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Abstract Subduction interfaces exhibit various slip styles, including slow slip events (SSEs). We use a
micromechanics-based approach to calculate the effective rheology of a shear zone containing ellipsoidal
amphibolite clasts deforming by dislocation creep within an interconnected linear-viscous phyllosilicate-
dominated matrix. Frictional failure occurs if local stress exceeds Mohr-Coulomb yield strength. At moderate
fluid overpressure, mixed-frictional-viscous behavior emerges at ~350-560°C, consistent with a broad zone of
mixed fault slip behavior without requiring extreme fluid overpressures. Increasing stress in this transition zone
promotes local frictional failure and raises bulk strain rate. If, however, the bulk strain rate increases by more
than one order of magnitude, system-wide frictional sliding becomes preferable. This strain rate increase is
insufficient to explain the slip rates observed in geophysically detectable SSEs. Therefore, viscous matrix flow
as modeled here cannot explain SSEs without either invoking dynamic weakening within a frictional-viscous
flow or a mechanism switch to dominantly frictional sliding.

Plain Language Summary Subduction plate boundaries are locked near the Earth's surface and will
release the stored energy as earthquakes. Subduction zones creep steadily and viscously at deeper depths where
temperatures and pressures are high. At the depth of the transition from earthquakes to steady creep, episodic
aseismic slip is often observed. Rocks from this region are mixtures of strong, fractured clasts surrounded by a
weak matrix. The observations of exhumed rocks suggest that the episodic, aseismic slip may nucleate when
local frictional failure occurs in strong clasts, but the surrounding weak matrix stops this failure from generating
major earthquakes. However, it is unclear how much the small-scale rock behavior could be linked to the large-
scale slip. We use a numerical model to simulate the interplay between frictional and viscous creep and calculate
the overall behavior of the subduction zone plate boundary. We explore how the slip style changes with depth
and determine the transition zone's depth/temperature range. In the transition zone, a small increase in stress or
decrease in strength can lead to a change from pure viscous flow to frictional sliding. This study overcomes the
scale challenge between the small-scale features preserved on outcrops and the large-scale geophysical
observations.

1. Introduction

Subduction interfaces slip in variable styles, dominated by earthquakes in a depth-dependent seismogenic zone.
The down-dip limit for earthquake nucleation is thought to be controlled by the 350°C isotherm or the upper-plate
Moho, whichever is shallower (Hyndman et al., 1997), and represents a transition through a continuum of slip
speeds to steady, aseismic sliding at higher temperatures (Peng & Gomberg, 2010). Slow slip events (SSEs) are
episodes of transient, aseismic creep at rates of 107 — 10~° ms™", that most typically occur within this transition
zone (Dragert et al., 2001; Peng & Gomberg, 2010). SSEs can be explained by numerical models of a discrete,
planar fault with fine-tuned frictional properties at a low effective normal stress based on a rate-and-state-friction
framework (Im et al., 2020; Lavier et al., 2013; Liu & Rice, 2005; Rubin, 2008; Skarbek et al., 2012). On the other
hand, geological observations and numerical models of more complex fault zones suggest that frictional-viscous
interplay may generate SSEs over a larger range of stress conditions (Ando et al., 2012; Beall et al., 2019a, 2019b;
Behr et al., 2021; Fagereng & Sibson, 2010; Hayman & Lavier, 2014; Kotowski & Behr, 2019).

Preserved subduction-related shear zones commonly contain cm-to-m-scale brittlely deformed lenses surrounded
by an interconnected matrix with ductile deformation structures (Barnes et al., 2020; Fagereng, 2011; Fagereng

LU ET AL.

