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ABSTRACT

Cataclasites are a characteristic rock type found in drill cores from active faults
as well as in exposed fossil subduction faults. Here, cataclasites are commonly
associated with evidence for pervasive pressure solution and abundant hydro-
fracturing. They host the principal slip of regular earthquakes and the family of
so-called slow earthquakes (episodic slip and tremor, low to very low frequency
earthquakes, etc.). Slip velocities associated with the formation of the different
types of cataclasites and conditions controlling slip are poorly constrained both
from direct observations in nature as well as from experimental research. In this
study, we explore exposed sections of subduction faults and their dominant
microstructures. We use recently proposed constitutive laws to estimate deforma-
tion rates, and we compare predicted rates with instrumental observations from
subduction zones. By identifying the maximum strain rates using fault scaling
relations to constrain the fault core thickness, we find that the instrumental shear
strain rates identified for the family of “slow earthquakes” features range from
10-3s~" to 10-°s~". These values agree with estimated rates for stress corrosion creep
or brittle creep possibly controlling cataclastic deformation rates near the failure
threshold. Typically, pore-fluid pressures are suggested to be high in subduction
zones triggering brittle deformation and fault slip. However, seismic slip events
causing local dilatancy may reduce fluid pressures promoting pressure-solution
creep (yielding rates of <102 to 10-"2s~") during the interseismic period in agree-
ment with dominant fabrics in plate interface zones. Our observations suggest
that cataclasis is controlled by stress corrosion creep and driven by fluid pres-
sure fluctuations at near-lithostatic effective pressure and shear stresses close
to failure. We posit that cataclastic flow is the dominant physical mechanism
governing transient creep episodes such as slow slip events (SSEs), accelerating
preparatory slip before seismic events, and early afterslip in the seismogenic zone.

H 1. INTRODUCTION

Geodetic and seismological observations in the past two decades have
led to the discovery of transient slip behavior at convergent plate boundaries,
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complementing regular subduction earthquakes (e.g., Dragert et al., 2001;
Rogers and Dragert, 2003; Schwartz and Rokosky, 2007; Obara and Kato, 2016;
Birgmann 2018, and references therein). Distinct types of slip transients occur
in characteristic depth intervals within and below the seismogenic zone with
slip localized in the plate interface zone (e.g., Peng and Gomberg, 2010; Audet
and Kim, 2016). Typical features include shallow, very low frequency earth-
quakes and tremor in the updip part of the plate interface, long-term silent slip
events at and below the level of seismic locking, deep episodic tremor accom-
panied by very low frequency earthquakes, and short-term silent slip events
beneath the seismogenic zone at the transition to inferred stable creep—all
hereafter referred to as slip transients or family of slow earthquakes.

A plethora of studies exist showing that movement along plate bound-
ing faults displays a multitude of transient slip events. Significant advance
has been made in estimating the respective slip velocities, slip patch sizes,
stress drops, and pore-pressure conditions through analysis of instrumental
data and modeling (e.g., Liu and Rice, 2005; Rubin, 2008; Saffer and Wallace,
2015; Gao and Wang, 2017; Shapiro et al., 2018; Luo and Liu, 2019; Im et al.,
2020). Moreover, a potential mechanical interaction between slow slip and
low-frequency earthquakes has been repeatedly discussed (e.g., Frank et al.,
2018), including their role in loading the region updip and triggering of large
earthquakes. However, the physical processes governing this broad spectrum
of deformation events are still largely unknown.

During the past decade, the drilling of active plate interfaces (e.g., Chester
et al., 2013; Rowe et al., 2013; Fabbri et al., 2020; Brodsky et al., 2020) and field
observations of rocks exhumed from subduction zones have provided crucial
structural evidence that allows defining the major deformation processes. The
field examples covered to date represent the entire depth range of a plate
interface zone from the former near-trench domain to well below the downdip
end of seismic locking and the adjoining transition zone that hosts many of the
instrumentally observed transients (Rowe et al., 2005, 2011; Vannucchi et al.,
2008; Bachmann et al., 2009a; Fagereng et al., 2010, 2014; Angiboust et al., 2015;
Fagereng and den Hartog, 2017; Agard et al., 2018; Menant et al., 2018; French
and Condit, 2019; loannidi et al., 2020; Behr and Biirgmann, 2020). Apart from
pseudotachylites, representing devitrified frictional melts that are generally
considered to result from earthquakes, key observations include the ubiqui-
tous presence of scaly fabrics grading into cataclasite-lined localized faults,
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pressure-solution structures in phyllosilicate-rich rocks pervasively increasing
with depth, and various vein types indicating hydrofracturing.

Based on these observations, a diversity of fabric types and inferred defor-
mation mechanisms are considered to result from slip transients to date. These
include (1) mineral veining exhibiting crack-seal type fibrous vein fillings in
conjunction with structures indicating local dissolution-precipitation (Vannuc-
chi et al., 2010; Fagereng et al., 2011; Fagereng and Harris, 2014; Fisher and
Brantley, 2014; Dielforder et al., 2015; Ujiie et al., 2018; Cerchiari et al., 2020;
Mufnoz-Montecinos et al., 2020); (2) narrow principal slip zones showing foli-
ated cataclasites exhibiting a combination of fracturing and subsequent and/or
intervening solution precipitation creep (Vannucchi and Leoni, 2007; Brantut
et al., 2011; Rowe et al., 2011; Angiboust et al., 2015; Fabbri et al., 2020); (3) evi-
dence for coeval brittle-viscous flow in these rocks that may exhibit strain-rate
sensitivity to fluctuations in stress leading to unstable slip (Fagereng and den
Hartog, 2017); (4) mélanges indicating strain partitioning between brittle frac-
turing of blocks forming force bridges or enveloped by a weaker viscous matrix
(Collettini et al., 2011; Kimura et al., 2012; Fagereng et al. 2014; Hayman and
Lavier, 2014; Behr et al., 2018; Beall et al., 2019; Kotowski and Behr, 2019; Barnes
et al., 2020; Phillips et al., 2020); (5) evidence for enhanced pressure solution
and fault healing related to postseismic creep acceleration and afterslip (Grat-
ier et al., 2013, 2014; Fisher et al., 2019a); (6) phyllosilicate-controlled change
of frictional properties at low-slip velocities in mafic rocks (lkari et al., 2020);
(7) (reaction-controlled) fluid pressurization driving brittle failure at inferred
slow slip velocities (Taetz et al., 2017; French and Condit, 2019; Tarling et al.,
2019), and more. Based on a review of features found in the rock record of faults,
Kirkpatrick et al. (2021) suggest further correlations to various aspects related
to instrumentally observed properties of silent slip events drawing particular
attention to material heterogeneity and geometric complexity of a fault system.
Linking fabrics to slip velocities is a classic problem in structural geology of
relating fabrics with slip velocities as first summarized by Cowan (1999) and
recently reassessed by Rowe and Griffith (2015). An obvious challenge is posed
by the massive difference of scales of the instrumentally observed dimensions
of slow slip with the scales of fabric types suggested being responsible. Partly
because of the limitations in successfully linking instrumental observation
and fabric type, Kirkpatrick et al. (2021) question the fundamental possibility
of finding a simple relationship.

The sole feature that matches the large rupture area of single slow slip
events (several tens to hundreds of km?) with a displacement front propa-
gating from several km/day to more than 100 km/h (e.g., Birgmann, 2018) is
the interconnected fault network constituting the plate interface zone itself as
also emphasized by Kirkpatrick et al. (2021). Hence, it is this fault network, its
materials, and fabrics that represent the one candidate storing the record of
slip conditions. The dominant fabrics observed in these fault rocks suggest that
deformation involves brittle cataclasis, pressure solution, and hydrofractur-
ing partly manifested in mutually overprinting structures. Interestingly, these
cataclasites have received less attention so far, although they are considered
important in possibly controlling slip at sub-seismic velocities.

Here, we combine geodetic, seismological, and thermobarometric data on
slip transients with microstructural observations from fault drilling of active
margins and exposed shear zones constituting former plate interface faults
with a continental upper plate. We first describe available structural evidence
from the subduction faults providing information about fault core types and
deformation mechanisms and the respective fault widths. To this end, we sum-
marize key observations on cataclasites reported for plate interface zones along
the entire depth range from the uppermost near-trench domain to a depth
below the 500 °C isotherm. This includes estimates of effective pressure and
flow stresses. We compare these data to instrumentally observed data from
active subduction zones used to infer effective stresses, temperature condi-
tions, displacements, and slip velocities. Using observed widths of exposed
fault cores and established displacement-fault width scaling relationships,
we then estimate shear strain rates during slip events. Finally, we compare
this range of estimated shear strain rates to predictions from experimentally
derived constitutive laws. We find an excellent match between shear strain
rates predicted by stress corrosion creep (“brittle creep”) and shear strain
rates calculated from instrumentally observed slow earthquake slip velocities
at a stress level near the failure threshold.

M 2. FAULT ZONE FABRICS AND FAULT WIDTHS IN SUBDUCTION
ZONES

2.1 Fault Zone Widths

Although the total width of the subduction fault network may increase with
depth, the width of an individual subduction fault shows limited to no change
with depth. Where a recent earthquake has broken the entire fault zone to the
trench—for example, in the case of the 2011 Tohoku-Oki earthquake (Chester
et al., 2013) —the updip end of the fault exhibits <5-m-thick scaly clay fabric
with thin and sharp contacts (<1 cm) inferred to result from seismic slip (see
also Vannucchi, 2019). Samples from the Japan Trench Fast Drilling Project
indicate fault widths between 2 and 9 cm at a depth of ~830 m (Brodsky et al.,
2020). Similarly, drilled active subduction faults at a depth of a few hundred
meters (e.g., Vannucchi and Leoni, 2007; Fabbri et al., 2020) exhibit thin ultra-
cataclasites (millimeters to centimeters thick) with no or little foliation. The
ultracataclasite layers have sharp and straight boundaries forming principal
slip surfaces embedded in more strongly foliated cataclasites richer in frag-
ments. Cataclasites often display transitional boundaries toward a surrounding
damage zone comprising fragmented blocks of all sizes separated by thin
fractures and cataclasite bands—all embracing a width of only a few meters.

The cumulative total width of the faults in deeper parts of ancient, fossilized
subduction faults amounts to a few tens of meters as summarized by Rowe
et al. (2011, 2013). While their compilation only includes exhumed examples
from somewhere within the plate interface zone with a focus on underplated
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rocks, similar observations were reported for an ancient subduction interface
zone exposed in the European Alps (Bachmann et al., 2009a; Angiboust et al.,
2015). Here, a completely preserved seismogenic zone is exposed embrac-
ing the base of the upper plate and the underlying mélanges and accreted
lower-plate rocks (Fig. 1; see also global compilation by Agard et al., 2018).
Localized shearing in this plate interface zone is mostly focused at the top of
a mélange zone that is several hundred meters to up to a km wide contain-
ing shear zones forming an anastomosing network (Bachmann et al., 2009a,
2009b; Angiboust et al., 2015; Wakabayashi and Rowe, 2015; loannidi et al.,
2020). In the Alps, a complex fault network separating large slivers of mélange
was found to juxtapose upper-plate basement rocks and mélanges or block
assemblages. Individual shear zone thicknesses were found between 5 and
35 m. A relatively constant fault zone width with depth in subduction zones
reported here is in striking contrast to observations and conceptual models of
deep-rooted continental thrust faults. In the continental crust, thrust faults are
suggested to broaden significantly with depth over a similar or even smaller
pressure and temperature range (Sibson, 1977, 1983; Lusk and Platt, 2020).

2.2 Fault Zone Fabrics

We focus on case studies displaying the fabrics from fault cores and sur-
rounding hanging-wall and footwall rocks. Key structural observations of fault
core fabrics and their surroundings are summarized in Table 1. The ages of
these fabric types relative to each other and with respect to the stage of active
subduction are inferred from mutual crosscutting relationships or age dating
and assessment of the pressure-temperature conditions. Here, we only include
fabric observations that are coeval to the subduction stage within the limits of
uncertainty and reflect the conditions of active subduction (cf. Rowe et al., 2011,
2013). We have excluded fabrics due to reactivation during collision (Tonai et
al., 2016; Fisher et al., 2019b). So far, these temporal relations could be estab-
lished for the Alpine subduction zone and a few other cases (Bachmann et al.,
2009a; Angiboust et al., 2015).

We use the Alpine case as a framework to relate observed structures and
rock types to depth-temperature segments of the plate interface (Table 1). The
analyzed fault zones reveal deformation temperatures ranging from ~100 °C
in the upper parts to ~500 °C in the deepest exposed sections (Bachmann et
al., 2009a; Angiboust et al., 2012, 2015; loannidi et al., 2020). We complement
observations from the Alps with data from other exposed plate boundary sys-
tems. This allows us to estimate the range of structural variability and to extend
our observations to shallower and deeper domains not preserved in the Alps.

Several types of cataclastic fabrics were found along the exposed subduc-
tion fault zone network in the Alps; these fabrics partly correlate with lithology
and partly with depth (Table 1). A striking observation is that the cataclastic
fabric types from exposed shear zones over the entire depth range are largely
similar to those described from core material retrieved from shallow active
fault zones (cf. Vannucchi and Leoni, 2007; Chester et al., 2013; Fabbri et al.,

2020). However, fabrics are less well preserved at temperatures above ~300 °C
and in non-basement rocks (see Table 1). At higher temperatures, pervasive
pressure solution together with minor dislocation creep progressively over-
print brittle fabrics (e.g., Wassman and Stockhert, 2013; Angiboust et al., 2015).

Pelitic rocks abundant in shallow subduction faults display a characteristic
scaly fabric with slight striations on the slip surfaces (cf. Vannucchi, 2019, and
references therein; also called “localized deformation zones” by Bachmann et
al., 2009a; Figs. 1A and 2A). Similar fabrics are found in more competent rocks
(e.g., paragneiss basement and dolomites) at greater depth (Fig. 2C). Extremely
fine-grained foliated ultracataclasites tend to occur with sharply bounded prin-
cipal slip zones as described in many fault studies (Figs. 2B, 2G, 3A, 3B, and
3D; Chester and Logan, 1987; Chester and Chester, 1998; Kitamura et al., 2005;
Kondo et al., 2005; Rowe et al., 2005, 2011; Kimura et al., 2013; Wakabayashi
and Rowe, 2015). At greater depths, folding of these straight slip zones may
occur alongside progressive overprint by pressure-solution foliation in a phyl-
losilicate-rich environment. Rowe et al. (2005) found this cataclasite type to
eventually grade into pseudotachylites, showing injection veins (Figs. 2F, 3G,
and 4C). In addition, this type is progressively reworked toward depth in a zone
widening to form a very fine grained, foliated gouge, up to several meters thick,
with a very low clast-matrix ratio (Figs. 2D and 3C). Individual straight to curved
striated slip zones with a width of a few millimeters to centimeters are nested
in this wider cataclasite zone, mostly at the boundaries of this main fault zone
and along splay faults into the host rock. At temperatures >350 °C, this fault
type becomes progressively overprinted in sedimentary protoliths by pressure
solution and mylonitization (in quartz-rich rocks) with rare ultracataclasite bands
preserved (Figs. 2G, 3B, and 3C).

In quartz-feldspar-dominated basement rocks at the base of the upper plate
or in large entrained basement blocks, cataclastic shear zones are often less
localized with a high clast-matrix ratio. These are generally foliated with stron-
ger grain-size comminution occurring only locally. The cataclasites may attain
a thickness of several tens of meters and mostly lack sharp and straight bound-
aries (Figs. 2E and 3H). For high quartz content, these basement rocks may be
mylonitic (Figs. 2F, 3E, 4E, and 4F), containing devitrified pseudotachylite in
some cases. This attests to significant structural and material heterogeneity
along strike of the shear zones.

In general, subduction zones display a broad range of rock types with
widely differing mineralogy. This is reflected in a broad range of fabric types.
Overall, mafic lithologies are more prone to brittle fracture and cataclasis
(or preservation thereof, cf. Fig. 4J) and constitute a large fraction of the blocks,
while felsic lithologies (mainly granitoid and amphibolite-paragneiss series
from the hanging wall and flysch from trench deposits) are subject to disso-
lution-precipitation creep (Figs. 3B, 3D, 3F, and 3H). Felsic rocks also dominate
the main cataclastic shear zones. Mineral reactions or fluid-mineral reaction
textures become more prominent with depth and temperature. This is evi-
denced by phyllosilicate growth in the cataclasites, breakdown reactions of
feldspar, amphibole, biotite, etc., and the growth of pressure fringes around
competent clasts.
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Figure 1. Field images of main plate
interface fault zone of Early Tertiary
Alpine subduction system: (A) foliated
and disrupted flysch beneath Triassic
carbonate platform in Prattigau half win-
dow (~150 °C); (B) branch of the main
fault separating underplated fragment
of upper-plate origin (carbonate plat-
form) from flysch series (~200 °C), Arosa
region; (C) master fault in Engadine Win-
dow showing thick foliated cataclasite
separating upper-plate basement and
flysch; (D) plate interface master fault
composed of thick mixing zone with
serpentinized mafic blocks and schists,
separating upper-plate basement
units from deep-sea shaly sequences
(Schistes Lustrés; ~450 °C) at the base of
the Dent Blanche complex in the Moiry
area; (E) subduction fault network frag-
menting the subducting oceanic slab in
the Monviso ophiolite (~550 °C).

