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Abstract The brittle‐ductile rheological behavior in subduction zones is commonly proposed to explain
deep transient slips. Generally observed at large scales in tectonic “mélanges”, here we show that it is also
observed at the grain scale in exhumed blueschist metagabbros. In these rocks, petrologic and microstructural
observations show a bi‐phase material constituted by strong microfractured magmatic pyroxene clasts located in
a weak and ductile lawsonite‐rich metamorphic matrix. To constrain the mechanical conditions allowing the
brittle deformation of a clast in a ductile matrix, we used two‐dimensional simple shear numerical experiments.
Results show four behaviors: (a) entirely brittle; (b) brittle‐ductile with clast fracturing in a ductile matrix; (c)
ductile‐dominant with limited plastic deformation at clast edges; and (d) entirely ductile. We propose that the
conditions of the brittle‐ductile behavior, commonly associated with deep transient slips, are controlled by the
strength ratio between the strong brittle phase and the weak ductile phase.

Plain Language Summary In subduction zones, brittle‐ductile behavior is commonly proposed to
explain deep transient slips at the subduction interface. This particular behavior is generally characterized by the
fracturing of strong pods located in a weak fluid‐like material. In this study, we observe this mixed rheological
behavior at the mineral‐scale in oceanic rocks under deep transient slip conditions. We carry out petrological
and microstructural observations that show micro‐fracturing of strong magmatic clasts and ductile deformation
of a weak metamorphic hydrated matrix. Numerical experiments, inspired by these observations, are used to
constrain the physical conditions for this brittle‐ductile behavior. Numerical results show four types of behavior:
(a) both matrix and clast are brittle and fractured; (b) the clast is brittle and fractured and the matrix is ductilely
deformed; (c) only the clast is brittle and fractures are localized at clast edges; and (d) both matrix and clast are
ductile. This study demonstrates that the behavior of this bi‐phase material is controlled by the strength ratio
between the brittle strong clast and the ductile weak matrix. These physical conditions significantly differ from
the theoretical rheological prediction and may be the key to a better understanding of the mechanics of deep
transient slips.

1. Introduction
In subduction zones, slow slip events and non‐volcanic tremors (called hereafter transient slips) question the
rheological behavior of the plate interface (see review by Bürgmann (2018)). These signals are produced by
occasional or periodic shear slips inside a ductile deformed volume in the presence of high pore fluid pressure
(Shelly et al., 2006). In this study, we focus on the mechanics of deep transient slips, located at the transition
between the locked domain (i.e., the seismogenic zone with a brittle behavior) and the creeping domain (i.e.,
aseismic zone with a ductile behavior) of the subduction interface. This transition occurs inside the subduction
zone, approximately between 25 and 55 km depths, at temperatures comprised between 350 and 550°C (Behr &
Bürgmann, 2021).

The classical geological signature of deep transient slips in blueschist to amphibolitic metamorphic conditions are
filled fractures in centimetric tomulti‐metric lenses ofmafic rock (i.e., oceanicmaterial) insidemetasediments and/
or serpentinites (Behr & Bürgmann, 2021; Fagereng et al., 2014; Hayman & Lavier, 2014). The characteristic of
this tectonic “mélange” is the existence of a brittle‐ductile behavior in the bi‐phase assemblage (e.g., Handy
et al., 1999, and reference therein; Jammes et al., 2015; Lavier et al., 2021), characterized by a brittle deformation of
strongermafic lenses and a ductile deformation of theweakermatrix. Fractures in strong lenses are usually filled by
hydrated mineral (e.g., amphiboles), quartz and/or carbonates suggesting fluid circulations under high pore fluid
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pressure conditions (Angiboust et al., 2015; Kotowski & Behr, 2019). In bi‐phase continental rocks, brittle‐ductile
behavior has been observed at the grain scale, with brittle strong feldspars located in aweak ductile quartz (±micas)
matrix (Ioannidi et al., 2022; Jammes et al., 2015). Itwas also proposed to trigger transient ductile strain localization
(i.e., transient slip) enhanced by fracturing and fluid flow (Bernaudin & Gueydan, 2018). In oceanic material,
brittle‐ductile behavior has been identified in eclogitic conditions, with fracturing of strong garnet in weaker
omphacite‐rich matrix (Yamato et al., 2019). In this study, we identify brittle‐ductile behavior in a metagabbro
deformed at blueschist facies conditions (i.e., at deep transient slips conditions, Bürgmann, 2018).