1 of 12


http://orcid.org/0000-0002-7182-1864
http://orcid.org/0000-0001-6089-0058
http://orcid.org/0000-0001-6335-8534
mailto:Xi.Lu@liverpool.ac.uk
https://doi.org/10.1029/2024GL110830
https://doi.org/10.1029/2024GL110830
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL110830

et al., 2014; Grigull et al., 2012; Kotowski & Behr, 2019; Phillips et al., 2020). Beall et al. (2019a) modeled a
100 m-wide by 400 m-long heterogeneous shear zone and concluded that fracturing can lead to increased strain
rate, but viscous dampening limits acceleration, suppressing earthquake rupture speeds and promoting slower
(SSE-style) slip speeds. Numerical models can be scaled up to thicker shear zones with larger clasts (Beall
etal., 2019a; Behr et al., 2021; Ioannidi et al., 2021), but the ratio of shear zone length (or width) to clast length (or
width) is limited to less than two orders of magnitude. The aspect ratio (length/thickness) of natural faults is
therefore inevitably larger than can be captured in detailed fault zone numerical models. Furthermore,
geophysically detectable strain rate transients are distributed in multikilometric-scale plate boundary faults
(Dragert et al., 2001; Obara et al., 2004; Wallace, 2020), containing heterogeneities at length-scales from mi-
crometers to kilometres, making a case for models that describe multi-scale behavior.

It is still unclear to what extent outcrop-scale heterogeneity inferred from rock records can be linked to variations
in plate boundary fault slip style (e.g., Kirkpatrick et al., 2021). Here, we quantify the effective rheology of a
heterogeneous subduction thrust interface using a micromechanics-based approach (Figure 1). Jiang (2014) first
applied micromechanics to structural geology and proposed a self-consistent MultiOrder Power-Law Approach
(MOPLA) for multi-scale deformation and fabric development in Earth's viscous lithosphere. We applied the
micromechanics-based approach to a model shear zone consisting of an interconnected low-viscosity matrix
containing higher-viscosity clasts. Frictional failure occurs if local stress in a clast or matrix exceeds a Mohr-
Coulomb failure strength. We explore how a snapshot of bulk strength and the ratio of frictional to viscous
deformation changes with depth along the model subduction interface, and specifically test if a bulk strain rate
increase corresponding to SSEs can arise from mixed frictional-viscous flow in response to an instantaneous far-
field applied stress.

2. Methodology

Rocks are made of rheologically distinct elements. The macroscale stress and strain rate of the heterogeneous rock
mass are, at every point, defined as averages over a Representative Volume Element (RVE, Figure 1b), which
contains sufficient distinct elements (k denotes the kth element, k = 1---N) to be a representative sample of the
continuum. Local stresses and strain rates may vary from element to element due to distinct rheological prop-
erties, shapes and orientations. These local fields are solved according to Eshelby (1957) formalism applied to
incompressible viscous materials, treating each element as an ellipsoidal inclusion embedded in infinitely
extending homogeneous matrix. The stress/strain rate in the matrix at infinity equals the far-field loading. In this
model, we neglect any rate-dependent friction and effectively assume that the viscous matrix dampens any ac-
celeration that may occur in frictionally deforming clasts. We do, however, obtain conditions for when the bulk
rheology switches from frictional-viscous flow to system-wide frictional sliding. At this stage the frictional
strength of the matrix has been exceeded, but we cannot define the slip speed of the resultant frictional sliding.

To apply Eshelby formalism to a poly-element viscous rock mass with no interconnected matrix, MOPLA defines
the idealized homogeneous matrix containing the rest of elements as a reference medium. A specific element's
strain rate/stress is solved from the strain rate/stress in the idealized homogeneous matrix. To model the sub-
duction mélange with a clearly identified, interconnected matrix phase (k = 0 denotes this matrix phase and k > 1
denotes clasts, Figure 1¢), we use the Mori and Tanaka (1973) scheme that considers the matrix with the existence
of other clasts as a reference medium. The strain rate/stress, which is assumed to be uniform in a specific clast, is
derived from the average strain rate/stress in the matrix as follows:

ék = Gk : éOs Gk = [Jd + Sk M (Cal ZCk —Jd)]_l (1)
6, =F :6), F=C;:G;:Cy' @

where €, and o, are local strain rate and deviatoric stress (tensors) in kth phase; if k = 0, &, and 6, represent the
average values in matrix. Cy, is the fourth-order viscosity tensor of kth phase, particularly C, is the matrix vis-
cosity. For an isotropic, incompressible fluid, the viscosity tensor becomes a scalar shear viscosity, # (Where
C = 241J¢ and J¢ is the fourth-order identity tensor). G, and F, are local partitioning tensors, expressing the local

strain rate and stress of kth clast with respect to &, and o. Especially, Gy = J? and §y = J¢. S, is the symmetric
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Figure 1. Illustration of the multiscale approach. (a) Schematic subduction interface that shows the gradual frictional-viscous transition separating a seismogenic zone
from a deeper aseismic creep zone. (b) Illustrates that the macroscale variables of a shear zone with characteristic length D are defined, centered at point X, in terms of a
Representative Volume Element (RVE) with characteristic length d (D > d). (c) Magnified illustration of an RVE to show a mixture of clasts with a characteristic length of
6 (d> 5) embedded in an interconnected matrix. The scale separation (D >> d > &) must be satisfied to apply Eshelby formalism. (d) and (e) are natural examples of
competent clasts surrounded by an interconnected, viscous matrix observed under a microscope (d) and in outcrop (e), from the exhumed subduction shear zone in Kyushu,
SW Japan (Tulley et al., 2020; Ujiie et al., 2018). (f) and (g) are schematic strength-depth profiles showing the different deformation styles predicted by the model when
¢ = 0.5. (f) Considers the same friction coefficient for the clasts and matrix (Case 1). (g) Considers different lower friction for the matrix than the clasts (Case 2).
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Eshelby tensor of the kth clast (Eshelby, 1957) and depends on clast shape and orientation. The sign: stands for the
double-index contracted product operation of two tensors.

The volume average of the local strain rate/stress over the RVE equals the far-field loading: E = ZQ/:O @& and

Y= ZkN:o ¢Sy, with ¢, being the volume fraction of kth phase. Therefore, &, and 6, are also expressed in terms
of E and X, using the so-called global partitioning tensors (A and B):

N -1
& =AE A =Gk[z¢ka] (3)
k=0
v -1
6, =B :Z, B, =F| > ¢ F €))
k=0

The effective rheology of the subduction zone is evaluated through the upscaling process of homogenizing the
rheological properties of all clasts and matrix over the RVE:

N N TN
C= Z ¢kaGk[ Z ¢1G1] = Z $CiAAy (%)
k=0 =

=0 k=0

-1

N N N
M=) 4M, Fk[ D0 F | =D b MB; (6)
k=0 =0 k=0

where C and M are the effective viscosity and fluidity (tensors) of the continuum, and inverse of each other. M,
(=C,:l) is the fluidity of kth phase. The equations provided above are general expressions for linear materials. We
reformulate the non-linear rheology considered here into a pseudo-linear form using a tangent linearization
approach (Hutchinson, 1976) to apply above equations to our model (Supplementary Text S1 in Supporting
Information S1). The algorithm of this model (model flow chart in Figure S1 in Supporting Information S1) is
implemented in MATLAB (Lu et al., 2024).