.
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TABLE 1. SUMMARY OF KEY FABRIC OBSERVATIONS IN PLATE INTERFACE ZONE WITH A FOCUS ON CATACLASITES

Temperature Subduction shear zone network Main fault zone (from base of upper Basal zone of upper plate (first ~10-20 m) Nature of hanging-wall plate Source
range and/or mélange (deeper) plate to max. 20 m below base)

0-100 °C Shaly matrix enveloping fractured blocks; Scaly fabrics with striated surfaces ; microbreccia and/  Increase of small shear bands towards contact Folded and faulted prism sediments Vannucchi and Leoni, 2007;
veining with blocky as well as fibrous crystal or ultracataclasite in narrow fault cores (several mm Vannucchi et al., 2008, 2010;
growth (including crack-seal fabrics) mainly in  wide) with sharp boundaries and injection veins into the Chester et al., 2013; Rowe et al.,
blocks; up to 500 m thick surrounding weakly foliated gouge and damage zone of 2013; Fabbri et al., 2019; Phillips

up to 5 m thickness; SC-fabrics; veining absent or minor et al., 2020

100-150 °C  Scaly fabrics, partly with striated surfaces Scaly fabrics developing into pressure-solution Minor brittle fractures with ultracataclasite in Accretionary prism with folded and faulted Vannucchi et al., 2008, 2010;
enveloping fractured blocks that are strongly fabrics with spaced foliation (in calcareous rocks) and sediments and altered basement rocks trench and/or slope deposits or fractured Bachmann et al., 2009a; Kimura
stretched and veined; veining with blocky network of brittle shears, both disrupted by repeated retrogressed crystalline basement rocks etal, 2012
as well as fibrous crystal growth (including synkinematic minor calcite veining; fragmented and
crack-seal fabrics) mainly in blocks; fragmented veined sediment blocks (sub-mm to m-scale); fabric
blocks (cm to km scale) include basement, parallel and oblique to base of upper plate; principal slip
quartzite and dolomite fragments from the zones of a few mm width filled with ultracataclasite may
upper plate, flysch units, basalt and serpentinite be retained but also overprinted by pressure solution;
fragments from the trench and/or lower plate rare pseudotachylite

150260 °C  Fragmented, deformed, and veined blocks Up to 30-m-thick fault zones with mostly foliated Scaly fabric in basement paragneiss units Accretionary complex (from underplating) Fisher, 1996; Kitamura et
(size and compositional spectrum as at cataclasites exhibiting strong pressure-solution fabric with intensity of slip zones increasing towards  of strongly deformed sheared sediments or  al., 2005; Rowe et al., 2005,
100-150 °C), separated by shear zones or (sub-) paralleling the contact enveloping fragmented contact; rare veining; some pseudotachylites retrogressed crystalline basement 2011; Meneghini and Moore,
shale-dominated matrix exhibiting strong (sub-mm to m-scale) sediment blocks and retrogressed, increasing in number and size towards depth; 2007; Bachmann et al., 2009a,
pressure-solution foliation enveloping minor veined basement blocks; maximum density of minor sharp, straight localized brittle faults lined with 2009b; Meneghini et al., 2010;
fragments and vein remnants slip zones (several 100 m) at contact; some sharp and ultracataclasite Wakabayashi and Rowe, 2015

straight principal slip zones (1-20-mm-wide) filled with
ultracataclasite; latter may grade into pseudotachylite,
both forming injection veins into their damage zone;
abundant synkinematic veining with mostly blocky
crystal growth both parallel and oblique to foliation

300-350 °C  Pervasive pressure-solution foliation in shales  Sharp contact of strongly foliated (sometimes mylonitic) ~ Strong contact-parallel foliation and Metamorphic crystalline basement of Koch and Masch 1992; Kondo
and matrix rocks enveloping blocks (size rocks with pervasive pressure-solution cleavage parallel mylonitization (at lower end) in paragneiss sedimentary or magmatic protolith; sheared et al., 2005; Bachmann et al.,
spectrum and composition as above); calcite to contact and increasing in intensity towards contact basement rocks while orthogneiss rocks and and lined by pseudotachylite to a distance of 2009a, 2009b; Fagereng et al.,
and quartzite blocks develop mylonitic textures; wraps around blocks of same compositional range amphibolites are mildly proto-cataclastic with 300 m from interface 2011; Tarling et al., 2019
all other compositions often totally fragmented  and fabric as deeper in the channel; rare localized and ~ some very localized sharp faults lined with
and massively veined; dense foliation-parallel  sharp brittle fractures with ultracataclasite filling and ultracataclasite; up to 50% of rock volume made
vein tracts mostly strongly boudinaged (partly) preserved contacts, sometimes expressed as up by partly massive pseudotachylites (several
(several 100 m); very rare pseudotachylites mirrors (in basement lithology); serpentinized mafic decimeters thick and more than 10 m long) in
with injection textures in large basement rocks exhibit both, strong foliation as well as brittle multiple generations with fresher ones (blackish)
and greenschist blocks with coeval veining, shears and cataclasites with abundant veining crosscutting older devitrified ones (light gray to
sometimes as fibers with crack-seal features green) that may show mylonitic overprint

350-400 °C  Pervasive pressure-solution foliation in shales  Sharp contact of strongly foliated (in cases mylonitic) Orthogneiss rocks and amphibolites are mildly ~Underplated sediments and basement rocks  loannidi et al., 2020
and matrix rocks enveloping blocks; calcite, rocks with pervasive pressure-solution cleavage (partly to strongly fractured and cataclastic near of upper-plate origin mylonitized and foliated
quartzite, and greenschist blocks exhibit mylonitization) parallel to contact and increasing in contact and also include very few preserved with pseudotachylite networks higher in
mylonitic textures; some foliation-parallel intensity towards contact wraps around blocks of same localized sharp faults with ultracataclasite upper-plate basement
veining mostly strongly boudinaged compositional range and fabric as higher in the channel;

most blocks deform ductilely (basement, mafic, and
dolomite blocks may remain brittle); serpentinite develops
mylonitic texture with strong foliation near contact

400-500 °C  Pervasive pressure-solution foliation in shales ~ Sharp contact of strongly foliated (in cases mylonitic) All basement rocks are mildly to strongly Underplated sediments and basement rocks Wassmann and Stéckhert, 2013;
and matrix rocks enveloping blocks; blocks rocks with pervasive pressure-solution cleavage parallel cataclastic and foliated by pressure solution of upper-plate origin showing mylonitization ~ Angiboust et al., 2014a, 2015;
are strongly stretched showing both ductile to contact and increasing in intensity towards contact near contact overprinting mylonites of same gradually waning over distance of several Behr et al., 2018; Menant et al.,
deformation and fragmentation with veining; wraps around blocks of same compositional range and  age and pressure-temperature conditions; 100 m; pseudotachylite networks persist 2018
strong, mostly foliation-parallel vein tracts fabric as higher in the channel this zone also includes few preserved in higher parts of the hanging-wall plate in
mostly boudinaged (up to several 100 m long) localized sharp faults with ultracataclasite; granulite-facies rocks

some faults may still show an association of
pseudotachylite, ultracataclasite, and veining
500-600 °C  Pervasive foliation with abundant mylonites; Local finding of relicts of brittle deformation (foliated In deep accretionary wedge lithologies, Mylonitized underplated sediments and Angiboust et al., 2011; Konrad-

pods of stronger lithologies (e.g. metabasalts)
wrapped by weaker metasediments or
serpentinites; prograde veins commonly
sheared and parallelized with the main fabric

cataclasites) strongly affected by pervasive ductile
overprint; evidence of milling recorded by healed
fracture networks in strong minerals (amphibole,
garnet); absence of pseudotachylites

formation of a pervasive foliation with no
preserved remnants of brittle deformation;
in mantle wedge lithologies, presence of
extremely flattened and sheared antigorite
schists or talc-schists

basement rocks of upper plate showing
several-hundred-m-thick anastomosing
mylonitic channels isolating lenses with a
protomylonitic fabric; in mantle wedge settings,
antigorite schists with locally jadeitite veins

Schmolke et al., 2011; Mizukami
et al., 2014; Bebout and Penniston-
Dorland, 2016; Hyppolito et al.,
2016; Locatelli et al., 2017;
Kotowski and Behr, 2019
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Figure 2. Field images of plate
interface fault fabrics at seismo-
genic depth: (A) disrupted and
fragmented flysch units (close-up
of Fig. 1A); (B) cataclastic and
strongly altered, chloritized base-
ment in contact with foliated
shale (near 1A); (C) “scaly fabric”
in upper-plate basement with
individual pseudotachylites intrud-
ing slip planes (near 1B); (D) very
fine grained cataclasite result-
ing mainly from flysch in master

L y , . fault (close-up from Fig. 1C) with
N a g i / y 1 it ol el - : i abundant vein fragments and
Al ata'cla f thin, curvy-planar localized princi-
‘ ] pal slip zones; (E) (close-up from
Fig. 1C) hanging-wall basement
with weakly foliated cataclasite
formed from upper-plate basement
units; (F) transition of foliated cata-
clasite to mylonite with sheared
pseudotachylite remnants in up-
per-plate basement unit ~1-3 m
above plate interface contact near
St. Moritz (~350-400 °C); (G) semi-
brittle basement with foliated
cataclasite in contact with strongly
foliated and sheared schist of
subduction shear zone below seis-
mically coupled zone (400 °C; upper
Val Malenco valley, Italy).
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Figure 3. Field images of fabrics from transition zone below seismogenic zone; (A) foliated cataclasites in basement rocks show multiple
veins suggesting elevated fluid pressures and hydrofracturing (St. Moritz, SE Switzerland); (B) semi-brittle basement with foliated catacl-
asite is separated from damage zone (below) by thin ultracataclasite-lined, chlorite-amphibole-rich principal slip zone (Val Malenco, Italy);
(C) strongly foliated fabric of mafic schist below plate contact with abundant evidence of microfracturing with small bright clasts (Val Malenco,
Italy); (D) and (E) thick unit of foliated cataclasites overprinting mylonitic textures form the base of upper-plate units (base of Dent Blanche
complex, Arolla gneiss, Moiry area); (F) foliated cataclasites with quartz-clinozoisitefilled veins (same location as E); (G) foliated cataclasite
and pseudotachylite in upper-plate basement rocks near contact (~400 °C; Valpelline shear zone, Dent Blanche complex; Angiboust et al.,
2014a); (H) foliated cataclasites in upper-plate basement (~450 °C) (base of Dent Blanche complex, Pilonnet klippe, Valtournanche, Italy).
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Figure 4. Thin sections of cataclasite fabrics; (A) and (B) foliated cataclasite from master fault (flysch sandstone protolith?) with thin
ultracataclasite-lined principal slip zones and quartz vein fragments (~300 °C, Lower Engadine Window); (C) foliated cataclasite overprinting
mylonitic texture of gneissic basement disrupted by pseudotachylite (St. Moritz, SE Switzerland); (D) foliated cataclasite in basement rocks
enveloping hydrofrac remnants (base of the Dent Blanche complex, Arolla unit, Moiry area); (E)-(H) cataclasite texture of foliated catacl
with mylonite fragments from upper-plate basement (E) Moiry area (Angiboust et al., 2015), (F), and (G): Valpelline area (Menant et al., 2018);
(H) base of the Pilonnet nappe area, Valtournanche, Italy); (I) ultracataclasite texture in blueschist-facies graphitic schist from the Franciscan
mélange (Mt. Hamilton; e.g., Raymond, 2019); (J) blueschist-facies cataclasites and micro-breccias from Zagros mafic blueschists in southern
Iran (Angiboust et al., 2016; see also Muiioz-Montecinos et al., 2021b).
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At elevated temperatures (T = 400-550 °C), a competition between pres-
sure solution and dislocation creep in shear zone rocks has been found. This
is evidenced by the observation of pressure-solution fringes alternating with
monomineralic segregates in blueschist-facies micaschists and metabasalts
(e.g., calcite, quartz) with a marked lattice-preferred orientation (e.g., Stock-
hert, 2002). Locally, foliated cataclasite layers are still visible, characterized by
very strong grain-size reduction, a very dark groundmass, and finely commi-
nuted host fragments floating in the fault zone. At eclogite-facies conditions
(T>500 °C), a competition between several deformation mechanisms remains
present for mafic lithologies where matrix clinopyroxene takes the bulk of the
deformation via both diffusion and dislocation creep, while garnet rotates
within clinopyroxene (e.g., Philippot and van Roermund, 1992; Godard and
van Roermund, 1995; Keppler, 2018; Yamato et al., 2019). Locally, at nearly
lithostatic pore-fluid pressures, some of the mafic layers may develop cat-
aclasites or breccias within ductile shear zones (e.g., Pennacchioni, 1996;
Angiboust et al., 2012, 2017; Hertgen et al., 2017; Locatelli et al., 2018). Above
500 °C, rocks with felsic lithologies deform mostly by dislocation creep of
micas and quartz at relatively low stress levels. At nearly lithostatic pore-fluid
pressures the formation of cataclasites is likely caused by increasing slip rates.
In mafic-ultramafic lithologies, potential slip rates are likely controlled by
serpentinization reactions and the corresponding evolution of fluid networks
at the boundary to the mantle wedge (Mizukami et al., 2014). In contrast, at
fluid-deficient conditions, seismic instabilities (as indicated by the finding of
pseudotachylites) may develop both within felsic and mafic lithologies (e.g.,
Menant et al., 2018; Pennacchioni et al., 2020).

In most analyzed plate interface faults, pressure-solution fabrics are asso-
ciated with veining and hydrofracturing in cataclasite and mélange zones
(Wassmann and Stockhert, 2013), starting close to the trench and increas-
ing downdip (Figs. 2D, 3F, 4A, and 4B). In the Alps, veining observed in the
continental basement rocks of the upper plate subducted to depths >30 km
is restricted to the first tens of meters above the paleo-interface. Bachmann
et al. (2009a) suggested that retrograde hydration reactions in upper-plate
basement rocks reduce permeability focusing fluid flow into the underlying
subduction shear zones and mélanges. Veining may cut the foliated fabric of
the fault core cataclasites at both high angles as well as being nearly parallel
to the foliation fabric (Bachmann et al., 2009a; Dielforder et al., 2015; Phillips
et al., 2020). Moreover, re-worked vein fragments are ubiquitous among the
clast components of the cataclasites (Figs. 2D and 4D). In some cases, frag-
mented vein material in the cataclasites crosses the fault damage zone with
no to minor offsets, indicating synchronous cataclastic flow and hydrofrac-
turing (Angiboust et al., 2015). In the Alpine case, the veins in the main shear
zone and the immediately underlying mélange units exhibit little fibrous vein
growth involving crack seal textures. From the frequently found preservation
of crystal faces in the vein fill, Bachmann et al. (2009a) argue that blocky
crystal growth mostly occurred into an open fluid-filled cavity (e.g., Bons et
al., 2012; Fagereng et al., 2018; Epstein et al., 2020), requiring rapid opening
and lithostatic pore pressures during mineral growth. In shear zones within

sedimentary accretionary complexes and mélanges, fibrous crystal growth
and crack seal textures are more common than blocky crystal growth form-
ing shear and tensile veins (Fagereng et al., 2010; Fagereng and Harris, 2014;
Dielforder et al., 2015; Raimbourg et al., 2018; Phillips et al., 2020). Finally, it
has been shown that at all depths, vein geochemical composition can differ
from host composition (e.g., Bachmann et al., 2009a, 2009b; Angiboust et
al., 2014b, 2015; Jaeckel et al., 2018) thus indicating long-range transport of
released fluids. This disequilibrium is also witnessed by the identification of
warmer incoming fluids in ancient vein systems infiltrating shallower plate
interface material (e.g., Vrolijk et al., 1988) and episodic, incremental precipi-
tation of solutes on their way up along veined and hydrofracs pathways (e.qg.,
Taetz et al., 2017; Munoz-Montecinos et al., 2021a).

2.3 Stress Estimates from Microstructure Observations and Modeling

Stockhert (2002) and Wassmann and Stockhert (2013) report extensive evi-
dence for the role of dissolution precipitation creep along the plate interface
zone identifying characteristic fabrics. They report original pre-subduction
textures preserved in blocks enclosed within a deformed matrix showing
almost no microstructural evidence for crystal-plastic flow. Based on these
observations, these authors posit very low shear and effective stresses
~1-10 MPa governing flow in the subduction mélange. Close to the trench,
shear stresses from core analysis drilling the Tohoku-Oki earthquake were
found to be as low as 1.5 MPa (Brodsky et al., 2020). At depths of 25-35 km,
flow stresses of ~10 MPa (Platt et al., 2018) to 30 MPa (Angiboust et al., 2015)
have been estimated for deeper parts of the subduction shear zone employ-
ing paleopiezometry on quartzite or chert blocks embedded in the mélange.
These values likely represent an upper bound of former shear stresses as
deformation is focused in the mélange matrix or at the margins of the blocks.
In the absence of evidence for crystal-plastic deformation, these inferred very
low stresses require very low frictional strength of the faults and cataclastic
shear zones with an effective coefficient of friction of well below 0.1. These
very low values along the entire plate interface fault zone are in agreement
with friction coefficients from large continental plate boundaries such as the
San Andreas fault (Carpenter et al., 2015). However, these low friction values
are in contrast with much higher values estimated for other large faults in the
continental crust (e.g., Sibson, 1983; Lusk and Platt, 2020). These overall low
friction values reported for subduction faults indicate that pore-fluid pres-
sures were likely close to lithostatic. This is in line with ubiquitous evidence
from exposed sections for hydrofracture formation increasing downdip as
well as with the growth of blocky crystals in open fluid-filled cavities (e.g.,
Fisher, 1996; Bachmann et al., 2009a). Moreover, fault fabrics show tensile
veins have formed repeatedly during slip at acute as well as very high angles
to faults and cataclasite fabric, indicating repeated changes in stress state
(Vannucchi and Leoni, 2007; Bachmann et al., 2009a; Brodsky et al., 2020;
Phillips et al., 2020).
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l 3. DISPLACEMENTS, SLIP RATES, PORE PRESSURES, AND
TEMPERATURES IN SUBDUCTION ZONES

3.1 Subduction Zone Slip Rates and Displacements of Deformation
Transients

The increasing wealth of instrumental observations from geodesy and
seismology suggests that deformation along subduction zones displays super-
position of transient slip events within a wide range of characteristic duration
times. Several key geometric and kinematic properties of this transient behavior
have been observed or inferred such as slip velocities, the size of slip patches,
the duration of the events, total displacement, and more (e.g., Ide et al., 2007;
Rubinstein et al., 2010; Bedford et al., 2013; Nishimura, 2014; Bostock et al.,
2015; Thomas et al., 2016; Jiang et al., 2017; Frank et al., 2018; see Blirgmann,
2018, and Behr and Birgmann, 2020, for an extensive summary of findings).
Here, we focus on kinematic and physical properties relevant to our analysis.

At shallow depth above the locked seismogenic zone, slow slip is often
accompanied by seismic tremor. Slow slip displacements are on the order of
several centimeters on patch sizes of several 10 km width at slip velocities
typically ~1-2 x 10~ m/s (Nishimura, 2014; Yamashita et al., 2015; Jiang et al.,
2017). In the seismogenic zone and immediately below, long-term silent slip
events may last days to months (lde et al., 2007; Bostock et al., 2015; Frank et
al., 2015). Toward even deeper parts of the subduction interface, deep episodic
slip and tremor show similar slip velocities of ~10-8 m/s, and transient slip has
been observed to last for several months. However, individual episodic tremor
and slow slip (ETS) events may involve slip patches with a length up to 200 km
and much larger than at shallow depth (Ide et al., 2007; Rubinstein et al., 2010;
Wallace and Eberhart-Philipps, 2013). Bruhat and Segall (2016) and Gao and
Wang (2017) note that a gap may separate the locked seismogenic zone from
deeper zones displaying slip transients. Only in some cases, this gap seems to
be filled by deep long-term silent-slip events. Finally, using the highly resolved
afterslip evolution of the 2010 Mw 8.8 Maule earthquake in Chile, Bedford et
al. (2013) found afterslip to be composed of slip bursts within and beneath
the zone slipping coseismically. The Maule afterslip bursts exhibit the same
characteristics as silent-slip events, both in terms of patch size, displacement,
and duration of slip events. Overall, the slip velocities reported for this entire
group of transients range in a narrow band between 10-8to 10 m/s (e.g., Ikari
et al., 2015, Montgomery-Brown and Syracuse, 2015; kinematic properties sum-
marized in Table 2 and Fig. 5A). Although it has been noted that the duration of
transient slip at any location on the fault—the rise time—is likely shorter than
the duration of the entire slow slip event (e.g., Blirgmann, 2018), it is unlikely
that slip velocities are underestimated (e.g., Behr and Birgmann, 2020). Also,
slip propagation and subsequent secondary slip in the updip, downdip, and
along-strike directions may follow complex modes lasting for extended periods
of time (see Behr and Biirgmann, 2020, for extensive description).