Previous numerical models have shown that such bi‐phase systems with brittle‐ductile behavior can effectively
lead to transient slips (Beall et al., 2019; Behr et al., 2021; Hayman & Lavier, 2014). The presence of the weak and
ductile matrix around the strong phase limits the rupture propagation and therefore explains the slow rupture
(Hayman & Lavier, 2014). The fracturing of the strong phases, and hence potentially the occurrence of transient
slips, is controlled by the proportion of the strong phases and the matrix viscosity (Behr et al., 2021; Fagereng &
Beall, 2020; Ioannidi et al., 2021). In addition, the interaction between frictional deformation of strong clasts can
localize strain and thus explain transient slips (Beall et al., 2019).

In this study, we wish to identify what constrains the depth distribution of such brittle‐ductile rheological behavior
at subduction plate interfaces, and to specify the physical parameters that control this particular behavior. To do
so, we use 2D numerical model that represents a simple bi‐phase system inspired by the deformation micro-
structures observed in metagabbros. This modeling results show that the strength ratio between the brittle yield
stress of the clast and the ductile strength of the matrix controls the existence of the brittle‐ductile rheological
behavior at the subduction interface.

2. Materials and Methods
2.1. Geological Constraints From Deformed Blueschist Metagabbros (Queyras, Alps, France)

We used two samples (EQ2002, Figures 1a and 1b and EQ2005, Figures 1c and 1d) of blueschist metagabbros
from the Schistes Lustrés complex in the Queyras massif (oceanic‐derived metamorphic units) in the Western
Alps (Agard, 2021). These metagabbros are part of main mafic lenses (metric to kilometric) included in meta-
sediments. EQ2002 presents a moderate deformation, while EQ2005 shows more pronounced deformation with
numerous shear bands, both developed under blueschist conditions. Peak P‐T conditions in this area have been
estimated at 350–400°C and 13–17 kb (Herviou et al., 2021), equivalent to the conditions where transient slips
occur.

In EQ2002 (Figure 1a–1b), a weak foliation is present and is marked by aligned metamorphic blue amphiboles
(i.e., glaucophane). Large magmatic pyroxene (i.e., diopside) is altered and stretched with numerous micro‐
fractures, oriented orthogonal to the stretching direction and filled by actinolite or glaucophane. Pressure
shadows around diopside porphyroclasts are filled by glaucophane. Plagioclase (albite) is no longer stable at
blueschist facies conditions, and replaced by fine‐grained lawsonite. Newly crystallized metamorphic minerals
(hydrated minerals: glaucophane and lawsonite) present in the fine‐grained and ductilely deformed matrix testify
for a large fluid supply during the burial (Condit et al., 2020; Hacker et al., 2003) and widespread microfractures
suggest the overpressure of these fluids (Angiboust et al., 2012). Late fractures filled by albite crosscut the
blueschist foliation and thus mark the exhumation through retrograde greenschist facies conditions with large
fluid circulation and overpressure (Agard et al., 2000).

In EQ2005 (Figures 1c and 1d), ductile deformation and metamorphic transformation are more pronounced, as
shown by the high density of localized shear bands and the abundance of glaucophane and lawsonite, neo-
crystallized at the expense of all magmatic pyroxene (diopside) and plagioclase. Pyroxene still occurs as meta-
morphic (stable) omphacite. Local shear bands are marked by glaucophane and calcite with a pronounced
fracturing of pyroxene. Fractures of the whole rock occur and are filled by calcite. These fractures are open joints
in pyroxenes associated with the shearing and glaucophane crystallization, therefore also occurring during
blueschist deformation. These fractures testify for fluid circulation and fluid overpressure with fluid composed of
H2O (hydrated minerals) and CO2 (carbonate minerals).

From these observations, we can conclude that deformation of metagabbros at blueschist facies conditions is
marked by the intense fracturing of magmatic pyroxenes and the ductile deformation of a fine‐grained matrix,
made of a hydrated assemblage of lawsonite and glaucophane. Fluid circulations and prograde metamorphic

Geophysical Research Letters 10.1029/2024GL108405

MAITRE ET AL. 2 of 10

 19448007, 2024, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
108405 by C

ochrane France, W
iley O

nline L
ibrary on [29/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



reactions in the presence of fluids are associated with this brittle‐ductile deformation (pyroxene
clasts + H2O = amphiboles; and chlorite + actinote + albite + H2O in matrix = glaucophane + lawsonite for the
matrix). For larger finite strain, a more pronounced fracturing of magmatic pyroxenes and their replacement by
metamorphic minerals (glaucophane, omphacite) occurs.