The strain-rate-related equations (Equations 3 and 5) and stress-related equations (Equations 4 and 6) are
equivalent. Therefore one can choose either set depending on whether strain-rate or stress boundary condition is
considered. In this study, at local stresses less than the frictional yield strength z,, we assume both clasts and
matrix are isotropic incompressible fluids; whereas if the local stress equals z,, the clast and/or matrix is fric-
tional. 7, is determined by depth-dependent frictional resistance on existing faults with negligible cohesion:

Ty = /”;n(l - /1) (7)

where o, is the normal stress on the fault surface, and approximated as the lithostatic pressure P for a gently
dipping shear zone in a low differential stress environment (e.g., Lamb, 2006; Wada et al., 2008). 4 is the pore
pressure factor relating pore fluid pressure (Pf) and P (4 = P;/P), and y is the friction coefficient. At the yield
point, the actual, local strain rate is unknown but the stress is capped by z,. Therefore, we consider the stress
partitioning under a stress boundary condition throughout this study, using stress-related equations (Equations 4
and 6). We use an effective viscosity 7, to reproduce the yield-point stress state:

Ty = Z’Yqﬁ'éu €

where é;; is the second invariant of the local strain rate tensor. 7,4 and &;; are calculated to satisfy Equation 8 and
the far-field loading (Equation 4) through an iteration that terminates when at the local stress coincides with
7, = 0.01 MPa (see Text S2 in Supporting Information S1 and Figure S1 in Supporting Information S1).

Model rheological parameters are informed by geological observations. One example of exhumed subduction-
related shear zone is reported in Kyushu, SW Japan, and deformed between ~300°C and ~500°C (Tulley
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etal., 2020, 2022; Ujiie et al., 2018), the temperature interval of specific interest for our models, that is, across the
thermally controlled frictional-viscous transition. Here, phyllosilicate-dominated metabasalt and metapelite
together form the weak matrix deformed predominantly by dissolution-precipitation creep. This weak matrix
wraps more competent amphibolite clasts (Figures 1d and 1le). This coexistence of lower-viscosity matrix con-
taining higher-viscosity clasts is widely considered typical for subduction interface fault rocks (e.g., Fagereng &
Den Hartog, 2017; Grigull et al., 2012; Kimura et al., 2012; Meneghini et al., 2009; Rowe et al., 2011; Rowe
et al., 2013). We therefore model 200 ellipsoidal amphibolite clasts within a phyllosilicate-dominated matrix,
deforming by simple shear. As the bulk strength is relatively insensitive to clast shape, size (as long as it is too
small to interact with the shear zone boundaries) and orientation (Text S3 in Supporting Information S1 and
Figures S2—-S4 in Supporting Information S1), for simplicity, all clasts have the same volume fraction, a 3D axial
ratioof 3 : 1 : 1, and long axis orientations randomly distributed at angles <30° from the shearing direction. The
total clast volume fraction (¢) varies from 0.2 to 0.8, but the weak matrix remains interconnected. Within and
between exhumed subduction complexes, clast fractions can be spread across this range (Fagereng, 2011; Grigull
et al., 2012). Our model could model a shear zone with clasts having different rheological properties and char-
acteristic lengths (Text S3 in Supporting Information S1) but this study only presents the scenario where all clasts
have the same rheology and same volume fraction (size). Although we assume that all clasts have the same shape
and composition, their local stresses and strain rates vary due to their varied orientations, and differ from the
matrix (Figure S5 in Supporting Information S1).

We assume that the phyllosilicate-dominated matrix deforms viscously by dissolution-precipitation creep, based
on rock records and experimental and modeling studies (Bos et al., 2000; Bos & Spiers, 2002; Fagereng & Den
Hartog, 2017; Rowe et al., 2011; Wassmann & Stockhert, 2013). In contrast, amphibolite clasts are typically
coarser grained and deform viscously by dislocation creep. The clast and matrix viscosity (77) at shear stresses less
than 7, can be expressed in a flow law as (Ranalli, 1995):

_ 1 Q 1-n
=24 (RT) °u ©)

where o; is the second invariant of the deviatoric stress tensor, R the gas constant, 7 the absolute temperate, n the
stress exponent, Q the activation energy and A the pre-exponential parameter. For the clasts, we use values (n, Q,
and A) for amphibolite from Hacker and Christie (1990). For the matrix, as there is a lack of experimental
constraints for dissolution-precipitation creep at natural strain rates, we use n = 1, Q = 35 kJ/mol, and A = 1.1
x 107" MPa™" 57" as extrapolated (see Text S4 in Supporting Information S1) from the field and microstructural
study of Tulley et al. (2020).