The range of slip velocities reported for slip transients is narrow (Fig. 5A)
irrespective of vastly varying temperatures, pressures, and lithologies involved

in active subduction zones. The slip velocities of low- and very low frequency
earthquakes range between 10-° to 10-* m/s (lto et al., 2007; Bostock et al.,
2015; Ghosh et al., 2015; Thomas et al., 2016). This is several orders higher
than slow slip but much lower than slip velocities of regular earthquakes. A
potential transition between slow slip and long-term creep at the plate inter-
face accommodating convergence is beyond current instrumental resolution
(e.g., Page et al., 2009; Ide and Yabe, 2014; Birgmann, 2018).

Low- and very low frequency earthquakes are now found to be accelerating
bursts temporally and spatially linked to short-term slow slip events—often
radiated from the same rock volume (e.g., Ito et al., 2007; Araki et al., 2017;
Birgmann, 2018; Frank et al., 2018; Nakano et al., 2018; Hall et al., 2019, and
references therein; Hutchison and Ghosh, 2019). Similarly, aftershocks of the
2010 M8.8 Maule earthquake in Chile are closely linked to afterslip bursts in
space and time (Bedford et al., 2013; Lange et al., 2014). This suggests that
individual slip events may show a variation of slip velocities that, in some cases,
may trigger earthquakes locally at asperities. Conversely, long-lasting slow
slip events typically located around and below the downdip limit of seismic
locking (Obara and Kato, 2016; Gao and Wang, 2017) appear to occur without
(very) low-frequency earthquakes.

While early observations of slow slip transients were related to slow sub-
duction of young oceanic crust, more recent observations indicate that slow slip
occurrence and rates seem independent of slab age, rate of subduction, mode
of mass transfer—i.e., subduction erosion versus accretion, etc. (e.g., Schwartz
and Rokosky, 2007; Obara and Kato, 2016; Blirgmann, 2018). However, major
topographic oceanic plate features, such as seamounts or ridges, appear to
promote the occurrence and spatial propagation of aseismic creep and silent-
slip events (Wang and Bilek, 2014; Yamashita et al., 2015).

3.2 Seismic Velocities Vp/Vs Ratios and Inferred Pore-Fluid Pressures

Dense local seismometer networks have provided high-resolution studies
showing plate interface zones to correlate with elevated Vp/Vs ratios >2 (e.g.,
Kodaira et al., 2004; Audet et al., 2009; Haberland et al., 2009; Kato et al., 2010;
Audet and Biirgmann, 2014; Audet and Kim, 2016; Audet and Schaeffer, 2018;
Biirgmann, 2018, and references therein). Peacock et al. (2011) showed that
high Vp/Vs ratios require near-lithostatic pore-fluid pressure, p;, in conjunction
with significant porosity of up to 4% at the Cascadia margin. From Vp/Vs data,
Moreno et al. (2014) predicted very high values for the pore-fluid pressure
(0.85< A <1) in the lower seismogenic zone at the Chile margin. Their study
shows that the geodetic locking degree inversely scales with the pore-fluid
pressure ratio. Also, Saffer and Tobin (2011), Kitajima and Saffer (2012), Saffer
and Wallace (2015), and Arnulf et al. (2021) find similarly high pore-fluid pres-
sure ratios for the shallow updip parts of plate interfaces. However, Arnulf et
al. (2021) not only find significant small-scale heterogeneity in fluid pressure
using reflection seismology, but also point out that the methods employed
to obtain these values may have limits resolving the physical state within the
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TABLE 2. OVERVIEW OF GEOMETRIC AND KINEMATIC FEATURES OF SLOW SLIP AND EARTHQUAKES

Type Instrumental observations Derivatives
Displacement Rupture length Duration Slip velocity Source Fault-core thickness Shear strain rate
(m) (m) (s) (m/s) (m)* (s)™*
Regular earthquakes 106 x 10! 102-108 <10°-3 x 10? ~10'-10° Heaton, 1990; Sibson, 2003; Allman and Shearer, 2007; Chester et al., 2013 5x10°5-5x%x10° ~10>-10°
Slow earthquakes
Low-frequency earthquakes 10-5-10 <104 x10° 0.2-0.5 10-4-10- Shelly et al., 2006; Bostock et al., 2015; Thomas et al., 2016 107-10-%" ~102-108
Very low-frequency earthquakes 2 x 104-10-3 5x 10*-10° 5-2 x 10? 5x 10%-2 x 10* Ito and Obara, 2006; Ito et al., 2007; Beroza and Ide, 2011; Ghosh et al., 105-10-%" ~10'-2 x 10?
2015
Silent earthquakes 1-2 x 10" 5 x 10*-5x10° 10%-107 108-10-¢ Ide et al., 2007 ~10-%" ~2x103-5x 10-°
Silent slip event (deep) 10°%-5 x 10" 3-7 x10* 3-6 x 105, 107 ~10°8 Ide et al., 2007; Obara, 2011; Bostock et al., 2015; Frank et al., 2015 ~105-10%" ~3 x 10°-10-5
Tectonic tremor (deep) 1-3x 102 ~10° 2-3 x 10° ~108 Ide et al., 2007; Rubinstein et al, 2010 ~1-2 x 10%" ~10-
Silent slip events and tremor (shallow) 102-10"" 4-8 x 10* 0.5-6 x 10° 108-10~ Nishimura, 2014; Yamashita et al., 2015; Araki et al., 2017; Jiang et al., 2017; 2-7 x10%" 1-5x 1073
Yokota and Ishikawa, 2020
Afterslip (total) <10°-10" <10'-108 3x 107 ~10-¢ Ide et al., 2007; Bedford et al., 2013
Afterslip (bursts) <102-10° <10'-108 <10*-10° 0.8-6 x 10®  Bedford et al., 2013 ~104-10-2" ~10%-10"2
Long-term creep
Creep (fault cores + inner damage zone)* >10%-107 >108 Constant 10-""-4 x 10" Marone, 1993; Lamb, 2006; Ide et al., 2007; Bachmann et al., 2009; Savage 10'-10° 107""—10-™
Creep (network of fault cores)* >105-107 >106 Constant 10-''— 4 x 10" and Brodsky, 2011; Chester et al., 2013; Rowe et al., 2013 10°-10" 10710102

*For subduction rates of 1-10 cm/yr.
**Calculated fault core thickness using scaling relationship T ~ 0.01D + 1 order of magnitude (Scholz, 1987).
***Shear strain rate based on estimate for thickness of fault core (“process zone”) using y/sec = (D/T)/t.
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Figure 5. (A) Geodetically and seismologically observed slip velocities versus displacement, data source in Table 2; (B) calculated shear strain rates versus fault core width calculated
assuming a single event. Both figures also include slip velocity and steady-state creep rate for the plate interface zone assuming complete accommodation of standard plate conver-
gence velocities for a full earthquake cycle (100-1000 yr) by the continuous creep of the entire subduction fault network.
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thin domains hosting the main fault. On average, regions of expected high
pore-fluid pressure correlate spatially with well-localized slow slip.

However, all data from the studies cited above were collected at varying
stages of the seismic cycle and may not be representative of the entire seismic
cycle. Recent findings at the Japan margin explored the seismological response
above the subduction zone megathrust over time. Earthquakes are found to
be related to the slow slip event cycle and are likely controlled by fluctuating
pore-pressure cycles (Nakajima and Uchida, 2018). Such variation during the
seismic cycle has also been suggested by Frank et al. (2017) from the analy-
sis of the 2015, Mw 8.3 lllapel afterslip and aftershock evolution. Using local
seismicity above slow slip patches from the Hikurangi margin, Warren-Smith
et al. (2019) were able to demonstrate that stresses vary episodically over
complete slow slip cycles. This is attributed to cyclic hydraulic loading of the
system. Continuous dehydration of the subducting slab induces elevated pore
pressures causing fracturing, dilation, and subsequent pore-pressure drop.
Interseismic fault healing via precipitation drastically reduces permeability
leading again to pore-pressure buildup (e.g., Miller and Nur, 2000). These
findings underscore the transient nature of the hydraulic state of the plate
interface in the seismic cycle (cf. also p-wave velocity fluctuations correlating
with silent-slip events; Gosselin et al., 2020). Stress drops observed for some
of the slow slip events including very low frequency earthquakes are very low
(<10 kPa). This may support very low effective stresses and near-lithostatic,
pore-fluid pressures in the slipping domains. During the loading and slip peri-
ods, pore-fluid pressures are expected to vary (Saffer and Tobin, 2011; Bostock
et al., 2015; Ghosh et al., 2015; Saffer and Wallace, 2015; Thomas et al., 2016;
Warren-Smith et al., 2019; Behr and Blirgmann, 2020, and references therein;
Gosselin et al., 2020). This may be in line with the variations of the stress state
from the pre- to the postseismic stage as observed by Brodsky et al. (2020) for
the Tohoku-Oki earthquake. Finally, from a global compilation of force balance
estimates at convergent margins, Dielforder et al. (2020) find effective friction
to be below 0.08 everywhere requiring pore-fluid pressure ratios, A = p;/pgz,
to be beyond 0.9 on average.

3.3 Temperature Estimates

The seismogenic zone of the plate interface has been known to be approx-
imately limited by the 100-150 °C isotherm at the updip end and by ~350 °C
at the downdip end of locking and seismogenesis (Hyndman et al., 1997;
Oleskevich et al., 1999; Peacock and Hyndman, 1999). Hence, the shallow-slip
transients occur at temperatures below 150 °C, while those near and below
the downdip end would occur at temperatures around and above 350 °C, and
at pressures of >1-1.5 GPa. Employing thermal modeling of a range of con-
vergent margins that are known to produce slip transients, Gao and Wang
(2017) showed that deep long-term silent slip occurs at a temperature range
of 300-500 °C, while episodic slip and non-volcanic tremor (NVT) is limited
to the 350-550 °C range.

M 4. STRAIN-RATE ESTIMATES FROM SLIP DATA AND FAULT-
ZONE WIDTH

To convert instrumentally observed slip velocities to shear strain rates,
we estimate the width T of the fault-core during a slip event. This requires
some assumptions: (1) reported displacements represent a single shear event;
(2) observed slip was localized in the fault core; and (3) finite fault displace-
ment scales with fault-core width. Fault width T, has been found empirically
to scale with displacement D as T = 0.01D (see Scholz, 1987, 1997, 2019; Torabi
and Berg, 2011). Because real faults have ruptured multiple times, their fault
core is predicted to grow in width according to the above scaling relationship.
Hence, calculating shear strain rates using a single event fault-core width
likely underestimates fault width. This assumption results in an upper strain
rate bound. Contributing to the uncertainty in estimating shear strain from
slip data is the observation that fault cores often display multiple narrow slip
bands, each of which may have resulted from a single or a few slip events.
This is found in exposed shear zones and core material from fault zone drilling.
Hence, individual slip events may occur along different slip bands forming
in the fault core (e.g., Chester and Chester, 1998; Sibson, 2003; Childs et al.,
2009; Rowe et al., 2011, 2013; Chester et al., 2013; Fabbri et al., 2020). Only a
few studies indicate earthquake-related slip to possibly associate with wider
fault zones (e.g., Rowe and Griffith, 2015).

Torabi and Berg (2011) suggest that displacement-thickness scaling of faults
holds for many different lithologies, but a slight difference may exist between
large displacement faults (D>10 m) and those showing small displacements
at the m-scale and lower. The maximum variability in their relation of fault
core thickness to displacement encompasses two orders of magnitude, with
the vast majority of data falling within one order of magnitude (cf. similar
results by Childs et al., 2009). Sibson (2003) finds coseismic fault thicknesses
of individual events exhibiting principal slip surfaces, slickensides, pseudo-
tachylite, etc. to rarely exceed a few cm, and to mostly be at the mm-level for
single events. Field observations reported here for likely single slip events
show similar fault thicknesses. However, in general, the width of a principal
slip zone associated with a single seismic event is difficult to constrain (see
Rowe et al., 2013; Rowe and Griffith, 2015). Hence, shear strain rates calculated
here as based on the single-event assumption may be biased resulting in an
upper bound of true strain rates. From the total thickness of individual long-
lived fault cores reported (1-10 m), and assuming homogeneous distribution
of shear within the entire fault core, shear strain rates may be smaller by up to
2-3 orders of magnitude in individual cases, thereby forming a lower bound.

Low-frequency earthquakes and slip transients are inferred to be closely
related in space and time with (V)LFEs possibly occurring on the same fault
utilized by long-lasting slip transients (e.g., Ito et al., 2007; Ide and Yabe,
2014; Ghosh et al., 2015). Interestingly, shear strain rates, Y, from earthquakes
(Y ~ 10'=10%s) including low-frequency events are of the same order of mag-
nitude within uncertainty. Earthquake strain rates are separated by several
orders of magnitude from slow and aseismic slip transients (y ~ 10--10-%s)
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suggesting that different physical mechanisms govern slow slip events and
dynamic earthquake ruptures, respectively (Fig. 5). We also observe that all
aseismic slip transients within uncertainty display a rather narrow range of
shear strain rates. This suggests that the effect of depth, temperature, and
also of lithology on the localized aseismic slip is rather small.

M 5. DEFORMATION MECHANISMS AND STRAIN RATES FROM
EXTRAPOLATED FLOW LAWS

5.1 Methods

We estimate maximum strain rates assuming that slip rates are controlled
by specific deformation mechanisms inferred from microstructural observa-
tions of exposed cataclasite-bearing shear zones. This complements similar
estimates published previously (Hayman and Lavier, 2014; Fagereng and den
Hartog, 2017; French and Condit, 2019). We employ experimentally derived con-
stitutive laws to explore the contribution of various deformation mechanisms
to slow slip. We apply flow laws to the full spectrum of depth and temperature
ranges drawing from observations of shear zone fabrics and composition.
Where several flow laws are available, we chose relations yielding the highest

strain rates at given conditions to conform to the instrumentally observed
velocities and strain rates estimated from single event rates.

Motivated by microstructural observations, we assume that quartz dislo-
cation creep controls the deformation of the felsic continental basement rocks
just below the brittle-ductile transition. Since wet quartz is weak compared to
the plastic flow of other silicates (Biirgmann and Dresen, 2008), a quartz flow
law will predict an upper bound to the rate of plastic deformation. Observa-
tions from the exposed Alpine subduction zone indicate a partial contribution
of dislocation creep in felsic as well as carbonate-rich rocks at temperatures
above 300-350 °C. To estimate strain rates, we employ the approach adopted
by Tokle et al. (2019) based on their combination of geologic and experimental
observations. Predicted strain rates from extrapolated constitutive laws of Luan
and Paterson (1992), Gleason and Tullis (1995), and Rutter and Brodie (2004)
with a stress exponent of n»4 and assuming high water fugacity predict fairly
similar strain rates (see Table 3 for flow laws used here).

The dominant matrix fabric observed at nearly all depths is a foliation
formed by solution-precipitation creep (SPC; e.g., Bachmann et al., 2009a;
Wassmann and Stdckhert, 2013). This fabric dominates coarser-grained
sheared sediments, hydrated mafic rocks forming greenschists, and
the fine-grained cataclasites of more localized faults and/or shear zones.
Solution-precipitation creep has been investigated, but the controlling

TABLE 3. CONSTITUTIVE LAWS AND MODEL PARAMETERS USED

Deformation mechanism Parameter Westerly Granite Crab Orchard Sandstone
Dislocation Creep Quartz Activation enthalpy Q (kJ/mol) 223 x10°
£ = A o" exp(-Q/RT) Stress exponent n 4*
Luan and Paterson (1992) Pre-exponential constant A (MPa™ s) 1.1 x10*
Solution precipitation creep Activation enthalpy Hpg (kJ/mol) 40
Niemeijer et al. (2002)** Width intergranular fluid layer w (A) 10
£ = 6Q) x 1001:174-0.002028T4158D[ ey n (5, O/RT) — *1]/d Pre-exponential factor Apg 1.05x 107
Rutter (1983)** Molar volume quartz Q (m®mol-") 2.31°5
£ = 32 Apg exp(-Hps/RT) o w/d?®
Stress corrosion creep Activation enthalpy Hg (kJ/mol) 50 31
Brantut et al. (2012) Critical stress intensity factor K, (MPa m"2) 1.74 0.45
£ ~exp(-Hgc/RT) [1 = K((Cpeac-01)/(Kic/yma)) ™! Stress corrosion index m 5.5 17.6
Initial flaw size a (m)*** 0.00001 0.00001
Non-dimensional factor k 0.1 0.1
General parameters Gas constant R (kPa - L - mol-' - K™) 8314
Coefficient of friction p 0.7
Average rock density p (kg/m?3) 2800
Grain size d (m) See text

Temperature (T) (Kelvin)

*As suggested by Tokle et al. (2019).
**Laws as given by Brantut et al. (2012).
***Here set by grain size in cataclasite.
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micromechanisms and constitutive laws are still a matter of considerable
debate (see detailed overviews by Gratier et al., 2013, and Wassmann and
Stockhert, 2013). Although compositional variability and grain-size evolution
play a strong role in a convergent plate interface setting, nearly all rocks form-
ing the matrix, the shear zones, and a large fraction of the enclosed blocks
are dominated by phyllosilicates. These are either of primary—i.e., mostly
sedimentary—origin or formed as a hydration mineral reaction product in
the more mafic or feldspar-dominated basement lithologies. Microstructural
evidence for pressure solution is only found to a lesser degree in mélange
blocks, such as carbonates, ultramafic blocks, and weakly altered metaba-
salts. Cataclastic shearing with the formation of fine-grained gouges favors
phyllosilicate growth and a massive increase in grain surface area. This may
increase the contribution from SPC or even permanently change the domi-
nant deformation mechanism (cf. Angiboust et al., 2015 for evolution from
quartz-controlled mylonites to fractured and foliated cataclasites dominated
by brittle grain-size reduction and pressure solution).

To estimate strain rates of the complex subducted rock assemblages and
the main shear zone, we chose constitutive laws that best represent the typical
lithology of quartz-feldspar-rich sediments with a large phyllosilicate fraction.
Also, we consider a range of grain sizes and porosities typically found in rock
samples from a wide spectrum of subduction shear zones (1-100 ym). For
porous sediments (~15% porosity), we use the flow law of Niemeijer et al.
(2002). The flow law predicts compaction in quartzose rocks at temperatures
between 150 and 600 °C where dissolution is the rate-limiting process. For
pressure solution in granitic rocks with near-zero porosity, we use the flow
law of Rutter (1983) suggesting that deformation is rate-limited by diffusion.
Granitic rocks and quartz-feldspar-mica-sediments reflect the compositional
range encountered in the subduction shear-zone matrix as well as within the
base of the continental crust overlying the plate interface. Within the uncertain-
ties involved in the pressure-solution flow law and mineralogical composition,
the predicted strain rates yield an upper and lower bound on the contribution
of SPC in accommodating creep on the plate boundary fault. A comparison
shows that the constitutive law suggested by Gratier et al. (2009) is close to
that of Rutter (1983), albeit showing a lower T-dependence. The rather porous
materials studied in the compaction experiments by Niemeijer et al. (2002)
exhibit strain rates higher by 1-3 orders of magnitude that strongly increase
with temperature. These latter strain rates therefore most probably form an
upper bound only valid during the short period of elevated fracture porosities
following earthquake rupture.

