprus. With decreasing dolerite clast proportion (hence increasing volume fraction of phyllosilicate-rich 
matrix), frictional strength decreases from μ = 0.85 to 0.28 in minicore and from μ = 0.69 to 0.25 in powdered 
samples, and frictional stability changes from velocity-weakening to velocity-strengthening. We deduce that, in 
modern oceanic transforms, continuing deformation along faults leads to progressive changes in composition, 
from frictionally strong minerals in dolerite to increasing proportion and interconnectivity of frictionally weak 
phyllosilicates (chlorite) in matrix-rich and gouge-rich fault rocks. This gradual change occurs over multiple 
earthquakes cycles and is assisted by fluid flow to facilitate phyllosilicate growth as transform faulting proceeds. 
Our direct observation that frictional stability changes with fault rock type agrees with inferences from geophysi-
cal observations along active oceanic transforms, which suggest poorly-coupled fault segments are characterized 
by increased damage and alteration.
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