3. Results
3.1. Strength and Slip Style Variation With Depth

We constructed strength-depth profiles at a representative time-averaged tectonic strain rate of active fault zones
E;; = 10712 57! (Fagereng & Biggs, 2019; Lu & Jiang, 2019), a moderate pore pressure factor of 1 = 0.8, and a
geothermal gradient of 15°C/km. In Case 1 (Figures 2a-2d), we assume that the friction coefficient for both clasts
(/48) and matrix (ym) is 0.6, a typical ‘Byerlee friction’ (Byerlee, 1978). At T <350°C, both clasts and matrix
fracture and the bulk strength is governed by frictional strength. Frictional-viscous interplay occurs at shear
stresses of ~40-90 MPa, less than the yield strength, at ~ 350°C to 500—560°C. In this depth range, local failure
occurs in some clasts depending on orientation (Figure S5 in Supporting Information S1) where the local viscous
stress attains the yielding strength, but is limited in extent by the viscous matrix. The transition zone depth range
becomes greater with increasing ¢ (Figures 2a—2c). The shear stress required to accommodate the imposed strain
rate through frictional-viscous behavior also increases with ¢. At T'>500—560°C, depending on ¢, the sub-
duction interface deforms by steady viscous creep. The bulk strength depends on ¢ and the viscosities of clast and
matrix, and decreases with increasing depth/temperature. The ratio of frictional to viscous deformation depends
on the number of clasts yielding, and decreases with depth but increases with higher values of ¢ (Figure 2d).

In Case 2 (Figures 2e—2h), we still assume .. is 0.6, but assign a weaker y,,, of 0.2, based on both experiments and
modeling (e.g., Bos et al., 2000; Bos & Spiers, 2002). A wider frictional-viscous transition zone is produced at
T <500—-560°C (Figures 2e—2g). The transition zone depth range becomes greater as ¢ increases. The shallower
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part of the transition zone is frictional-dominated in all cases regardless of ¢ (Figure 2h). In this depth range, the
matrix behaves fictionally because 4, is low, but clasts in some orientations remain viscous because stresses are
kept below their yield strength (Figure S5 in Supporting Information S1). The deeper part of the transition zone
switches to viscous-dominated as the interconnected matrix becomes viscous (at roughly 29-37 km depth;
Figure 2h). Below the transition zone, the shear zone becomes purely viscous.

3.2. The Stress-Strain Rate Relationship in the Frictional-Viscous Transition Zone

We explore how the bulk strain rate and deformation style change with varying driving stresses by running a
series of simulations at a fixed depth/temperature (27 km, 7 = 405°C) within the frictional-viscous transition zone
we observed in Figure 2, under different shear stresses (Figure 3). We consider the same two cases as above. The
pore pressure factor A varies as 0.8, 0.88 and 0.98.

Broadly, the transition zone is fully viscous at low stresses, and increasing stress leads to bulk viscous strain rate
increase accompanied by local frictional failure, until the matrix shear strength is exceeded, allowing system-wide
frictional sliding. In Case 1, when the driving stress approaches z,, the matrix will have a similar stress state to
clasts and close to 7, (marked by solid circles in Figure 3). The strain rate may increase by more than one order of
magnitude with a relatively small increase of the stress before system-wide frictional sliding occurs throughout
both matrix and clasts. In Case 2, a small stress change can cause the matrix to become frictional (marked by solid
stars in Figure 3) due to a lower yielding strength, and then system-wide frictional sliding occurs but localized to
the weaker matrix as stronger clasts may not yield. The strain rate increases by a factor of 1.4—4 before a switch to
system-wide frictional failure. Less stress is required for strain rate increase and deformation mechanism change
if ¢ is high or 7, is low. Or in other words, the shear zone is already close to frictional failure because either stress
levels are high (because ¢ is high) or high fluid pressure has lowered z,.