Next to abundant fabrics showing evidence for SPC, cataclasite micro-
structures are most frequently observed. Explicit constitutive laws that
quantitatively constrain strain rates in cataclasites are scarce (cf. Brantut et al.,
2012; Chen and Spiers, 2016). Based on experimental work, Brantut et al. (2012)
recently developed a model describing cataclastic flow (by fracturing, sliding,
and rolling of grains) in rocks of granitic, sedimentary, or even basaltic compo-
sition—perfectly reflecting the dominant rock types described here. Sub-critical
crack growth accommodated by stress corrosion—or “brittle creep” —likely

is the rate-limiting process in all creep regimes close to the short-term failure
strength of rocks. Crack growth at differential stresses below 70%-75% of the
failure strength results in negligibly slow strain rates. However, accelerating
crack growth results from accelerating crack interaction and coalescence at
elevated stresses approaching failure. While no explicit temperature limit
is given, Brantut et al. (2012) assume strength to change only moderately
with temperature. Here, we chose their data for granite as the representative
rock composition for the faults observed (see Table 3) and simply extrapolate
their flow law to the explored maximum temperature of 500 °C. Brantut et al.
(2012) also find that pressure-solution creep in porous rocks is enhanced with
increasing depth and decreasing strain rates. We here use the constitutive
law suggested by Brantut et al. to estimate potential brittle creep strain rates
controlled by a combination of crack growth through stress corrosion, rolling,
and sliding of grains in gouge at differential stresses immediately below the
short-term brittle-frictional failure strength.

We first estimate the maximum differential stress operating at the respec-
tive depth section in the subduction zone, which depends on effective pressure.
To this end, we assume friction is limited by Byerlee’s law assuming an average
friction coefficient and an average density for the forearc (for physical prop-
erties and model parameters used, see sources of constitutive laws given in
Table 3). To estimate the effect of pore-fluid pressure on effective stress, we
show both, the result for a pore pressure ratio of A = 0.7 reflecting the lower
end of reported plate interface pore pressures (Saffer and Wallace, 2015) and
for a close to lithostatic pore pressure at the upper end (Brodsky et al., 2020).
The latter is usually considered closer to the values estimated for the domains
exhibiting slow earthquakes (see above summary).

For the estimated stresses, thermodynamic boundary conditions, and
respective deformation mechanisms, we then calculate strain rates using the
flow laws listed in Table 3. We finally convert axial strain rates obtained from
the constitutive laws into shear strain rates using the formalism by Ramsay
and Huber (1983; Equation 2.7):

(1+e) = Vz(yz +2+7(y +4)%).

5.2 Results

To estimate the contribution of the different deformation mechanisms
identified from exposed sections of plate interfaces, we present a modified
deformation mechanism map. With this map, we compare the estimated strain
rates to instrumental observations. We plot shear strain rates against a generic
pressure and temperature gradient along a plate interface zone (Fig. 6) using an
average of the temperature-depth models of Syracuse et al. (2010). Alongside,
we include the depth domains that host the different instrumentally observed
slip transients according to Obara and Kato (2016) and Gao and Wang (2017). In
this graph, we also include an estimate of the typical strain rate required to fully
accommodate the plate convergence rates. Here, we assume homogeneous
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Figure 6. (A) Deformation mechanisms and maximum shear strain rates versus temperature at an elevated pore pressure ratio of 0.7; solution precipitation
creep rates shown for different porosities and grain sizes; (B) extrapolated strain rates for sheared and compacted low-porosity rocks at near-lithostatic
pore pressure of 0.999 as expected for the late stage of seismic cycle; stresses are assumed to be at failure limit (100%) and 75% of peak strength; black
boxes show shear strain rates estimated from instrumentally observed transients as in Figure 5B. Left axes show depth domains of observed slip transients
from Obara and Kato (2016). Earthquake shear strain rates of ~10?/s estimated for flash heating. Temperature-depth gradient of Syracuse et al. (2010). Gray
vertical bar indicates the range of creep rates required to accommodate plate convergence (see text for details).
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distribution of convergence (1-10 cm/yr) in a network of faults with a minimum
total core width of 1 m and a maximum of up to 100 m. This choice reflects
findings in natural systems such as the Tohoku-Oki earthquake (Chester et
al., 2013) or exposed plate boundary fault networks (Bachmann et al., 2009a;
Rowe et al., 2013; Angiboust et al., 2015; Wakabayashi and Rowe, 2015). The
focus here is on the fault cores since the enveloping matrix or damage zone
forming most of the subduction shear zones likely experienced significantly
lower strain rates (e.g., Beall et al., 2019; loannidi et al., 2020). Finally, Figure 6B
also includes the calculated shear strain rates for the different types of slow
earthquakes along the plate interface.

Uncertainties in extrapolated strain rates are due to errors of flow law
parameters, such as activation energy, stress exponents, etc. In addition, flow
laws are defined for steady-state experimental conditions (i.e., for secondary
creep) and may not adequately quantify rates for slow slip events that by their
nature are transients. For brittle creep, Brantut et al. (2012) additionally discuss
values for individual physical properties reported from other experimental
studies. These tend to reduce our strain-rate estimates by 1-2 orders of mag-
nitude. Moreover, the constitutive law of Brantut et al. is based on experiments
performed to maximum temperatures of 300 °C at a limited range of pore
pressures. Hence, while recent observational evidence suggests that brittle
creep is an important deformation mechanism at still higher temperatures and
elevated pore-fluid pressures, extrapolation of this flow law to greater depths
and near-lithostatic pore pressures invariably adds uncertainty. For example,
eclogite-facies metagabbro cataclasites (or breccias) occur coeval with mylo-
nites in the Alpine plate interface zone that equilibrated at 550 °C and 2.6 GPa.
The rocks display multiple veins suggesting repeated hydrofracturing events
(see above; Philippot and van Roermund, 1992; Angiboust et al., 2012; Locatelli
etal., 2018). Second, recently observed slow slip events at even greater depths
within the upper-mantle domain exhibit similar slip velocities of ~10-*m/s as
known to occur updip (Bedford et al., 2020; Fig. 5A).

Shear strain rate estimates of slip transients span a narrow range between
10-3-10-°s~" (Fig. 6). This is roughly five orders of magnitude slower than strain
rates expected from seismic slip but more than five orders faster compared to
constant shearing at plate convergence rates. The field data suggest that strain
rates of slip transients remain similar irrespective of depth and temperatures.
Assuming that these slip events are accommodated by a similar dominant
deformation mechanism, this already suggests that any mechanism controlling
viscous deformation will likely have rather small thermal activation energies,
as have been suggested for brittle creep of granite (50 kJ/mol, Brantut et al.,
2012). Comparing strain-rate estimates from field data and extrapolated flow
laws strongly suggests that the full depth range from near trench to below the
transition zone will be dominated by either pressure-solution creep (in fine-
grained rocks) or by brittle creep (Fig. 6). This is in excellent agreement with
microstructure observations of fault zone rocks from all exposed plate interface
zones. In fact, at critical differential stresses close to failure—i.e., the stress
levels assumed in Figure 6—resulting strain rates by SPC and brittle creep
suffice to accommodate plate convergence. However, the extrapolated strain

rates in Figure 6 are strongly sensitive to effective stress and reported (near-)
lithostatic pore-fluid pressures—except for brittle creep for which available
experimental data do not indicate a relevant sensitivity.

For peak differential stresses close to failure, the extrapolated flow law for
brittle creep predicts shear strain rates that are in excellent agreement with
instrumentally observed shear strain estimates of slow slip. In contrast, strain
rates predicted using existing flow laws for SPC are more than six orders
smaller. At best, extrapolated SPC rates agree roughly with long-term plate
convergence rates in deeper parts of the plate interface zone. This indicates
that slip transients are too fast to be accommodated by SPC except—possibly—
for deep afterslip in highly fractured and porous rock at lower fluid pressures.
However, deep afterslip is likely a short-lived process in the postseismic period.

In a second step, we sum shear strain rates for all key processes observed
over the full temperature spectrum showing the potential evolution during the
complete loading cycle from low differential stress (reflecting the immediate
postseismic stage following a megathrust rupture; Brodsky et al., 2020) to load-
ing at the effective strength limit. Stress is normalized to the stress at failure,

G porm = O/,

where o is the stress parameter used in the flow law and c; is the stress at the
failure limit. For dislocation creep, differential stress at failure is o; = 21;; for
solution precipitation creep and brittle creep, the largest principal stress at
failure is 6;= 6, (1 —= A) + 7; (where 1,is shear stress at failure and o, is normal
stress). Shear stress at failure is derived from the Mohr-Coulomb law corrected
for effective pressure (t1; = Cy, yo,(1 - A)) and using the above parameters for
friction coefficient and rock density for the calculation of normal stress.

The resulting shear strain rates of key processes observed over the range
of temperatures between <100 °C to ~500 °C and assumed pore-fluid pressures
Ayield two dominant regimes (Fig. 7). Fine-grained fault rocks in a low-stress
regime at average to slightly elevated pore pressures (Fig. 7A) are expected
to deform by solution precipitation creep (with possibly some contribution
of dislocation creep at high temperatures). At lower temperatures and dif-
ferential stresses, creep rates are predicted to be too small to accommodate
plate convergence, suggesting partial locking. Increasing pore pressure to
near-lithostatic values will strongly enhance this shift toward locking in this
low-stress state (Fig. 7B). At high normalized differential stresses exceed-
ing 70% of the failure limit, brittle creep will strongly dominate deformation
behavior at all pore pressures. Brittle creep and/or cataclastic flow is predicted
to allow for creep strain rates sufficiently fast for slow slip transients. Hence,
kinematic locking is shown to be controlled chiefly by the temperature and
state of fluid pressure at differential stresses below some 60%-70% of the
short-term strength. This relationship reverts with an advanced stage of the
loading cycle, or with near-lithostatic pore pressures by reducing the effective
strength of rocks. As a consequence, both the loading as well as the hydraulic
cycles will promote brittle creep accommodating cataclastic flow toward later
stages of the seismic cycle.
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Figure 7. Mapping shear strain rates in stress and temperature space with stresses used for the calculation from the average depth-temperature profile of Syracuse et al. (2010), (A) for
a pore pressure ratio of A = 0.8 and (B) A = 0.999. Surface denoted solution-precipitation creep (SPC) (calculated for a grain size of 10 pm) is dominated by solution precipitation creep
with some additional component of dislocation creep (DC) at high temperatures. Surface BC denotes a domain dominated by brittle creep and/or stress corrosion creep. Blue plane
indicates strain rates required to entirely accommodate convergence velocity by a steady-state creep on the plate interface fault network.

H 6. DISCUSSION
6.1 Brittle Creep and Slow Slip

Instrumental observations of active subduction zones show that fault slip in
a temperature range of <100° to 500 °C occurs either by dynamic earthquakes,
by a range of slow slip transients, or by steady-state creep with a varying
degree of kinematic locking (e.g., Birgmann, 2018). Interestingly, the dominant
deformation mechanisms deduced from fabric types in exposed subduction
faults and strain rates predicted from experimentally constrained constitutive
laws also indicate three separate deformation regimes in excellent agreement
with instrumental observations. Brittle creep controlling localized cataclastic
flow at an effective speed range likely determines localized slip in a narrow
fault network. Episodic deformation and stress changes during the seismic
cycle correspond to intermittent changes between fast brittle creep and slow
solution precipitation creep, as revealed by multiple crosscutting relations in
exposed cross sections of the plate interface zone.

Accelerated slip is associated with strain localization into a network of
localized cataclastic shear zones several meters to tens of meters wide and
eventually into principal slip zones of just a few millimeters to centimeters thick-
ness displaying ultracataclasites or pseudotachylite layers. Constitutive laws of
dominant mechanisms (Figs. 6 and 7) show that deformation is primarily con-
trolled by fault strength, pore pressures, and stress levels. In particular, toward
an advanced stage of the seismic loading cycle at stress levels >70%-80% of
peak strength, cataclastic flow is likely to control slip (Fig. 7). Estimating the
interface strength and hydraulic properties at the terminal stage of the seismic
cycle combining stress drop analysis of megathrust earthquakes and dynamic
Coulomb wedge modeling, Wang et al. (2019, and references therein) find values
as low as 5-10 MPa at an effective coefficient of friction of p',» 0.03 requiring
fluid pressure ratios of >0.95. Recently, Brodsky et al. (2020) suggest even
smaller coseismic shear stresses <1 MPa from temperature measurements at
the updip edge of the Japan trench. In consequence, the same transition to brit-
tle creep would also result from fluid-pressure pulses to quasi-lithostatic pore
pressure. This has been suggested to occur from pulsed prograde dehydration
reactions or boosts of updip fluid percolation (Brantut et al., 2011; Fagereng and
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Diener, 2011; Angiboust et al., 2014b; Mufoz-Montecinos et al., 2021a). Slow
slip events preceding large subduction earthquakes (Blirgmann, 2018) may
also result from rapid fluid pressure changes (see Fig. 7A). As a consequence,
brittle creep pulses are not only an appropriate measure of the stress state but
also an indicator of imminent rupture or cyclic instability of loading as well as
hydraulic pulses (Fig. 7). In fact, the fault-valve behavior or percolation pulsing
as suggested by Sibson (1992), Nakajima and Uchida (2018), Shapiro et al. (2018),
and Gosselin et al. (2020) would concur with this conclusion.

Recently available high-resolution observations of seismic slip and chang-
ing physical properties suggest a rather complex picture of subduction zones
with depth and along strike. This raises the question to what extent continuous
creep of a plate interface—exhibiting no or a very low degree of locking—is
expected to occur at all. Continuous creep might be controlled by homoge-
neous and constant near-lithostatic pore pressure throughout, continuously
releasing stresses by brittle creep at plate convergence rate. Conversely, con-
tinuous creep at near-convergence rates through solution precipitation creep
is a potential alternative mechanism in the case of an extremely fine-grained
fault gouge of several tens of meters thickness at rather low pore pressures.
However, this is less likely, given instrumental and fabric observations of the
plate interface region.

The resulting kinematic complexity is also in agreement with the observed
behavior of transients constituting the slow earthquake family. Stress states
assumed for the fault network fluctuate around values close to failure as indi-
cated by propagation of slip over several tens of kilometers, succession by
secondary slip fronts, back-propagation, coalescence of diverse ETS nucleation
sites to a large slip zone, periodic to irregular recurrence of ETS, of tremor
streaking in the direction of slip (Ghosh et al., 2010), temporal and spatial associ-
ation of silent slip and tremor as well as low and very low frequency earthquakes
at the tips of slow slip zones, and more (e.g., Peacock et al., 2011; Blirgmann,
2018; Hall et al., 2019; Warren-Smith et al., 2019, and references therein). Like-
wise, the slip rates may also vary significantly within the fault network.

Brittle creep likely controls cataclastic fabric formation reflecting the kine-
matic and physical properties of slow slip. Extrapolation of existing constitutive
relations predicts a narrow bound of strain rates and slip velocities as instru-
mentally observed for the family of slow slip features. However, it does not
explain the acceleration toward slip velocities of jointly appearing regular or
very low frequency earthquakes. Recent microphysical models that capture
the frictional and healing behavior of rate and state friction (den Hartog and
Spiers, 2014; Chen and Spiers, 2016) and the velocity-dependence of frictional
strength (Aharonov and Scholz, 2018; Im et al., 2020) may yield a potential
answer. The models suggest that the competition of fracture and pressure-
solution-controlled dilatancy changes may take a key role. Alternatively, recent
experimental studies provide clear evidence for decreasing nucleation patch
size and critical slip displacement and a transition from slow slip to dynamic
rupturing with increasing loading rate (e.g., Guérin-Marthe et al., 2019). This is
in line with some of the fabric observations reported here; however, possible
mechanisms controlling slip acceleration are still a matter of debate.

6.2 Brittle Creep and Cataclasites

Cataclastic flow by brittle creep is localized in shear zones along the entire
extent of the plate interface zone up to temperatures exceeding 500 °C (Figs. 4J
and 8). Progressive grain comminution and localization produce ultracatacl-
asites and associated pseudotachylites that may represent either extensive
comminution or frictional melts, respectively. Although microstructural evi-
dence does not provide unique information on slip rates, different cataclasite
types may be related to different strain rates or slip velocity regimes. Thin
ultracataclasite bands partly showing pseudotachylites and lining curvy-planar
principal slip zones may represent products of dynamic ruptures and high slip
rates encountered during earthquakes and in agreement with experimental
observations (e.g., Scuderi et al., 2017). This is supported by direct observations
available from earthquakes triggered by mining activity, where the epicenter
and resultant earthquake fault rock are directly accessible after the event. In the
case of the TauTona Mine in South Africa, Heesakkers et al. (2011) find a network
of sharply bounded faults of several mm to cm width cutting through a quartzite
sequence with principal slip surfaces and fine-grained sintered ultracataclasite
and/or rock flour lining the rupture zones. Coexistence and mixing of sharply
bounded ultracataclasites and pseudotachylites also support their formation
in dynamic ruptures as has been suggested for parts of the subduction fault
network exposed on Kodiak Island (Rowe et al., 2005, 2011; see also Rowe
and Griffith, 2015, for an exhaustive review of earthquake-related fault rock).

Linking foliated and clast-rich cataclasites to instrumentally observed shear
strain rates and subseismic slip rates is non-unique to date. Experimental and
field observations are limited and suggest that the same fault and fault rock
may exhibit a range of slip velocities (Kaproth and Marone, 2013; Leeman et al.,
2016; Scuderi et al., 2017; Ikari et al., 2013; Ikari and Kopf, 2017; Ikari, 2019). Here,
multiple activation of slip bands over an extended period, multiple overprints
during inter-event periods, and subsequent exhumation invariably blur the
image. The above experimental work suggests that both, sharply bounded prin-
cipal slip zones with nanoscale ultracataclasite and more diffuse shear bands,
may exhibit a velocity spectrum reflecting silent-slip events (cf. Kirkpatrick et
al., 2021, and references therein). A potential resolution of this dilemma is as
follows: The narrow principal slip zones lined with ultracataclasite nested in
wider foliated cataclasite zones are found both at the very shallow parts of a
plate interface zone near the trench (Fabbri et al., 2020) as well as at tempera-
tures >400 °C (Angiboust et al., 2015; Fig. 8). While the upper domain may
experience seismic slip at earthquake speed from trench-breaking faults—such
as in the case of the Tohoku earthquake, the drilling of which also exhibited the
above cataclasite spectrum (e.g., Chester et al., 2013; Brodsky et al., 2020) —the
domain below the seismogenic zone shows various types of silent slip only.
There, the range of slip velocities and strain rates between very low frequency
earthquakes and slow slip events may explain two aspects: (1) the catacla-
site types at this depth domain are probably the preserved micro-structural
record with the locally fastest slip rate potential. Hence, we hypothesize that
they are the most likely candidate to reflect the equally fastest instrumentally
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recorded slip at these depths indicating that brittle deformation here indeed
occurs at subseismic creep velocities. (2) The (V)LFEs with their narrow slip
zones (Table 2 and Fig. 5A) and the slow slip events are spatially and tempo-
rally co-located in the same rock volume. Both possibly reflect the different
cataclasite types observed here. A similar argument, linking subseismic slip
velocities to foliated cataclasites with a higher clast-matrix ratio, may also hold
for the seismogenic zone proper, where long-term silent slip and/or afterslip
bursts may occur in addition to coseismic slip velocity. This is supported by
observations of a wide range of seismic coupling coefficients at subduction
zones (Scholz and Campos, 2012).