We simplify this natural example with a two‐phase system composed of a simple pyroxene clast (modeled by a
disc) located inside a weaker matrix. The matrix will be modeled as an assemblage of albite and amphibole,
representative of the prograde greenschist facies deformation and metamorphism (prior to the main blueschist
event).

2.2. Model Set‐Up and Rheologies

The model set‐up represents an idealized gabbro as a square (1 cm in size) sustaining simple shearing, at a
constant temperature, confining lithostatic pressure and pore fluid pressure. The domain contains a circular in-
clusion (radius of 0.25 cm) and a surrounding matrix (Figure 2a). The inclusion is a pyroxene clast, and the matrix
is an assemblage of plagioclase and amphiboles. We use the biotite dislocation creep law to model the weak
amphibole flow law in the absence of dislocation creep data for wet amphibole and because biotite well reproduce
the wet glaucophane strength that is significantly weaker than dry glaucophane with the brittle‐ductile transition
at relatively low pressure and temperature (see discussion in Kim et al. (2015) and Figure S2 in Supporting
Information S1). The percentage of inclusion (i.e.,; pyroxene) was chosen at 20% of the box surface by com-
parison with the petrological observations of the studied metagabbros (Figure 1). Computations were done using

Figure 1. Typical microstructures in blueschist metagabbros from the Queyras Massif (French Alps, location in Figure S1 in Supporting Information S1). (a and c)
Optical photomicrographs and (b and d) mineral phase maps from EQ2002 (onset of ductile deformation) and EQ2005 (more deformed with blueschist shear bands),
respectively. The phase maps have been obtained by crystallographic analyses (Electron Backscattered Diffraction). The weak foliation in EQ2002 is highlighted by a
black dotted line.
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the geodynamical finite element Advanced Solver for Planetary Evolution, Convection, and Tectonics ASPECT
code version 2.5.0 (Bangerth et al., 2022, 2023; Gassmöller et al., 2018; Heister et al., 2017; Kronbichler
et al., 2012). The rheological model combines dislocation creep and Drucker‐Prager plasticity. The equations, as

Figure 2. 2D numerical models. (a) Model set‐up with a square (1 cm × 1 cm) sustaining simple shear at a constant velocity
(background strain rate), temperature, pore fluid pressure and depth. Bi‐phase system (inspired from microstructures in
Figure 1): inclusion (diopside) as a perfect centered circle with randomly distributed initial plastic strain and matrix with a
mixture of albite and amphibole. (b) Rheological profile (shear stress as a function of temperature) with dislocation creep
flow stresses for the matrix (blue) and the inclusion (red) and the brittle (=plastic) yield stress (black, represented as a vertical
line since the depth and pore fluid pressure is constant here). Markers for the four presented 2D models as circles: In (c), (d),
(e) and (f), Non‐initial plastic strain for four different temperatures, at 40 km depth, a strain rate of 10− 12 s− 1 and pore fluid
pressure factor of 0.9 after a finite shear strain of 0.03. (c) At 395°C, entirely brittle model (brittle deformation in both the
inclusion and the surrounding matrix). (d) At 445°C, brittle‐ductile model (brittle deformation only in the inclusion and
ductile deformation in the matrix). (e) At 550°C, ductile‐dominant model (very limited brittle deformation at the edge of the
inclusion accommodating its rotation in the ductile matrix). (f) At 950°C, entirely ductile model (ductile deformation in both
the inclusion and the matrix). In (c), (d), (e) and (f), the white dotted circle is the inclusion contour.
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well as the numerical and rheological parameters are provided in Text S1 and Figure S2 of Supporting
Information S1.

The brittle behavior follows a Drucker‐Prager criterion with a 30° angle of internal friction and a 20 MPa
cohesion. Plastic strain weakening is used to trigger plastic strain localization (the angle of internal friction and
the cohesion decrease to 0.1 times their initial values for plastic strain comprised between 0 and 0.5). The in-
clusion has a randomly distributed initial plastic strain to trigger plastic strain localization (Figure 2a). Note that
these initial values do not modify the type of fracturing that we will discuss later.