4. Discussion
4.1. Depth/Temperature-Dependent Rheology of a Multiphase Subduction Thrust Interface

If both clasts and matrix have a friction coefficient of 0.6, and assuming that the frictional regime also represents
the seismogenic zone (Scholz, 1988; Sibson, 1983), the model predicts that the base of the seismogenic zone
occurs at ~350°C (24 km, Figures 2a—2c). Below the seismogenic zone, there is a transition zone of mixed
frictional-viscous behavior that may represent mixed seismic-aseismic deformation (e.g., Behr & Biirg-
mann, 2021; Kirkpatrick et al., 2021). The depth and temperature range of the modeled transition zone
(Figures 2a—2c) is consistent with geophysically determined, typical deep SSE conditions of 25-50 km and
temperatures of 350—550°C (Audet & Kim, 2016; Gao & Wang, 2017), although a frictionally weak matrix
allows mixed behavior at shallower depths (Figures 2e—2g). We also find that, at a constant strain rate of 10712
s~!, the behavior in the frictional-viscous transition zone is dominantly viscous if ¢ < 0.5, and dominantly
frictional if ¢ > 0.5 or y,, is relatively low (Figures 2d and 2h).

Other studies have also calculated two-phase strength-depth profiles. Handy et al. (1999) proposed a composite
flow law for mixtures with interconnected, weak viscous matrix and constructed strength-depth profiles for
continental rocks. They predict a relatively narrow frictional-viscous transition zone (~2 km). The frictional-
viscous flow predicted by Handy et al. (1999) is similar to the bulk behavior in our Case 1 if ¢ is low
(Figure 2a), but our model predicts a much broader transition zone (~10 km), particularly in Case 2 where
frictional-viscous flow occurs from temperatures well below 300°C. Handy et al. (1999) suggested that the weak
nonlinear-viscous matrix governs the bulk rheology even with only 30% matrix material, whereas our model

Figure 2. Model predictions of strength-depth profiles for ¢ = 0.2, 0.5 and 0.8. (a)—(d) assume y. = u,, = 0.6 (Case 1). (e)—(h) consider y. = 0.6 and 4,, = 0.2 (Case 2).
Yellow and light blue lines are frictional strengths with friction coefficients of 0.6 and 0.2, respectively. Red and blue lines are calculated using flow laws of
phyllosilicate (Tulley et al., 2020) and amphibolite (Hacker & Christie, 1990), at E;; = 10712 s™'. They represent the lower and upper limits, assuming pure
phyllosilicate and pure amphibolite, respectively. The bulk strength of the mixture of amphibolite clasts and phyllosilicate matrix is estimated by homogenizing all
constituents' rheological properties (Equation 6). The dashed purple line is the bulk strength, without allowing local frictional failure. The dotted green line is the bulk
rheology allowing frictional failure when local stresses reach the yield strength. The shaded area illustrates a frictional-viscous transition zone. (d) and (h) show the ratio of
frictional to viscous deformation versus depth in both cases.
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Figure 3. Model predictions of stress-strain rate relationship in the transition zone at 27 km, 405°C The black line represents
the matrix rheology with no clasts (¢» = 0). Stress-strain rate curves for ¢ = 0.2, 0.5 and 0.8 are shown in blue, red and yellow
colors. Three types of dashed lines for each ¢ correspond to three different pore pressure factors 4 of 0.8, 0.88 and 0.98. Solid-
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moment at which matrix becomes frictional in Case 1 and 2, respectively. (a) Shows all the models, and (b) is a magnification at
the stress range of 1-12 MP.a.

predicts that viscous-dominated bulk behavior requires more than 50% viscous matrix. This difference is because
we assumed a linear-viscous matrix that cannot accommodate as high strain rates as the nonlinear-viscous matrix
assumed by Handy et al. (1999).