Often-observed diffuse and generally foliated cataclasite zones with high
clast-matrix ratios possibly include the entire transition between earthquakes,
slow earthquakes, and transient slow slip events (e.g., Rowe et al., 2011; Fab-
bri et al., 2020). Experimental evidence clearly shows that the formation of
pressure solution seams and/or mineral indentation and grain fracturing may
occur coevally in the same experiment, both in experiments designed to study
pressure solution as well as in brittle shear experiments (Niemeijer et al.,
2002, 2012; Brantut et al., 2012). The constitutive laws suggest this would
potentially be possible in very fine grained, matrix-dominated rocks at low-
ered pore pressures and high porosity. However, porosities suggested from
Vp/Vs analysis for subduction fault rocks range between 2.7%-4% at >30 km
depth (Peacock et al., 2011; see also Rowe et al., 2011, finding similar values in
exposed cataclasites). These numbers are nearly an order of magnitude lower
than those reported for the high-porosity sandstone experiments by Niemeijer
et al. (2002). Hence, the above conditions for coeval action at similar rates are
more likely to occur in the postseismic period related to afterslip (and pulses
thereof) and fault healing, when enhanced fracture-induced permeability low-
ers pore pressure. Similarly, because of its lower stress dependence, Gratier
et al. (2009, 2014) suggest that solution precipitation creep will likely only
dominate in the early parts of the loading cycle. Conversely, brittle creep will
dominate the stages toward the end of the seismic cycle as increasing pore
pressure to near lithostatic values and increasing stress to near the short-term
failure strength will replace SPC (Fig. 7). However, a small contribution of
solution precipitation creep and dislocation creep is also possible as indicated
in Figure 7A. At higher temperatures, both mechanisms add to the summed
higher rates even toward the late stage of the loading cycle with brittle creep
dominating strain accumulation. Whether this implication from the analysis
of the flow laws is securely identifiable in rock fabrics of fossilized systems is
questionable. Coeval action as well as repeated sequential predominance of
mechanisms with a long series of loading cycles is unlikely to be resolvable
and has yet to be demonstrated experimentally. But the ubiquitous presence
of pressure-solution features overprinting fracture fabrics, and the strong
increase in this overprinting relationship toward depth—i.e., toward higher
temperatures—is a predicted outcome from the relationships shown.

This argument also surmises that SPC does not have the potential to gen-
erate strain-rate bursts at the SSE velocity required, even at high temperatures
and very small grain sizes. These bursts may be due to fluctuation of pore

pressure at near-lithostatic values. Such cyclic changes of the hydraulic condi-
tions have been suggested by Miller and Nur (2000) using numerical modeling
and recently by Phillips et al. (2020) from observation of both tensile and shear
veins occurring in the plate interface environment as well as from obser-
vation of variable vein orientations parallel and oblique and/or across the
main cataclastic fabric and slip zones (see also Angiboust et al., 2015). Such
switches in stress orientation have, for example, been shown from fabric anal-
ysis and modeling of the plate interface stress states of the Costa Rica margin
(Vannucchi and Leoni, 2007) and the recent Tohoku-Oki earthquake by Brodsky
et al. (2020) and Wang et al. (2019). Also, cyclic fluid conditions on the mega-
thrust are seen from variations in vein geochemistry (Cerchiari et al., 2020) as
well as from fault sealing through veins with fibrous growth and incremental
crack-seal features (Fagereng et al., 2010; Vannucchi et al., 2010; Ujiie and
Kimura, 2014; Dielforder et al., 2015; Fisher et al., 2019a; Mufioz-Montecinos
et al., 2020). Altogether, these observations underscore the dominant role of
the state of the hydraulic system on the switch of mechanisms and the accel-
eration bursts occurring in the cataclasite network. Adding the observations
of fabric distribution with depth and of kinematic regimes, the above obser-
vations warrant an extension and adaptation of Sibson’s (1983) classical fault
scheme (see also Lusk and Platt, 2020) developed for the continental crust
toward a subduction fault scheme showing the competition of brittle fracture
and solution precipitation creep to great depth that is tuned by the very low
geotherm of subduction systems and the fluctuating hydraulic state (Fig. 9).

The above arguments linking cataclasite types to slip velocities mostly hinge
on indirect reasoning possibly except for the relationship between earthquake
slip velocities and pseudotachylites as well as at least some of the thin principal
slip zones lined by ultracataclasite (e.g., Rowe and Griffith, 2015). Reducing
the remaining uncertainties and achieving a clear quantitative relationship
between cataclasite types and subseismic slip velocities calls for additional
efforts in closing the observational gaps. Two avenues of research stand out:
experimental rheology will need to explore transient slip events, their velocity
spectrum, and the related fabric styles and dominant microphysical mecha-
nisms controlling these. Complementing this goal, observation in nature will
require the monitoring of faults that exhibit silent slip events and their sam-
pling, via drilling or direct sampling at the Earth’s surface, in order to ascertain
the related fabric types.

l 7. CONCLUSIONS

Exploring recent experimental data and instrumentally observed slip veloci-
ties across the entire range of slow earthquakes, we assess the maximum shear
strain rates that can be assigned to observed slip events and deformation mech-
anisms and their fabrics. We find that the cataclasite types typically found at
drilled active plate boundary faults, as well as at exposed plate interface faults
exhumed from depths of more than 40 km and temperatures of some 500 °C,
match the strain rates predicted using constitutive laws for brittle creep or stress
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corrosion creep (Brantut et al., 2012). The extrapolated strain rates from lab
tests are in good agreement with shear strain rates deduced for instrumentally
observed range of slow slip transients. Several key results stand out from the
analysis of potential strain rates and their dependence on the key constraints:
(1) A single deformation mechanism—brittle creep or stress corrosion
creep as the physical mechanism underlying cataclastic flow—can
accommodate the full spectrum of instrumentally observed deforma-

tion rates of slow slip transients, such as SSEs, NVT, afterslip bursts,

etc. As a consequence, the variety of instrumentally observed slow slip

(3) A range of cataclasite types characterizes the main plate interface fault
network, possibly reflecting different slip velocity regimes: seismic slip
velocities—that also embrace very low and low-frequency earthquakes—
are preferentially linked to sharply confined curvy-planar principal slip
surfaces lined by ultracataclasite (and sometimes pseudotachylite); the
subseismic shear strain rates of slow slip events are likely reflected by
more diffuse and clast-richer cataclasites with well-developed pressure-
solution foliation.

(4) Also, the ubiquitous presence of synkinematic, as well as variably ori-
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(2

features likely produces similar rock fabrics.

Brittle creep likely controls deformation at stresses >70% of the effective
peak strength and at elevated pore-fluid pressures. The occurrence of
brittle creep may hence serve as a qualitative stress meter with respect
to the state of the loading cycle.

ented tensile veins near and within the main fault network, indicates
cataclastic flow or brittle creep to occur at near-lithostatic fluid pres-
sures and varying stress orientations. This suggests a cyclic evolution
of the hydraulic state of the plate interface controlling kinematics. This
cycle is also responsible for the apparent fabric-stress paradox from
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the coeval occurrence of solution precipitation creep and brittle creep
alongside hydrofracturing and pseudotachylites to depths well below
the “brittle-ductile” transition.

Solution precipitation creep progressively overprints fabrics toward
depth and likely dominates plate interface deformation over the ear-
lier stages of the seismic loading cycle and in cases of lowered pore
pressures.

Geodetically observed locking would hence preferentially occur at a
combination of early tectonic and/or hydraulic loading cycle with tem-
peratures below some 400 °C (also depending on average grain size).
Conversely, constant creep of the plate interface zone is facilitated also
at lower temperatures when constant near-lithostatic fluid pressures
allow combined brittle creep and pressure-solution creep to entirely
accommodate plate convergence.

(5

c}

(7

ACKNOWLEDGMENTS

We gratefully acknowledge the very valuable reviews by an anonymous reviewer and Paola
Vannucchi, both of which greatly helped to clarify the manuscript. S.A. acknowledges the A. von
Humboldt Foundation for supporting the early stages of this research. This study contributes to
the IdEx Université de Paris ANR-18-IDEX-0001.

REFERENCES CITED

Agard, P, Plunder, A., Angiboust, S., Bonnet, G., and Ruh, J., 2018, The subduction plate interface:
Rock record and mechanical coupling (from long to short timescales): Lithos, v. 320-321,
p. 537-566, https://doi.org/10.1016/j.lithos.2018.09.029.

Aharonoy, E., and Scholz, C.H., 2018, A physics-based rock friction constitutive law: Steady state
friction: Journal of Geophysical Research. Solid Earth, v. 123, p. 1591-1614, https://doi.org
/10.1002/2016JB013829.

Angiboust, S., Agard, P, Raimbourg, H., Yamato, P, and Huet, B., 2011, Subduction interface
processes recorded by eclogite-facies shear zones (Monviso, W. Alps): Lithos, v. 127, no. 1-2,
p. 222-238, https://doi.org/10.1016/j.lithos.2011.09.004.

Angiboust, S., Agard, P, Yamato, P, and Raimbourg, H., 2012, Eclogite breccias in a subducted
ophiolite: A record of intermediate-depth earthquakes?: Geology, v. 40, no. 8, p. 707-710,
https://doi.org/10.1130/G32925.1.

Angiboust, S., Glodny, J., Oncken, O., and Chopin, C., 2014a, In search of transient subduction
interfaces in the Dent Blanche-Sesia Tectonic System (W. Alps): Lithos, v. 205, p. 298-321,
https://doi.org/10.1016/j.lithos.2014.07.001.

Angiboust, S., Pettke, T., De Hoog, J.C., Caron, B., and Oncken, O., 2014b, Channelized fluid flow
and eclogite-facies metasomatism along the subduction shear zone: Journal of Petrology,
v. 55, no. 5, p. 883-916, https://doi.org/10.1093/petrology/egu010.

Angiboust, S., Kirsch, J., Oncken, O., Glodny, J., Monie, P, and Rybacki, E., 2015, Probing the
transition between seismically coupled and decoupled segments along an ancient subduc-
tion interface: Geochemistry, Geophysics, Geosystems, v. 16, no. 6, p. 1905-1922, https://doi
.org/10.1002/2015GC005776.

Angiboust, S., Yamato, P, Hertgen, S., Hyppolito, T., Bebout, G.E., and Morales, L., 2017, Fluid path-
ways and high-P metasomatism in a subducted continental slice (Mt. Emilius klippe, W. Alps):
Journal of Metamorphic Geology, v. 35, no. 5, p. 471-492, https://doi.org/10.1111/jmg.12241.

Araki, E., Saffer, D.M., Kopf, A.J., Wallace, L.M., Kimura, T,, Machida, Y., Ide, S., Davis, E. and IODP
Expedition 365 shipboard scientists, 2017, Recurring and triggered slow-slip events near the
trench at the Nankai Trough subduction megathrust: Science, v. 356, no. 6343, p. 1157-1160,
https://doi.org/10.1126/science.aan3120.

Arnulf, A.F, Biemiller, J., Lavier, L., Wallace, L.M., Bassett, D., Henrys, S., Pecher, I., Crutchley,
G., and Plaza Faverola, A., 2021, Physical conditions and frictional properties in the source

region of a slow-slip event: Nature Geoscience, v. 14, p. 334-340, https://doi.org/10.1038
/s41561-021-00741-0.

Audet, P, and Biirgmann, R., 2014, Possible control of subduction zone slow-earthquake peri-
odicity by silica enrichment: Nature, v. 510, p. 389-392, https://doi.org/10.1038/nature13391.

Audet, P, and Kim, Y., 2016, Teleseismic constraints on the geological environment of deep epi-
sodic slow earthquakes in subduction zone forearcs: A review: Tectonophysics, v. 670, p. 1-15,
https://doi.org/10.1016/j.tecto.2016.01.005.

Audet, P, and Schaeffer, A.J., 2018, Fluid pressure and shear zone development over the locked
to slow slip region in Cascadia: Science Advances, v. 4, no. 3, p. eaar2982, https://doi.org
/10.1126/sciadv.aar2982.

Audet, P, Bostock, M., Christensen, N., and Peacock, S.M., 2009, Seismic evidence for overpres-
sured subducted oceanic crust and megathrust fault sealing: Nature, v. 457, p. 76-78, https://
doi.org/10.1038/nature07650.

Bachmann, R., Oncken, O., Glodny, J., Seifert, W., Georgieva, V., and Sudo, M., 2009a, Exposed
plate interface in the European Alps reveals fabric styles and gradients related to an ancient
seismogenic coupling zone: Journal of Geophysical Research, v. 114, B05402, https://doi.org
/10.1029/2008JB005927.

Bachmann, R., Glodny, J., Oncken, O., and Seifert, W., 2009b, Abandonment of the South Pen-
ninic-Austroalpine palaeo-subduction zone, Central Alps, and shift from subduction erosion
to accretion: constraints from Rb/Sr geochronology: Journal of the Geological Society of
London, v. 166, p. 217-231, https://doi.org/10.1144/0016-76492008-024.

Barnes, PM., Wallace, L.M., Saffer, D.M., Bell, R.E., IODP Expedition 372 Scientists, 2020, Slow
slip source characterized by lithological and geometric heterogeneity: Science Advances, v. 6,
no. 13, eaay3314, https://doi.org/10.1126/sciadv.aay3314.

Beall, A., Fagereng, A., and Ellis, S., 2019, Fracture and weakening of jammed subduction shear
zones, leading to the generation of slow slip events: Geochemistry, Geophysics, Geosystems,
https://doi.org/10.1029/2019GC008481.

Bebout, G.E., and Penniston-Dorland, S.C., 2016, Fluid and mass transfer at subduction inter-
faces—The field metamorphic record: Lithos, v. 240, p. 228-258, https://doi.org/10.1016/j
.lithos.2015.10.007.

Bedford, J.R., Moreno, M., Deng, Z., Oncken, O., Schurr, B., John, T., Carlos Baez, J., and Bevis, M.,
2020, Great subduction earthquakes preceded by several-months-long, thousand kilometre-
scale wobbling: Nature, v. 580, p. 628-635, https://doi.org/10.1038/s41586-020-2212-1.

Bedford, J.R., Moreno, M., Baez, J.C., Lange, D., Tilmann, F, Rosenau, M., Heidbach, O., Oncken, O.,
Ryder, |., Bevis, M., Bartsch, M., and Vigny, C., 2013, A high-resolution, time-variable afterslip
model for the 2010 Maule Mw=8.8, Chile megathrust earthquake: Earth and Planetary Science
Letters, v. 383, p. 26-36, https://doi.org/10.1016/j.epsl.2013.09.020.

Behr, W.M., Kotowski, A.J., and Ashley, K.T., 2018, Dehydration-induced rheological heterogene-
ity and the deep tremor source in warm subduction zones: Geology, v. 46, no. 5, p. 475-478,
https://doi.org/10.1130/G40105.1.

Behr, W.M., and Blrgmann, R., 2020, What's down there?: The structures, materials and envi-
ronment of deep-seated tremor and slip: Eartharxiv, https://doi.org/10.31223/osf.io/tyzb9.

Bons, PD., Elburg, M.A., and Gomez-Rivasa, E., 2012, A review of the formation of tectonic veins
and their microstructures: Journal of Structural Geology, v. 43, p. 33-62, https://doi.org/10
.1016/j.jsg.2012.07.005.

Bostock, M.G., Thomas, A.M., Savard, G., Chuang, L., and Rubin, A.M., 2015, Magnitudes and
moment-duration scaling of low-frequency earthquakes beneath southern Vancouver Island:
Journal of Geophysical Research. Solid Earth, v. 120, p. 6329-6350, https://doi.org/10.1002
/2015JB012195.

Brantut, N., Sulem, J., and Schubnel, A., 2011, Effect of dehydration reactions on earthquake
nucleation: Stable sliding, slow transients, and unstable slip: Journal of Geophysical Research,
v. 116, p. B05304, https://doi.org/10.1029/2010JB007876.

Brantut, N., Baud, P, Heap, M.J., and Meredith, PG., 2012, Micromechanics of brittle creep in
rocks: Journal of Geophysical Research, v. 117, B08412, https://doi.org/10.1029/2012JB009299.

Brodsky, E.E., Mori, J.J., Anderson, L., Chester, EM., Conin, M., Dunham, E.M., Eguchi, N., Fulton,
PM., Hino, R., Hirose, T., Ikari, M.J., Ishikawa, T., Jeppson, T., Kano, Y., Kirkpatrick, J., Kodaira,
S., Lin, W., Nakamura, Y., Rabinowitz, H.S., Regalla, C., Remitti, F, Rowe, C., Saffer, D.M., Saito,
S., Sample, J., Sanada, Y., Savage, H.M., Sun, T., Toczko, S., Ujiie, K., Wolfson-Schwehr, M.,
and Yang, T, 2020, The state of stress on the fault before, during, and after a major earth-
quake: Annual Review of Earth and Planetary Sciences, v. 48, p. 2.1-2.26, https://doi.org/10
.1146/annurev-earth-053018-060507.

Oncken et al. | Fabrics of slow slip in subduction zones



http://geosphere.gsapubs.org
https://doi.org/10.1016/j.lithos.2018.09.029
https://doi.org/10.1002/2016JB013829
https://doi.org/10.1002/2016JB013829
https://doi.org/10.1016/j.lithos.2011.09.004
https://doi.org/10.1130/G32925.1
https://doi.org/10.1016/j.lithos.2014.07.001
https://doi.org/10.1093/petrology/egu010
https://doi.org/10.1002/2015GC005776
https://doi.org/10.1002/2015GC005776
https://doi.org/10.1111/jmg.12241
https://doi.org/10.1126/science.aan3120
https://doi.org/10.1038/s41561-021-00741-0
https://doi.org/10.1038/s41561-021-00741-0
https://doi.org/10.1038/nature13391
https://doi.org/10.1016/j.tecto.2016.01.005
https://doi.org/10.1126/sciadv.aar2982
https://doi.org/10.1126/sciadv.aar2982
https://doi.org/10.1038/nature07650
https://doi.org/10.1038/nature07650
https://doi.org/10.1029/2008JB005927
https://doi.org/10.1029/2008JB005927
https://doi.org/10.1144/0016-76492008-024
https://doi.org/10.1126/sciadv.aay3314
https://doi.org/10.1029/2019GC008481
https://doi.org/10.1016/j.lithos.2015.10.007
https://doi.org/10.1016/j.lithos.2015.10.007
https://doi.org/10.1038/s41586-020-2212-1
https://doi.org/10.1016/j.epsl.2013.09.020
https://doi.org/10.1130/G40105.1
https://doi.org/10.31223/osf.io/tyzb9
https://doi.org/10.1016/j.jsg.2012.07.005
https://doi.org/10.1016/j.jsg.2012.07.005
https://doi.org/10.1002/2015JB012195
https://doi.org/10.1002/2015JB012195
https://doi.org/10.1029/2010JB007876
https://doi.org/10.1029/2012JB009299
https://doi.org/10.1146/annurev-earth-053018-060507
https://doi.org/10.1146/annurev-earth-053018-060507

GEOSPHERE | Volume 18 | Number 1

Bruhat, L., and Segall, P, 2016, Coupling on the northern Cascadia subduction zone from geodetic
measurements and physics-based models: Journal of Geophysical Research. Solid Earth,
v. 121, p. 8297-8314, https://doi.org/10.1002/2016JB013267.

Biirgmann, R., and Dresen, G., 2008, Rheology of the lower crust and upper mantle: Evidence
from rock mechanics, geodesy, and field observations: Annual Review of Earth and Planetary
Sciences, v. 36, p. 531-567, https://doi.org/10.1146/annurev.earth.36.031207.124326.

Blirgmann, R., 2018, The geophysics, geology and mechanics of slow fault slip: Earth and Planetary
Science Letters, v. 495, no. 1, p. 112-134, https://doi.org/10.1016/j.epsl|.2018.04.062.

Carpenter, B.M., Saffer, D.M., and Marone, C., 2015, Frictional properties of the active San Andreas
Fault at SAFOD: Implications for fault strength and slip behavior: Journal of Geophysical
Research. Solid Earth, v. 120, p. 5273-5289, https://doi.org/10.1002/2015JB011963.

Cerchiari, A., Remitti, F, Mittempergher, S., Festa, A., Lugli, F, and Cipriani, A., 2020, Cyclical vari-
ations of fluid sources and stress state in a shallow megathrust-zone mélange: Journal of the
Geological Society, v. 177, no. 3, p. 647-659, https://doi.org/10.1144/jgs2019-072.

Chen, J., and Spiers, C.J., 2016, Rate and state frictional and healing behavior of carbonate fault
gouge explained using microphysical model: Journal of Geophysical Research. Solid Earth,
v. 121, p. 8642-8665, https://doi.org/10.1002/2016JB013470.

Chester, EM., and Chester, J.S., 1998, Ultracataclasite structure and friction processes of the
Punchbowl fault, San Andreas system, California: Tectonophysics, v. 295, p. 199-221, https:/
doi.org/10.1016/S0040-1951(98)00121-8.

Chester, EM., and Logan, J.M., 1987, Composite planar fabric of gouge from the Punchbowl Fault,
California: Journal of Structural Geology, v. 9, no. 5-6, p. 621-634, IN5-IN6, https://doi.org
/10.1016/0191-8141(87)90147-7.

Chester, EM., Rowe, C., Ujiie, K., Kirkpatrick, J., Regalla, C., Remitti, F, Moore, J.C., Toy, V., Wolfson-
Schwehr, M., Bose, S., Kameda, J., Mori, J.J., Brodsky, E.E., Eguchi, N., Toczko, S., and Expedition
343 and 343T Scientists, 2013, Structure and composition of the plate-boundary slip zone for the
2011 Tohoku-Oki earthquake: Science, v. 342, https://doi.org/10.1126/science.1243719.

Childs, C., Manzocchi, T., Walsh, J.J., Bonson, C.G., Nicol, A., and Schépfer, M.PJ., 2009, A geo-
metric model of fault zone and fault rock thickness variations: Journal of Structural Geology,
v. 31, p. 117-127, https://doi.org/10.1016/j.jsg.2008.08.009.

Collettini, C., Niemeijer, A., Viti, C., Smith, S.A.F, and Marone, C., 2011, Fault structure, frictional
properties and mixed-mode fault slip behavior: Earth and Planetary Science Letters, v. 311,
no. 3-4, p. 316-327, https://doi.org/10.1016/j.epsl.2011.09.020.

Cowan, D.S., 1999, Do faults preserve a record of seismic slip?: A field geologist’s opinion: Jour-
nal of Structural Geology, v. 21, p. 995-1001, https://doi.org/10.1016/S0191-8141(99)00046-2.

den Hartog, S.A.M., and Spiers, C.J., 2014, A microphysical model for fault gouge friction applied
to subduction megathrusts: Journal of Geophysical Research. Solid Earth, v. 119, p. 1510-1529,
https://doi.org/10.1002/2013JB010580.

Dielforder, A., Vollstaedt, H., Vennemann, T, Berger, A., and Herwegh, M., 2015, Linking megathrust
earthquakes to brittle deformation in a fossil accretionary complex: Nature Communications,
V. 6, 7504, https://doi.org/10.1038/ncomms8504.

Dielforder, A., Hetzel, R., and Oncken, O., 2020, Megathrust shear force controls mountain height at
convergent plate margins: Nature, v. 582, p. 225-229, https://doi.org/10.1038/s41586-020-2340-7.

Dragert, H., Wang, K., and James, T.S., 2001, A silent slip event on the deeper cascadia subduction
interface: Science, v. 292, p. 1525-1528, https://doi.org/10.1126/science.1060152.

Epstein, G.S., Bebout, G.E., and Angiboust, S., 2020, Fluid and mass transfer along transient
subduction interfaces in a deep paleo-accretionary wedge (Western Alps): Chemical Geology,
v. 559, p. 119920, https://doi.org/10.1016/j.chemge0.2020.119920.

Fabbri, O., Goldsby, D.L., Chester, F, Karpoff, A.M., Morvan, G., Ujiie, K., Yamaguchi, A., Sakaguchi,
A., Li, C.F, Kimura, G., Tsutsumi, A., Screaton, E., and Curewitz, D., 2020, Deformation struc-
tures from splay and décollement faults in the Nankai accretionary prism, SW Japan (IODP
NanTroSEIZE Expedition 316): Evidence for slow and rapid slip in fault rocks: Geochemistry,
Geophysics, Geosystems, v. 21, https://doi.org/10.1029/2019GC008786.

Fagereng, A., and Diener, J.FA., 2011, Non-volcanic tremor and discontinuous slab dehydration:
Geophysical Research Letters, v. 38, L15302, https://doi.org/10.1029/2011GL048214.

Fagereng,A., and Harris, C., 2014, Interplay between fluid flow and fault-fracture mesh generation
within underthrust sediments: Geochemical evidence from the Chrystalls Beach Complex,
New Zealand: Tectonophysics, v. 612-613, p. 147-157, https://doi.org/10.1016/j.tecto.2013.12.002.

Fagereng, A., Remitti, F, and Sibson, R.H., 2010, Shear veins observed within anisotropic fabric
at high angles to the maximum compressive stress: Nature Geoscience, v. 3, p. 482-485,
https://doi.org/10.1038/ngeo898.

Fagereng,A., Remitti, F, and Sibson, R.H., 2011, Incrementally developed slickenfibers—Geolog-
ical record of repeating low stress-drop seismic events?: Tectonophysics, v. 510, p. 381-386,
https://doi.org/10.1016/j.tecto.2011.08.015.

Fagereng, A., Hillary, G.W.B., and Diener, J.FA., 2014, Brittle-viscous deformation, slow slip, and
tremor: Geophysical Research Letters, v. 41, p. 4159-4167, https://doi.org/10.1002/2014GL060433.

Fagereng, A.,and den Hartog, S.A.M., 2017, Subduction megathrust creep governed by pressure solu-
tion and frictional-viscous flow: Nature Geoscience, v. 10, p. 51-57, https://doi.org/10.1038/nge02857.

Fagereng, A., Diener, J.FA., Ellis, S., and Remitti, F, 2018, Fluid-related deformation processes at
the up- and downdip limits of the subduction thrust seismogenic zone: What do the rocks tell
us?, inByrne, T., Underwood, M.B., Fisher, D., McNeill, L., Saffer, D., Ujiie, K., and Yamaguchi,
A., eds., Geology and Tectonics of Subduction Zones: A Tribute to Gaku Kimura: Geologi-
cal Society of America Special Paper 534, p. 187-215, https://doi.org/10.1130/2018.2534(12).

Fisher, D.M., 1996, Fabrics and veins in the forearc: A record of cyclic fluid row at depths of <15
KM, in Bebout, G.E., Scholl, D.W., Kirby, S.H., and Platt, J.P, eds., Subduction Top to Bottom:
Geophysical Monograph Series: Blackwell Publishing Ltd., v. 96, p. 75-89.

Fisher, D.M. and Brantley, S.L., 2014, The role of silica redistribution in the evolution of slip instabil-
ities along subduction interfaces: Constraints from the Kodiak accretionary complex, Alaska:
Journal of Structural Geology 69, Part B, p. 395-414, https://doi.org/10.1016/j.jsg.2014.03.010.

Fisher, D.M., Smye, A.J., Marone, C., van Keken, PE., and Yamaguchi, A., 2019a, Kinetic models for
healing of the subduction interface based on observations of ancient accretionary complexes:
Geochemistry, Geophysics, Geosystems, v. 20, p. 3431-3449, https://doi.org/10.1029/2019GC008256.

Fisher, D.M., Tonai, S., Hashimoto, Y., Tomioka, N., and Oakley, D., 2019b, K-Ar dating of fossil
seismogenic thrusts in the Shimanto accretionary complex, southwest Japan: Tectonics, v. 38,
no. 11, p. 3866-3880, https://doi.org/10.1029/2019TC005571.

Frank, W.B., Radiguet, M., Rousset, B., Shapiro, N.M., Husker, A.L., Kostoglodov, V., Cotte, N.,
and Campillo, M., 2015, Uncovering the geodetic signature of silent slip through repeating
earthquakes: Geophysical Research Letters, https:/doi.org/10.1002/2015GL063685.

Frank, W., Rousset, B., Lasserre, C., and Campillo, M., 2018, Revealing the cluster of slow transients
behind a large slow slip event: Science Advances, v. 4, https://doi.org/10.1126/sciadv.aat0661.

Frank, W.B., Poli, P, and Perfettini, H., 2017, Mapping the rheology of the Central Chile subduction
zone with aftershocks: Geophysical Research Letters, v. 44, no. 11, p. 5374-5382, https:/doi
.org/10.1002/2016GL072288.

French, M.E., and Condit, C.B., 2019, Slip partitioning along an idealized subduction plate boundary
at deep slow slip conditions: Earth and Planetary Science Letters, v. 528, p. 115828, https://
doi.org/10.1016/j.epsl.2019.115828.

Gao, X., and Wang, K., 2017, Rheological separation of the megathrust seismogenic zone and
episodic tremor and slip: Nature, v. 543, p. 416-419, https://doi.org/10.1038/nature21389.
Ghosh, A., Vidale, J.E., Sweet, J.R., Creager, K.C., Wech, A.G., Houston, H., and Brodsky, E.E., 2010,
Rapid, continuous streaking of tremor in Cascadia: Geochemistry, Geophysics, Geosystems,

v. 11, Q12010, https://doi.org/10.1029/2010GC003305.

Ghosh, A., Huesca-Pérez, E., Brodsky, E., and lto, Y., 2015, Very low frequency earthquakes in
Cascadia migrate with tremor: Geophysical Research Letters, v. 42, p. 3228-3232, https://doi
.org/10.1002/2015GL063286.

Gleason, G.C., and Tullis, J., 1995, A flow law for dislocation creep of quartz aggregates deter-
mined with the molten salt cell: Tectonophysics, v. 247, p. 1-23, https://doi.org/10.1016/0040

-1951(95)00011-B.

Godard, G., and van Roermund, H.L., 1995, Deformation-induced clinopyroxene fabrics from
eclogites: Journal of Structural Geology, v. 17, no. 10, p. 1425-1443, https://doi.org/10.1016
/0191-8141(95)00038-F

Gosselin, J.M., Audet, P, Estéve, C., McLellan, M., Mosher, S.G., and Schaeffer, A.J., 2020, Seis-
mic evidence for megathrust fault-valve behavior during episodic tremor and slip: Science
Advances, v. 6, https://doi.org/10.1126/sciadv.aay5174.

Gratier, J.-P, Guiguet, R., Renard, F, Jenatton, L., and Bernard, D., 2009, A pressure solution creep
law for quartz from indentation experiments: Journal of Geophysical Research, v. 114, B03403,
https://doi.org/10.1029/2008JB005652.

Gratier, J.-P, Dysthe, D., and Renard, F, 2013, The role of pressure solution creep in the ductility of
the Earth’s upper crust, in Dmowska, R., ed., Advances in Geophysics: Elsevier, v. 54, p. 47-179,
https://doi.org/10.1016/B978-0-12-380940-7.00002-0.

Gratier, J.-P, Renard, F, and Vial, B., 2014, Postseismic pressure solution creep: Evidence and time-
dependent change from dynamic indenting experiments: Journal of Geophysical Research.
Solid Earth, v. 119, p. 2764-2779, https://doi.org/10.1002/2013JB010768.

Oncken et al. | Fabrics of slow slip in subduction zones



http://geosphere.gsapubs.org
https://doi.org/10.1002/2016JB013267
https://doi.org/10.1146/annurev.earth.36.031207.124326
https://doi.org/10.1016/j.epsl.2018.04.062
https://doi.org/10.1002/2015JB011963
https://doi.org/10.1144/jgs2019-072
https://doi.org/10.1002/2016JB013470
https://doi.org/10.1016/S0040-1951(98)00121-8
https://doi.org/10.1016/S0040-1951(98)00121-8
https://doi.org/10.1016/0191-8141(87)90147-7
https://doi.org/10.1016/0191-8141(87)90147-7
https://doi.org/10.1126/science.1243719
https://doi.org/10.1016/j.jsg.2008.08.009
https://doi.org/10.1016/j.epsl.2011.09.020
https://doi.org/10.1016/S0191-8141(99)00046-2
https://doi.org/10.1002/2013JB010580
https://doi.org/10.1038/ncomms8504
https://doi.org/10.1038/s41586-020-2340-7
https://doi.org/10.1126/science.1060152
https://doi.org/10.1016/j.chemgeo.2020.119920
https://doi.org/10.1029/2019GC008786
https://doi.org/10.1029/2011GL048214
https://doi.org/10.1016/j.tecto.2013.12.002
https://doi.org/10.1038/ngeo898
https://doi.org/10.1016/j.tecto.2011.08.015
https://doi.org/10.1002/2014GL060433
https://doi.org/10.1038/ngeo2857
https://doi.org/10.1130/2018.2534(12)
https://doi.org/10.1016/j.jsg.2014.03.010
https://doi.org/10.1029/2019GC008256
https://doi.org/10.1029/2019TC005571
https://doi.org/10.1002/2015GL063685
https://doi.org/10.1126/sciadv.aat0661
https://doi.org/10.1002/2016GL072288
https://doi.org/10.1002/2016GL072288
https://doi.org/10.1016/j.epsl.2019.115828
https://doi.org/10.1016/j.epsl.2019.115828
https://doi.org/10.1038/nature21389
https://doi.org/10.1029/2010GC003305
https://doi.org/10.1002/2015GL063286
https://doi.org/10.1002/2015GL063286
https://doi.org/10.1016/0040-1951(95)00011-B
https://doi.org/10.1016/0040-1951(95)00011-B
https://doi.org/10.1016/0191-8141(95)00038-F
https://doi.org/10.1016/0191-8141(95)00038-F
https://doi.org/10.1126/sciadv.aay5174
https://doi.org/10.1029/2008JB005652
https://doi.org/10.1016/B978-0-12-380940-7.00002-0
https://doi.org/10.1002/2013JB010768

GEOSPHERE | Volume 18 | Number 1

Guérin-Marthe, S., Nielsen, S., Bird, R., Giani, S., and Toro, G.D., 2019, Earthquake nucleation size:
Evidence of loading rate dependence in laboratory faults: Journal of Geophysical Research.
Solid Earth, v. 124, no. 1, p. 689-708, https://doi.org/10.1029/2018JB016803.

Haberland, C., Rietbrock, A., Lange, D., Bataille, K., and Dahm, T,, 2009, Structure of the seismogenic
zone of the southcentral Chilean margin revealed by local earthquake traveltime tomography:
Journal of Geophysical Research: Solid Earth, https://doi.org/10.1029/2008JB005802.

Hall, K., Schmidt, D., and Houston, H., 2019, Peak tremor rates lead peak slip rates during propa-
gation of two large slow earthquakes in Cascadia: Geochemistry, Geophysics, Geosystems,
v. 20, p. 4665-4675, https://doi.org/10.1029/2019GC008510.

Hayman, N.W., and Lavier, L., 2014, The geologic record of deep episodic tremor and slip: Geology,
v. 42, p. 195-198, https://doi.org/10.1130/G34990.1.

Heesakkers, V., Murphy, S., and Reches, Z., 2011, Earthquake rupture at focal depth, part I: Structure
and rupture of the Pretorius fault, TauTona Mine, South Africa: Pure and Applied Geophysics,
v. 168, p. 2395-2425, https://doi.org/10.1007/s00024-011-0354-7.

Hertgen, S., Yamato, P, Morales, L.F, and Angiboust, S., 2017, Evidence for brittle deformation
events at eclogite-facies PT conditions (example of the Mt. Emilius klippe, Western Alps):
Tectonophysics, v. 706, p. 1-13, https://doi.org/10.1016/j.tecto.2017.03.028.

Hutchison, A.A., and Ghosh, A., 2019, Repeating VLFEs during ETS events in Cascadia track slow
slip and continue throughout inter-ETS period: Journal of Geophysical Research. Solid Earth,
v. 124, p. 554-565, https://doi.org/10.1029/2018JB016138.

Hyndman, R.D., Yamano, M., and Oleskevich, D.A., 1997, The seismogenic zone of subduction thrust
faults: The Island Arc, v. 6, no. 3, p. 244-260, https://doi.org/10.1111/j.1440-1738.1997.tb00175.x.

Hyppolito, T., Angiboust, S., Juliani, C., Glodny, J., Garcia-Casco, A., Calderén, M., and Chopin,
C., 2016, Eclogite, amphibolite-and blueschist-facies rocks from Diego de Almagro Island
(Patagonia): Episodic accretion and thermal evolution of the Chilean subduction interface
during the Cretaceous: Lithos, v. 264, p. 422-440, https://doi.org/10.1016/j.lithos.2016.09.001.

Ide, S., and Yabe, S., 2014, Universality of slow earthquakes in the very low frequency band:
Geophysical Research Letters, v. 41, p. 2786-2793, https://doi.org/10.1002/2014GL059712.

Ide, S., Beroza, G.C., Shelly, D.R., and Uchide, T., 2007, A scaling law for slow earthquakes: Nature,
V. 447, p. 76-79, https://doi.org/10.1038/nature05780.

lkari, M.J., 2019, Laboratory slow slip events in natural geological materials: Geophysical Journal
International, v. 218, p. 354-387, https://doi.org/10.1093/gji/ggz143.

lkari, M.J., and Kopf, A.J., 2017, Seismic potential of weak, near-surface faults revealed at plate
tectonic slip rates: Science Advances, v. 3, p. €1701269, https://doi.org/10.1126/sciadv.1701269.

lkari, M.J., Marone, C., Saffer, D.M., and Kopf, A.J., 2013, Slip weakening as a mechanism for
slow earthquakes: Nature Geoscience, v. 6, p. 468-472, https://doi.org/10.1038/ngeo1818.

lkari, M., Ito, Y., Ujiie, K., and Kopf, A.J., 2015, Spectrum of slip behaviour in Tohoku fault zone
samples at plate tectonic slip rates: Nature Geoscience, v. 8, p. 870-874, https://doi.org/10
.1038/nge02547.

lkari, M.J., Wallace, L.M., Rabinowitz, H.S., Savage, H.M., Hamling, I.J., and Kopf, A.J., 2020, Obser-
vations of laboratory and natural slow slip events: Hikurangi subduction zone, New Zealand:
Geochemistry, Geophysics, Geosystems, v. 21, no. 2, https://doi.org/10.1029/2019GC008717.