Our strength-depth profiles in Case 2 (Figures 2e—2g) are similar to microphysical models of quartz-mica rocks
(Bos & Spiers, 2002; Niemeijer & Spiers, 2005). These models suggest a frictional-viscous zone down to 15—
20 km depth, and that its behavior could be approximated by an apparent friction coefficient of 0.12-0.35 (Bos &
Spiers, 2002). The bulk strengths in these models are greater than our estimates, because they used a smaller pore
fluid factor of 0.36. Fagereng and Den Hartog (2017) also used a microphysical model of quartz-mica rocks but
considered moderate and high pore fluid pressures (4 = 0.8 and 0.95) and suggests a lower stress of < 20 MPa for
frictional-viscous flow. Elevated pore pressure at the base of the subduction seismogenic zone is expected ac-
cording to geophysical and geologic observations (e.g., Condit & French, 2022; Rowe et al., 2009; Saffer &
Tobin, 2011). Therefore our model with 4 = 0.8 better reflects the real subduction fault. Overall, our model results
are within the range of past studies but show a general case for a fault zone governed by dissolution-precipitation
creep in phyllosilicate-rich matrix enveloping higher viscosity lenses with a dislocation creep or frictional
rheology (e.g., Tulley et al., 2020; Wassmann & Stockhert, 2013).

4.2. Stress/Strain Rate-Dependent Rheology of the Heterogeneous Subduction Zone Interface

The deformation mechanism of the heterogeneous subduction thrust interface switches from steady viscous creep
to frictional slip after a stress perturbation that depends on ¢ and 7, but is generally small relative to bulk stress
(Figure 3). Models for SSEs in heterogeneous shear zones (Behr et al., 2021; Skarbek et al., 2012) assume small
effective stresses, for example, less than 6 MPa in Skarbek et al. (2012). Here, we suggest that under a relatively
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wide range of conditions, a stress increase of 1.6-64 MPa (depending on ¢ and 7,) can increase bulk strain rate
and change bulk behavior (Figure 3). This range of stresses would be compatible with interpreting low seismic
velocities as resulting from other factors than high fluid pressure, such as presence of a well-developed fabric
(Miller et al., 2021).

Our models, invoking local stresses exceeding yield strengths as a trigger for a larger (up to multikilometer) scale
deformation mechanism switch, are comparable to the outcrop-scale models of Beall et al. (2019a), who sug-
gested the development of a force chain network extending the whole shear zone for clast-rich cases (¢ > 0.5).
When the stress-bearing clasts undergo frictional failure, the stress in the force chain network is damped into the
viscous matrix, and the bulk strain rate is consistent with SSEs when the matrix viscosity is 10'°-10'8 Pa s. Our
models predict that regardless of ¢ and pore fluid pressure/yield strength, increasing driving stress leads to
frictional failure in clasts/matrix and an increase in bulk strain rate. If ¢ is high or 7, is low, clasts are easier to fail,
and a smaller stress change is required for a bulk strain rate increase and deformation mechanism change.

4.3. Consequences for Possible Slow Slip Mechanisms

Local increase in fluid pressure has been suggested as an SSE triggering mechanism (e.g., Gosselin et al., 2020;
Warren-Smith et al., 2019). In our models, increased fluid pressure decreases z,, promoting local frictional
failure, and system-wide frictional sliding if stress is sufficiently high (Figure 3). At the point of system-wide
frictional failure, the shear zone rheology is controlled by dynamic frictional properties that are not included
in our model, so whether the mechanism change leads to earthquake slip speeds or slower forms of transient slip is
unclear.