Im, K., Saffer, D., Marone, C., and Avouac, J.-P, 2020, Slip-rate-dependent friction as a universal
mechanism for slow slip events: Nature Geoscience, https://doi.org/10.1038/s41561-020-0627-9.

loannidi, Pl., Angiboust, S., Oncken, O., Agard, P, Glodny, J., and Sudo, M., 2020, Deformation
along the roof of a fossil subduction interface in the transition zone below seismogenic
coupling: The Austroalpine case and new insights from the Malenco Massif (Central Alps):
Geosphere, v. 16, p. 510-532, https://doi.org/10.1130/GES02149.1.

Ito, Y., Obara, K., Shiomi, K., Sekine, S., and Hirose, H., 2007, Slow earthquakes coincident with
episodic tremors and slow slip events: Science, v. 315, p. 503, https://doi.org/10.1126/science
.1134454.

Jaeckel, K., Bebout, G.E., and Angiboust, S., 2018, Deformation-enhanced fluid and mass transfer
along Western and Central Alps paleo-subduction interfaces: Significance for carbon cycling
models: Geosphere, v. 14, no. 6, p. 2355-2375, https://doi.org/10.1130/GES01587.1.

Jiang, Y, Liu, Z., Davis, E.E., Schwartz, S.Y., Dixon, T.H., Voss, N., Malservisi, R., and Protti, M., 2017,
Strain release at the trench during shallow slow slip: The example of Nicoya Peninsula, Costa
Rica: Geophysical Research Letters, v. 44, p. 4846-4854, https://doi.org/10.1002/2017GL072803.

Kaproth, M., and Marone, C., 2013, Slow earthquakes, preseismic velocity changes, and the
origin of slow frictional stick-slip: Science, v. 341, no. 6151, p. 1229-1232, https://doi.org/10
.1126/science.1239577.

Kato, A., lidaka, T, Ikuta, R., Yoshida, Y., Katsumata, K., lwasaki, T., Sakai, S., Thurber, C., Tsumura,
N., Yamaoka, K., Watanabe, T., Kunitomo, T., Yamazaki, F,, Okubo, M., Suzuki, S., and Hirata, N.,
2010, Variations of fluid pressure within the subducting oceanic crust and slow earthquakes:
Geophysical Research Letters, v.. 37, L14310, https://doi.org/10.1029/2010GL043723.

Keppler, R., 2018, Crystallographic preferred orientations in eclogites—A review: Journal of Struc-
tural Geology, v. 115, p. 284-296, https://doi.org/10.1016/j.jsg.2018.04.003.

Kimura, G., Yamaguchi, A., Hojo, M., Kitamura, Y., Kameda, J., Ujiie, K., Hamada, Y., Hamahashi,
M., and Hina, S., 2012, Tectonic mélange as fault rock of subduction plate boundary: Tectono-
physics, v. 568-569, p. 25-38, https://doi.org/10.1016/j.tecto.2011.08.025.

Kimura, G., Hamahashi, M., Okamoto, S.Y., Yamaguchi, A., Kameda, J., Raimbourg, H., and Shibata,
T., 2013, Hanging wall deformation of a seismogenic megasplay fault in an accretionary prism:
The Nobeoka Thrust in southwestern Japan: Journal of Structural Geology, v. 52, p. 136-147,
https://doi.org/10.1016/j.jsg.2013.03.015.

Kirkpatrick, J.D., Fagereng, A., and Shelly, D.R., 2021, Geological constraints on the mechanisms
of slow earthquakes: Nature Reviews Earth & Environment, v. 2, p. 285-301, https://doi.org
/10.1038/s43017-021-00148-w.

Kitajima, H., and Saffer, D.M., 2012, Elevated pore pressure and anomalously low stress in regions
of low frequency earthquakes along the Nankai Trough subduction megathrust: Geophysical
Research Letters, v. 39, L23301, https://doi.org/10.1029/2012GL053793.

Kitamura, Y., Sato, K., [kesawa, E., [kehara-Ohmori, K., Kimura, G., Kondo, H., Ujiie, K., Tiemi Onishi,
C., Kawabata, K., Hashimoto, Y., Mukoyoshi, H., and Masago, H., 2005, Mélange and its seis-
mogenic roof décollement: A plate boundary fault rock in the subduction zone—An example
from the Shimanto Belt, Japan: Tectonics, v. 24, TC5012, https://doi.org/10.1029/2004TC001635.

Koch, N., and Masch, L., 1992, Formation of Alpine mylonites and pseudotchylytes at the base of
the Silvretta nappe, Eastern Alps: Tectonophysics, v. 204, p. 289-306, https://doi.org/10.1016
/0040-1951(92)90313-U.

Kodaira, S., lidaka, T., Kato, A., Park, J.-O., lwasaki, T., and Kaneda, Y., 2004, High pore fluid pres-
sure may cause silent slip in the Nankai Trough: Science, v. 304, p. 1295, https://doi.org/10
.1126/science.1096535.

Kondo, H., Kimura, G., Masago, H., Ohmori-lkehara, K., Kitamura, Y., Ikesawa, E., Sakaguchi, A.,
Yamaguchi, A., and Okamoto, S., 2005, Deformation and fluid flow of a major out-of-sequence
thrust located at seismogenic depth in an accretionary complex: Nobeoka Thrust in the Shi-
manto Belt, Kyushu, Japan: Tectonics, v. 24, TC6008, https://doi.org/10.1029/2004TC001655.

Konrad-Schmolke, M., O'Brien, PJ., and Zack, T., 2011, Fluid migration above a subducted slab—
Constraints on amount, pathways and major element mobility from partially overprinted
eclogite-facies rocks (Sesia Zone, Western Alps): Journal of Petrology, v. 52, no. 3, p. 457-486,
https://doi.org/10.1093/petrology/egq087.

Kotowski, A.J., and Behr, W.M., 2019, Length scales and types of heterogeneities along the deep
subduction interface: Insights from exhumed rocks on Syros Island, Greece: Geosphere, v. 15,
no. 4, p. 1038-1065, https://doi.org/10.1130/GES02037.1.

Lange, D., Bedford, J.R., Moreno, M., Tilmann, F, Baez, J.C., Bevis, M., and Kriiger, F, 2014, Com-
parison of postseismic afterslip models with aftershock seismicity for three subduction-zone
earthquakes: Nias 2005, Maule 2010 and Tohoku 2011: Geophysical Journal International,
v. 199, p. 784-799, https://doi.org/10.1093/gji/ggu292.

Leeman, J.R., Saffer, D.M., Scuderi, M.M., and Marone, C., 2016, Laboratory observations of slow
earthquakes and the spectrum of tectonic fault slip modes: Nature Communications, v. 7,
article no. 11104, https://doi.org/10.1038/ncomms11104.

Liu, Y., and Rice, J.R., 2005, Aseismic slip transients emerge spontaneously in three-dimensional
rate and state modelling of subduction earthquake sequences: Journal of Geophysical
Research, v. 110, B08307, https://doi.org/10.1029/2004JB003424.

Locatelli, M., Verlaguet, A., Agard, P, Federico, L., and Angiboust, S., 2018, Intermediate-depth
brecciation along the subduction plate interface (Monviso eclogite, W. Alps): Lithos, v. 320,
p. 378-402, https://doi.org/10.1016/j.lith0s.2018.09.028.

Luan, EC., and Paterson, M.S., 1992, Preparation and deformation of synthetic aggregates of
quartz: Journal of Geophysical Research, v. 97, p. 301-320, https://doi.org/10.1029/91JB01748.

Luo, Y., and Liu, Z., 2019, Rate-and-state model casts new insight into episodic tremor and slow-
slip variability in Cascadia: Geophysical Research Letters, v. 46, p. 6352-6362, https://doi.org
/10.1029/2019GL082694.

Lusk, A.D.J., and Platt, J.P, 2020, The deep structure and rheology of a plate boundary-scale
shear zone: Constraints from an exhumed Caledonian shear zone, NW Scotland: Lithosphere,
v. 2020, Article ID 8824736, 33 p., https:/doi.org/10.2113/2020/8824736.

Oncken et al. | Fabrics of slow slip in subduction zones



http://geosphere.gsapubs.org
https://doi.org/10.1029/2018JB016803
https://doi.org/10.1029/2008JB005802
https://doi.org/10.1029/2019GC008510
https://doi.org/10.1130/G34990.1
https://doi.org/10.1007/s00024-011-0354-7
https://doi.org/10.1016/j.tecto.2017.03.028
https://doi.org/10.1029/2018JB016138
https://doi.org/10.1111/j.1440-1738.1997.tb00175.x
https://doi.org/10.1016/j.lithos.2016.09.001
https://doi.org/10.1002/2014GL059712
https://doi.org/10.1038/nature05780
https://doi.org/10.1093/gji/ggz143
https://doi.org/10.1126/sciadv.1701269
https://doi.org/10.1038/ngeo1818
https://doi.org/10.1038/ngeo2547
https://doi.org/10.1038/ngeo2547
https://doi.org/10.1029/2019GC008717
https://doi.org/10.1038/s41561-020-0627-9
https://doi.org/10.1130/GES02149.1
https://doi.org/10.1126/science.1134454
https://doi.org/10.1126/science.1134454
https://doi.org/10.1130/GES01587.1
https://doi.org/10.1002/2017GL072803
https://doi.org/10.1126/science.1239577
https://doi.org/10.1126/science.1239577
https://doi.org/10.1029/2010GL043723
https://doi.org/10.1016/j.jsg.2018.04.003
https://doi.org/10.1016/j.tecto.2011.08.025
https://doi.org/10.1016/j.jsg.2013.03.015
https://doi.org/10.1038/s43017-021-00148-w
https://doi.org/10.1038/s43017-021-00148-w
https://doi.org/10.1029/2012GL053793
https://doi.org/10.1029/2004TC001635
https://doi.org/10.1016/0040-1951(92)90313-U
https://doi.org/10.1016/0040-1951(92)90313-U
https://doi.org/10.1126/science.1096535
https://doi.org/10.1126/science.1096535
https://doi.org/10.1029/2004TC001655
https://doi.org/10.1093/petrology/egq087
https://doi.org/10.1130/GES02037.1
https://doi.org/10.1093/gji/ggu292
https://doi.org/10.1038/ncomms11104
https://doi.org/10.1029/2004JB003424
https://doi.org/10.1016/j.lithos.2018.09.028
https://doi.org/10.1029/91JB01748
https://doi.org/10.1029/2019GL082694
https://doi.org/10.1029/2019GL082694
https://doi.org/10.2113/2020/8824736

GEOSPHERE | Volume 18 | Number 1

Menant, A., Angiboust, S., Monié, P, Oncken, O., and Guigner, J.M., 2018, Brittle-ductile deforma-
tion during Alpine basal accretion and the origin of seismicity nests above the subduction
interface: Earth and Planetary Science Letters, v. 487, p. 84-93, https://doi.org/10.1016/j.epsl
.2018.01.029.

Meneghini, F, and Moore, J.C., 2007, Deformation and hydrofracture in a subduction thrust at
seismogenic depths; the Rodeo Cove thrust zone, Marin Headlands, California: Geological
Society of America Bulletin, v. 119, no. 1-2, p. 174-183, https://doi.org/10.1130/B25807.1.

Meneghini, F, Di Toro, G., Rowe, C.D., Moore, J.C., Tsutsumi, A., and Yamaguchi, A., 2010, Record
of mega-earthquakes in subduction thrusts: The black fault rocks of Pasagshak Point (Kodiak
Island, Alaska): Geological Society of America Bulletin, v. 122, no. 7/8, p. 1280-1297, https://
doi.org/10.1130/B30049.1.

Miller, S., and Nur, A., 2000, Permeability as a toggle switch in fluid-controlled crustal processes:
Earth and Planetary Science Letters, v. 183, p. 133-146, https://doi.org/10.1016/S0012-821X
(00)00263-6.

Mizukami, T., Yokoyama, H., Hiramatsu, Y., Arai, S., Kawahara, H., Nagaya, T., and Wallis, S.R.,
2014, Two types of antigorite serpentinite controlling heterogeneous slow-slip behaviours
of slab-mantle interface: Earth and Planetary Science Letters, v. 401, p. 148-158, https://doi
.org/10.1016/j.epsl.2014.06.009.

Montgomery-Brown, E.K., and Syracuse, E.M., 2015, Tremor-genic slow slip regions may be deeper
and warmer and may slip slower than nontremor-genic regions: Geochemistry, Geophysics,
Geosystems, v. 16, p. 3593-3606, https://doi.org/10.1002/2015GC005895.

Moreno, M., Haberland, C., Oncken, O., Rietbrock, A., Angiboust, S., and Heidbach, O., 2014,
Locking of the Chile subduction zone controlled by fluid pressure before the 2010 earthquake:
Nature Geoscience, v. 7, p. 292-296, https://doi.org/10.1038/ngeo2102.

Munoz-Montecinos, J., Angiboust, S., Cambeses, A., and Garcia-Casco, A., 2020, Multiple veining
in a paleo—-accretionary wedge: The metamorphic rock record of prograde dehydration and
transient high pore-fluid pressures along the subduction interface (Western Series, central
Chile): Geosphere, v. 16, no. 3, p. 765-786, https://doi.org/10.1130/GES02227.1.

Munoz-Montecinos, J., Angiboust, S., Garcia-Casco, A., Glodny, J., and Bebout, G., 2021a, Episodic
hydrofracturing and large-scale flushing along deep subduction interfaces: Implications for
fluid transfer and carbon recycling (Zagros Orogen, southeastern Iran): Chemical Geology,
v. 571, p. 120173, https://doi.org/10.1016/j.chemge0.2021.120173.

Nakano, M., Hori, T, Araki, E., Kodaira, S., and Ide, S., 2018, Shallow very-low-frequency earth-
quakes accompany slow slip events in the Nankai subduction zone: Nature Communications,
v. 9, https://doi.org/10.1038/s41467-018-03431-5.

Nakajima, J., and Uchida, N., 2018, Repeated drainage from megathrusts during episodic slow
slip: Nature Geoscience, v. 11, p. 351-356, https://doi.org/10.1038/s41561-018-0090-z.

Niemeijer, A.R., Spiers, C.J., and Bos, B., 2002, Compaction creep of quartz sand at 400-600°C:
experimental evidence for dissolution-controlled pressure solution: Earth and Planetary Sci-
ence Letters, v. 195, p. 261-275, https://doi.org/10.1016/S0012-821X(01)00593-3.

Niemeijer, A.R., Di Toro, G., Griffith, W.A., Bistacchi, A., Smith, S.A.F, and Nielsen, S., 2012, Inferring
earthquake physics and chemistry using an integrated field and laboratory approach: Journal
of Structural Geology, v. 39, p. 2-36, https://doi.org/10.1016/j.jsg.2012.02.018.

Nishimura, T., 2014, Short-term slow slip events along the Ryukyu Trench, southwestern Japan,
observed by continuous GNSS: Progress in Earth and Planetary Science, v. 1, p. 22, https:/
doi.org/10.1186/s40645-014-0022-5.

Obara, K., 2011, Characteristics and interactions between non-volcanic tremor and related slow
earthquakes in the Nankai subduction zone, southwest Japan: Journal of Geodynamics, v. 52,
p. 229-248, https://doi.org/10.1016/j.jog.2011.04.002.

Obara, K., and Kato, A., 2016, Connecting slow earthquakes to huge earthquakes: Science, v. 353,
no. 6296, p. 253-257, https://doi.org/10.1126/science.aaf1512.

Oleskevich, D.A., Hyndman, R.D., and Wang, K., 1999, The updip and downdip limits to great sub-
duction earthquakes: Thermal and structural models of Cascadia, south Alaska, SW Japan,
and Chile: Journal of Geophysical Research, v. 104, p. 14,965-14,991, https://doi.org/10.1029
/1999JB900060.

Page, M.T, Custodio, S., Archuleta, R.J., and Carlson, J.M., 2009, Constraining earthquake source
inversions with GPS data: 1. Resolution-based removal of artifacts: Journal of Geophysical
Research, v. 114, B01314, https://doi.org/10.1029/2007JB005449.

Peacock, S.M., and Hyndman, R.D., 1999, Hydrous minerals in the mantle wedge and the max-
imum depth of subduction thrust earthquakes: Geophysical Research Letters, v. 26, no. 16,
p. 2517-2520, https://doi.org/10.1029/1999GL900558.

Peacock, S.M., Christensen, N.I., Bostock, M.G., and Audet, P, 2011, High pore pressures and
porosity at 35 km depth in the Cascadia subduction zone: Geology, v. 39, p. 471-474, https:/
doi.org/10.1130/G31649.1.

Peng, Z., and Gomberg, J., 2010, An integrated perspective of the continuum between earthquakes
and slow-slip phenomena: Nature Geoscience, v. 3, p. 599-607, https://doi.org/10.1038/nge0940.

Pennacchioni, G., 1996, Progressive eclogitization under fluid-present conditions of pre-Alpine
mafic granulites in the Austroalpine Mt Emilius Klippe (Italian Western Alps): Journal of
Structural Geology, v. 18, no. 5, p. 549-561, https://doi.org/10.1016/S0191-8141(96)80023-X.

Pennacchioni, G., Scambelluri, M., Bestmann, M., Notini, L., Nimis, P, Plimper, O., and Nestola, F, 2020,
Record of intermediate-depth subduction seismicity in a dry slab from an exhumed ophiolite:
Earth and Planetary Science Letters, v. 548, p. 116490, https://doi.org/10.1016/j.epsl|.2020.116490.

Philippot, P, and van Roermund, H.L., 1992, Deformation processes in eclogitic rocks: Evidence for
the rheological delamination of the oceanic crust in deeper levels of subduction zones: Journal
of Structural Geology, v. 14, no. 8-9, p. 1059-1077, https://doi.org/10.1016/0191-8141(92)90036-V.

Phillips, N. J., Motohashi, G., Ujiie, K., and Rowe, C. D., 2020, Evidence of localized failure along
altered basaltic blocks in tectonic mélange at the updip limit of the seismogenic zone: Impli-
cations for the shallow slow earthquake source: Geochemistry, Geophysics, Geosystems, 21,
https://doi.org/10.1029/2019GC008839.

Platt, J.PH., 2018, Xia and W. Lamborn Schmidt, 2018, Rheology and stress in subduction zones
around the aseismic/seismic transition: Progress in Earth and Planetary Science, v. 5, p. 24,
https://doi.org/10.1186/s40645-018-0183-8.

Raimbourg, H., Famin, V., Palazzin, G., Mayoux, M., Jolivet, L., Ramboz, C., and Yamaguchi, A.,
2018, Fluid properties and dynamics along the seismogenic plate interface: Geosphere, v. 14,
no. 2, p. 469-491, https://doi.org/10.1130/GES01504.1.

Ramsay, J.G., and Huber, M.l., 1983, The Techniques of Modern Structural Geology. Volume 1:
Strain Analysis: London, Academic Press, 307 p.