While the models we present here do not quantify slip rate during system-wide frictional sliding, they can predict
increases in frictional-viscous strain rates where the local frictional sliding is dampened by the surrounding,
viscous matrix. The bulk viscous strain rate may increase up to 2 X 107'2s~! before frictional sliding becomes
preferable (Figure 3), which seems too slow to explain SSEs (10™'" — 107'%~! for a 100 m thick shear zone).
Previous models suggested a matrix viscosity near 10'® Pa s or smaller (10'® — 10'® Pa s) combined with high ¢
could allow for potential SSEs by a viscous mechanism (Beall et al., 2019a; Behr et al., 2021). We used a field-
based flow law for the phyllosilicate matrix, and the matrix viscosity is ~2 X 10! Pa s at 27 km and 405°C, higher
than in the other studies. The field constraint is based on paleopiezometry, which has some intrinsic uncertainty in
the calibration, and may also be an upper limit because it is based on a relatively strong deformed quartz phase
(Tulley et al., 2020). Variation in measured grain sizes also gives a range in calculated viscosity at a given depth of
about an order of magnitude (Tulley et al., 2020). If we consider a matrix viscosity 10 times weaker, the maximum
viscous strain rate accompanied by local, but not system-wide, frictional failure becomes around 10 times faster
(Figure S8 in Supporting Information S1); however, the strain rate increase before system-wide fictional failure is
always at most one order of magnitude, because lowering the matrix viscosity also tends to reduce the bulk
strength in pure viscous creep regime.

Our model with a linear-viscous matrix rheology is inconsistent with the hypothesis that slow slip can be transient,
high strain-rate, viscous creep driven by a stress increase (Fagereng et al., 2014; Hayman & Lavier, 2014). As in
our models, a field-based study by Condit et al. (2022) concluded that dissolution-precipitation creep is efficient
at accommodating tectonic strain rates, but cannot, alone, accommodate slow slip rates. In their and our models, a
switch to a frictional rheology is required for SSEs, and a minimum requirement is that conditions for such a
switch are reached. It could, however, be possible for a different rheology, for example, the nonlinear-viscous
flow of interconnected layers of muscovite or biotite, to achieve slow slip rates under small driving stresses
(Fagereng et al., 2014). Alternatively, a viscous-frictional mechanism for SSEs is also feasible if the localized
frictional component undergoes some modest rate-weakening (Beall et al., 2019a; Behr et al., 2021). For example,
our model only estimates the average stress level in the matrix, a simplification that neglects any contribution of
localized frictional deformation in the matrix and associated effects on bulk behavior.

5. Conclusion

We considered a subduction mélange with amphibolite clasts embedded in an interconnected phyllosilicate
matrix and used the Mori-Tanaka (Mori & Tanaka, 1973) scheme to model multiphase bulk rheology in a
micromechanics-based approach (MOPLA, Jiang, 2014). The model predicts a wide frictional-viscous transition
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zone where the competent clasts fracture but the frictional sliding is limited by a viscous, weak matrix at shear
stresses of approximately 40-90 MPa, less than the yield strength at moderate fluid overpressure, at ~350°C to
500-560°C. In this transition zone, a shear stress increase of 1.6—64 MPa can switch the deformation mechanism
from dominantly viscous to locally frictional and finally to system-wide frictional failure. If the fluid pressure
increases and thus decrease the 7,, or the stress levels are high because of high ¢, less stress change would lead to a
deformation style switch. Heterogeneities promote the switch in deformation style. In a viscous shear zone
controlled by the dissolution-precipitation creep flow law used here, the frictional-viscous flow can accommodate
a bulk strain rate increase up to one order of magnitude - but larger strain rate requires a complete, but transient,
switch to frictional behavior. In this model and choice of rheology, SSEs require frictional sliding and cannot be
explained by fast viscous flow alone.

Data Availability Statement

No data were used or produced in this manuscript. The MATLAB code (Lu et al., 2024) used for our models is
available here: https://github.com/geolucyxlu/2phase-frictional-viscous-model (10.5281/zenodo.13319255).
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