Rogers, G., and Dragert, H., 2003, Episodic Tremor and Slip on the Cascadia Subduction Zone:
The Chatter of Silent Slip: Science, v. 300, no. 5627, p. 1942-1943, https://doi.org/10.1126
/science.1084783.

Rowe, C., Moore, J.C., Meneghini, F, and McKiernan, A.W., 2005, Largescale pseudotachylytes and
fluidized ultracataclasites from an ancient subduction thrust fault: Geology, v. 33, p. 937-940,
https://doi.org/10.1130/G21856.1.

Rowe, C.D., Meneghini, F, and Moore, J.C., 2011, Textural record of the seismic cycle: strain-rate
variation in an ancient subduction thrust, in Fagereng, A., Toy, V.G., and Rowland, J.V., eds.,
Geology of the Earthquake Source: A Volume in Honour of Rick Sibson: Geological Society
of London, Special Publication 359, p. 77-95, https://doi.org/10.1144/SP359.5.

Rowe, C.D., Moore, J.C., Remitti, F, and Expedition, I.0.D.P, 2013, 343/343T Scientists, 2013, The
thickness of subduction plate boundary faults from the seafloor into the seismogenic zone:
Geology, v. 41, no. 9, p. 991-994, https://doi.org/10.1130/G34556.1.

Rowe, C.D., and Griffith, W.A., 2015, Do faults preserve a record of seismic slip: A second opin-
ion: Journal of Structural Geology, v. 78, p. 1-26, https://doi.org/10.1016/j.jsg.2015.06.006.

Rubin, A.M., 2008, Episodic slow slip events and rate-and-state friction: Journal of Geophysical
Research, v. 113, p. B11414, https://doi.org/10.1029/2008JB005642.

Rubinstein, J.L., Shelly, D.R., and Ellsworth, W.L., 2010, Non-volcanic tremor: A window into the
roots of fault zone, in Cloetingh, S., and Negendank, J., eds., New Frontiers in Integrated Solid
Earth Sciences: New York, Springer, p. 287-314, https://doi.org/10.1007/978-90-481-2737-5_8.

Rutter, E.H., 1983, Pressure solution in nature, theory and experiment: Journal of the Geological
Society of London, v. 140, p. 725-740, https://doi.org/10.1144/gsjgs.140.5.0725.

Rutter, E.H., and Brodie, K.H., 2004, Experimental intracrystalline plastic flow in hot-pressed syn-
thetic quartzite prepared from Brazilian quartz crystals: Journal of Structural Geology, v. 26,
p. 259-270, https://doi.org/10.1016/S0191-8141(03)00096-8.

Saffer, D.M., and Tobin, H.J., 2011, Hydrogeology and mechanics of subduction zone forearcs: Fluid
flow and pore pressure: Annual Review of Earth and Planetary Sciences, v. 39, p. 157-186,
https://doi.org/10.1146/annurev-earth-040610-133408.

Saffer, D.M., and Wallace, L.M., 2015, The frictional, hydrologic, metamorphic and thermal hab-
itat of shallow slow earthquakes: Nature Geoscience, v. 8, no. 8, p. 594-600, https://doi.org
/10.1038/nge02490.

Scholz, C.H, 2019, The Mechanics of Earthquakes and Faulting (3rd ed.): Cambridge, UK, Cam-
bridge University Press, https://doi.org/10.1017/9781316681473.

Scholz, C.H., 1987, Wear and gouge formation in brittle faults: Geology, v. 15, p. 493-495, https:/
doi.org/10.1130/0091-7613(1987)15<493:WAGFIB>2.0.CO;2.

Oncken et al. | Fabrics of slow slip in subduction zones



http://geosphere.gsapubs.org
https://doi.org/10.1016/j.epsl.2018.01.029
https://doi.org/10.1016/j.epsl.2018.01.029
https://doi.org/10.1130/B25807.1
https://doi.org/10.1130/B30049.1
https://doi.org/10.1130/B30049.1
https://doi.org/10.1016/S0012-821X(00)00263-6
https://doi.org/10.1016/S0012-821X(00)00263-6
https://doi.org/10.1016/j.epsl.2014.06.009
https://doi.org/10.1016/j.epsl.2014.06.009
https://doi.org/10.1002/2015GC005895
https://doi.org/10.1038/ngeo2102
https://doi.org/10.1130/GES02227.1
https://doi.org/10.1016/j.chemgeo.2021.120173
https://doi.org/10.1038/s41467-018-03431-5
https://doi.org/10.1038/s41561-018-0090-z
https://doi.org/10.1016/S0012-821X(01)00593-3
https://doi.org/10.1016/j.jsg.2012.02.018
https://doi.org/10.1186/s40645-014-0022-5
https://doi.org/10.1186/s40645-014-0022-5
https://doi.org/10.1016/j.jog.2011.04.002
https://doi.org/10.1126/science.aaf1512
https://doi.org/10.1029/1999JB900060
https://doi.org/10.1029/1999JB900060
https://doi.org/10.1029/2007JB005449
https://doi.org/10.1029/1999GL900558
https://doi.org/10.1130/G31649.1
https://doi.org/10.1130/G31649.1
https://doi.org/10.1038/ngeo940
https://doi.org/10.1016/S0191-8141(96)80023-X
https://doi.org/10.1016/j.epsl.2020.116490
https://doi.org/10.1016/0191-8141(92)90036-V
https://doi.org/10.1029/2019GC008839
https://doi.org/10.1186/s40645-018-0183-8
https://doi.org/10.1130/GES01504.1
https://doi.org/10.1126/science.1084783
https://doi.org/10.1126/science.1084783
https://doi.org/10.1130/G21856.1
https://doi.org/10.1144/SP359.5
https://doi.org/10.1130/G34556.1
https://doi.org/10.1016/j.jsg.2015.06.006
https://doi.org/10.1029/2008JB005642
https://doi.org/10.1007/978‐90‐481‐2737‐5_8
https://doi.org/10.1144/gsjgs.140.5.0725
https://doi.org/10.1016/S0191-8141(03)00096-8
https://doi.org/10.1146/annurev-earth-040610-133408
https://doi.org/10.1038/ngeo2490
https://doi.org/10.1038/ngeo2490
https://doi.org/10.1017/9781316681473
https://doi.org/10.1130/0091-7613(1987)15<493:WAGFIB>2.0.CO;2
https://doi.org/10.1130/0091-7613(1987)15<493:WAGFIB>2.0.CO;2

GEOSPHERE | Volume 18 | Number 1

Scholz, C.H., 1997, Scaling properties of faults and their populations: International Journal of Rock
Mechanics and Mining Sciences, v. 34, p. 273.e1-273.e9.

Scholz, C.H., and Campos, J., 2012, The seismic coupling of subduction zones revisited: Journal
of Geophysical Research, v. 117, B05310, https://doi.org/10.1029/2011JB009003.

Schwartz, S.Y., and Rokosky, J.M., 2007, Slow slip events and seismic tremor at Circum-Pacific sub-
duction zones: Reviews of Geophysics, v. 45, RG3004, https://doi.org/10.1029/2006RG000208.

Scuderi, M.M., Collettini, C., Viti, C., Tinti, E., and Marone, C., 2017, Evolution of shear fabric in
granular fault gouge from stable sliding to stick slip and implications for fault slip mode:
Geology, v. 45, p. 731-734, https://doi.org/10.1130/G39033.1.

Shapiro, N.M., Campillo, M., Kaminski, E., Vilotte, J.-P, and Jaupart, C., 2018, Low-frequency
earthquakes and pore pressure transients in subduction zones: Geophysical Research Letters,
v. 45, p. 11,083-11,094, https://doi.org/10.1029/2018GL079893.

Sibson, R.H., 1977, Fault rocks and fault mechanisms: Journal of the Geological Society of London,
v. 133, p. 191-213, https:/doi.org/10.1144/gsjgs.133.3.0191.

Sibson, R.H., 1983, Continental fault structure and the shallow earthquake source: Journal of
the Geological Society of London, v. 140, p. 741-767, https://doi.org/10.1144/gsjgs.140.5.0741.

Sibson, R.H., 1992, Fault-valve behavior and the hydrostatic-lithostatic fluid pressure interface:
Earth-Science Reviews, v. 32, p. 141-144, https://doi.org/10.1016/0012-8252(92)90019-P.

Sibson, R.H., 2003, Thickness of the seismic slip zone: Bulletin of the Seismological Society of
America, v. 93, no. 3, p. 1169-1178, https://doi.org/10.1785/0120020061.

Stockhert, B., 2002, Stress and deformation in subduction zones: Insight from the record of exhumed
metamorphic rocks, in De Meer, S., Drury, M.R., De Bresser, J.H.P, and Pennock, G.M., eds., Defor-
mation Mechanisms, Rheology and Tectonics: Current Status and Future Perspectives: Geological
Society of London, Special Publication 200, p. 255274, https://doi.org/10.1144/GSL.SP.2001.200.01.15.

Syracuse, E.M., van Keken, PE., and Abers, G.A., 2010, The global range of subduction zone
thermal models: Physics of the Earth and Planetary Interiors, v. 183, p. 73-90, https://doi.org
/10.1016/j.pepi.2010.02.004.

Taetz, S., John, T., Brécker, M., Spandler, C., and Stracke, A., 2017, Fast intraslab fluid-flow events
linked to pulses of high pore fluid pressure at the subducted plate: Earth and Planetary Sci-
ence Letters, v. 482, p. 33-43, https://doi.org/10.1016/j.eps|.2017.10.044.

Tarling, M.S., Smith, S.A.F, and Scott, J.M., 2019, Fluid overpressure from chemical reactions
in serpentinite within the source region of deep episodic tremor: Nature Geoscience, v. 12,
p. 1034-1042, https://doi.org/10.1038/s41561-019-0470-z.

Thomas, A.M., Beroza, G.C., and Shelly, D.R., 2016, Constraints on the source parameters of
low-frequency earthquakes on the San Andreas Fault: Geophysical Research Letters, v. 43,
p. 1464-1471, https://doi.org/10.1002/2015GL067173.

Tokle, L., Hirth, G., and Behr, W.M., 2019, Flow laws and fabric transitions in wet quartzite: Earth
and Planetary Science Letters, v. 505, p. 152-161, https://doi.org/10.1016/j.epsl.2018.10.017.

Tonai, S., Ito, S., Hashimoto, Y., Tamura, H., and Tomioka, N., 2016, Complete “Ar resetting in an
ultracataclasite by reactivation of a fossil seismogenic fault along the subducting plate inter-
face in the Mugi Mélange of the Shimanto accretionary complex, southwest Japan: Journal
of Structural Geology, v. 89, p. 19-29, https://doi.org/10.1016/j.jsg.2016.05.004.

Torabi, A., and Berg, S.S., 2011, Scaling of fault attributes: A review: Marine and Petroleum Geology,
v. 28, p. 1444-1460, https://doi.org/10.1016/j.marpetgeo.2011.04.003.

Ujiie, K., and Kimura, G., 2014, Earthquake faulting in subduction zones: insights from fault rocks
in accretionary prisms: Progress in Earth and Planetary Science, v. 1, no. 1, p. 7, https://doi
.org/10.1186/2197-4284-1-7.

Ujiie, K., Saishu, H., Fagereng, A., Nishiyama, N., Otsubo, M., Masuyama, H., and Kagi, H., 2018,
An explanation of episodic tremor and slow slip constrained by crack-seal veins and viscous
shear in subduction mélanges: Geophysical Research Letters, v. 45, p. 5371-5379, https://doi
.org/10.1029/2018GL078374.

Vannucchi, P, 2019, Scaly fabric and slip within fault zones: Geosphere, v. 15, no. 2, p. 342-356,
https://doi.org/10.1130/GES01651.1.

Vannucchi, P, and Leoni, L., 2007, Structural characterization of the Costa Rica décollement:
Evidence for seismically-induced fluid pulsing: Earth and Planetary Science Letters, v. 262,
no. 3-4, p. 413-428, https://doi.org/10.1016/j.epsl.2007.07.056.

Vannucchi, P, Remitti, F, and Bettelli, G., 2008, Geological record of fluid flow and seismogenesis
along an erosive subducting plate boundary: Nature, v. 451, p. 699-703, https://doi.org/10
.1038/nature06486.

Vannucchi, P, Remitti, F, Bettelli, G., Boschi, C., and Dallai, L., 2010, Fluid history related to the early
Eocene-middle Miocene convergent system of the Northern Apennines (ltaly): Constraints
from structural and isotopic studies: Journal of Geophysical Research, v. 115, B05405, https://
doi.org/10.1029/2009JB006590.

Vrolijk, P, Myers, G., and Moore, J.C., 1988, Warm fluid migration along tectonic mélanges in
the Kodiak accretionary complex, Alaska: Journal of Geophysical Research. Solid Earth, v. 93,
p. 10,313-10,324, https://doi.org/10.1029/JB093iB09p10313.

Wakabayashi, J., and Rowe, C.D., 2015, Whither the megathrust? Localization of large-scale subduc-
tion slip along the contact of a mélange: International Geology Review, v. 57, p. 5-8, 854-870,
https://doi.org/10.1080/00206814.2015.1020453.

Wallace, L.M., and Eberhart-Philipps, D., 2013, Newly observed, deep slow slip events at the central
Hikurangi margin, New Zealand: Implications for downdip variability of slow slip and tremor,
and relationship to seismic structure: Geophysical Research Letters, v. 40, p. 5393-5398, https://
doi.org/10.1002/2013GL057682.

Wang, K., and Bilek, S.L., 2014, Invited review paper: Fault creep caused by subduction of rough
seafloor relief: Tectonophysics, v. 610, p. 1-24, https://doi.org/10.1016/j.tecto.2013.11.024.
Wang, K., Brown, L., Hu, Y., Yoshida, K., He, J., and Sun, T., 2019, Stable forearc stressed by a weak
megathrust: Mechanical and geodynamic implications of stress changes caused by the M =
9 Tohoku-Oki earthquake: Journal of Geophysical Research. Solid Earth, v. 124, p. 6179-6194,

https://doi.org/10.1029/2018JB017043.

Warren-Smith, E., Fry, B., Wallace, L., Chon, E., Henrys, S., Sheehan, A., Mochizuki, K., Schwartz,
S., Webb, S., and Lebedeyv, S., 2019, Episodic stress and fluid pressure cycling in subducting
oceanic crust during slow slip: Nature Geoscience, v. 12, p. 475-481, https://doi.org/10.1038
/s41561-019-0367-x.

Wassmann, S., and Stdckhert, B., 2013, Rheology of the plate interface —Dissolution precipitation
creep in high pressure metamorphic rocks: Tectonophysics, v. 608, p. 1-29, https://doi.org
/10.1016/j.tecto.2013.09.030.

Yamashita, Y., Yakiwara, H., Asano, Y., Shimizu, H., Uchida, K., Hirano, S., Umakoshi, K., Miya-
machi, H., Nakamoto, M., Fukui, M., Kamizono, M., Kanehara, H., Yamada, T., Shinohara, M.,
and Obara, K., 2015, Migrating tremor off southern Kyushu as evidence for slow slip of a
shallow subduction interface: Science, v. 348, no. 6235, p. 676-679, https://doi.org/10.1126
/science.aaad242.

Yamato, P, Duretz, T.,, and Angiboust, S., 2019, Brittle/ductile deformation of eclogites: insights
from numerical models: Geochemistry, Geophysics, Geosystems, v. 20, no. 7, p. 3116-3133,
https://doi.org/10.1029/2019GC008249.

Oncken et al. | Fabrics of slow slip in subduction zones



http://geosphere.gsapubs.org
https://doi.org/10.1029/2011JB009003
https://doi.org/10.1029/2006RG000208
https://doi.org/10.1130/G39033.1
https://doi.org/10.1029/2018GL079893
https://doi.org/10.1144/gsjgs.133.3.0191
https://doi.org/10.1144/gsjgs.140.5.0741
https://doi.org/10.1016/0012-8252(92)90019-P
https://doi.org/10.1785/0120020061
https://doi.org/10.1144/GSL.SP.2001.200.01.15
https://doi.org/10.1016/j.pepi.2010.02.004
https://doi.org/10.1016/j.pepi.2010.02.004
https://doi.org/10.1016/j.epsl.2017.10.044
https://doi.org/10.1038/s41561-019-0470-z
https://doi.org/10.1002/2015GL067173
https://doi.org/10.1016/j.epsl.2018.10.017
https://doi.org/10.1016/j.jsg.2016.05.004
https://doi.org/10.1016/j.marpetgeo.2011.04.003
https://doi.org/10.1186/2197-4284-1-7
https://doi.org/10.1186/2197-4284-1-7
https://doi.org/10.1029/2018GL078374
https://doi.org/10.1029/2018GL078374
https://doi.org/10.1130/GES01651.1
https://doi.org/10.1016/j.epsl.2007.07.056
https://doi.org/10.1038/nature06486
https://doi.org/10.1038/nature06486
https://doi.org/10.1029/2009JB006590
https://doi.org/10.1029/2009JB006590
https://doi.org/10.1029/JB093iB09p10313
https://doi.org/10.1080/00206814.2015.1020453
https://doi.org/10.1002/2013GL057682
https://doi.org/10.1002/2013GL057682
https://doi.org/10.1016/j.tecto.2013.11.024
https://doi.org/10.1029/2018JB017043
https://doi.org/10.1038/s41561-019-0367-x
https://doi.org/10.1038/s41561-019-0367-x
https://doi.org/10.1016/j.tecto.2013.09.030
https://doi.org/10.1016/j.tecto.2013.09.030
https://doi.org/10.1126/science.aaa4242
https://doi.org/10.1126/science.aaa4242
https://doi.org/10.1029/2019GC008249

	ABSTRACT
	1. INTRODUCTION
	2. FAULT ZONE FABRICS AND FAULT WIDTHS IN SUBDUCTION ZONES
	3. DISPLACEMENTS, SLIP RATES, PORE PRESSURES, AND TEMPERATURES IN SUBDUCTION ZONES
	4. STRAIN-RATE ESTIMATES FROM SLIP DATA AND FAULT-ZONE WIDTH
	5. DEFORMATION MECHANISMS AND STRAIN RATES FROM EXTRAPOLATED FLOW LAWS
	6. DISCUSSION
	7. CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES CITED
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Table 1
	Table 2
	Table 3

	Next Page: 
	Page 1: 
	Page 2: 
	Page 3: 
	Page 4: 
	Page 5: 
	Page 6: 
	Page 9: 
	Page 10: 
	Page 11: 
	Page 12: 
	Page 13: 
	Page 14: 
	Page 15: 
	Page 16: 
	Page 17: 
	Page 18: 
	Page 19: 
	Page 20: 
	Page 21: 
	Page 22: 
	Page 23: 
	Page 24: 
	Page 25: 
	Page 26: 

	Previous Page: 
	Page 2: 
	Page 3: 
	Page 4: 
	Page 5: 
	Page 6: 
	Page 9: 
	Page 10: 
	Page 11: 
	Page 12: 
	Page 13: 
	Page 14: 
	Page 15: 
	Page 16: 
	Page 17: 
	Page 18: 
	Page 19: 
	Page 20: 
	Page 21: 
	Page 22: 
	Page 23: 
	Page 24: 
	Page 25: 
	Page 26: 

	Previous Page 1: 
	Page 7: 
	Page 8: 

	Next Page 1: 
	Page 7: 
	Page 8: 