The reference model is at a strain rate of 10− 12 s− 1 (typical of transient slip), a depth of 40 km and a pore fluid
pressure coefficient of 0.9. We then vary the strain rate (from 10− 14 s− 1 to 10− 11 s− 1), the temperature (320–
1,000°C), the depth (25–55 km) and the pore fluid pressure (0.8–0.95). The final shear strain is limited to 0.03 to
only depict deformation style at onset of deformation (Figure 2).

3. 2D Numerical Results
In this section, we first present the results for the reference model (40 km depth; pore fluid pressure equals to 0.9
time the lithostatic one, and strain rate fixed at 10− 12 s− 1) at different temperatures, and then the parametric study
(varying depths, pore fluid pressures, strain rates and temperatures).

3.1. The Four Rheological Behaviors

In theory, the deformation of the biphasic system should be described by three types of rheological behaviors
(Figure 2b). (a) An entirely brittle rheological behavior (both matrix and inclusion are brittle) when the brittle
yield stress (constant because the depth, fluid pressure, and strain rate are constant in the reference model) is lower
than the dislocation creep flow stress (e.g., for temperature lower than 402.5°C, the temperature of the brittle‐
ductile transition of the matrix, Figure 2b). (b) An entirely ductile rheological behavior (both matrix and in-
clusion are ductile) when the dislocation creep flow stress of the inclusion is lower than the brittle yield stress
(e.g., for temperature larger than 928.5°C, the temperature of the brittle‐ductile transition of the pyroxene,
Figure 2b). (c) In between, a brittle‐ductile behavior (ductile matrix and brittle inclusion) should occur (e.g., for
temperature between 402.5 and 928.5°C, gray domain in Figure 2b). Figure 2 presents four models, at 395°C
(theoretically entirely brittle), 445°C (theoretically brittle‐ductile), 550°C (theoretically brittle‐ductile) and 950°C
(theoretically entirely ductile) after a finite shear of 0.03.

At 395°C (Figure 2c) a brittle shear band initiates through the entire inclusion and the matrix from the first stages
of deformation, as theoretically expected. This model corresponds to what we will call brittle models and cor-
responds to fracture development in both the inclusion and the matrix. The plastic strain reaches values (close to
1) that are larger than the imposed shear strain (0.03), typical of strain localization in brittle shear bands
(Figure 2c). Most brittle models stop before the final execution time because of numerical instabilities related to
the formation of brittle shear bands throughout the model and the very important local increase of strain rate. At
445°C (Figure 2d), the inclusion is plastically deformed with numerous brittle shear bands while the matrix is
entirely ductile. This model corresponds to the brittle‐ductile model, with an internal brittle deformation of the
inclusion and a ductile matrix. Plastic strain localization occurs in the inclusion, with large values of plastic strain
(e.g., 0.25). At 550°C (Figure 2e), the brittle deformation in the inclusion is very limited and only occurs at the
edges of the inclusion. The maximum value of plastic strain is below the imposed shear strain, supporting the
absence of plastic strain localization in the inclusion. In addition, the plastic strain is very low in the inner part of
the inclusion, suggesting a rigid rotation of the inclusion in the ductile matrix (Figure S5 in Supporting Infor-
mation S1). The plastic deformation at the grain edges accommodates this rotation. At this temperature, a brittle‐
ductile behavior was predicted (Figure 2a), but the absence of internal plastic deformation of the inclusion
supports a ductile‐dominant behavior. Finally, at 950°C (Figure 2f), no plastic deformation is observed both in the
inclusion and in the matrix, as theoretically expected. This model corresponds to an entirely ductile model.

These 2D numerical results therefore illustrate four different types of rheological behavior of the bi‐phase system,
for increasing temperature as follows: entirely brittle, brittle‐ductile, ductile‐dominant, and entirely ductile. The
brittle‐ductile and ductile‐dominant behaviors occur in the temperature conditions of the theoretical brittle‐ductile
behavior (Figure 2b).
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3.2. Strength Profiles: Rheological Behaviors as a Function of the Temperature

Figure 3a shows strength profiles with 2645 model results (varying temperatures, depths, and pore fluid pressures
and at a given strain rate of 10− 12 s− 1) in which the four inferred rheological models have been identified. The
vertical lines correspond to different brittle yield stress at different depths and pore fluid pressures.

Figure 3. Parametric study for the characterization of the four previously inferred rheological behaviors. (a) Calculated strength profiles with matrix and inclusion
ductile flow stresses. The vertical lines corresponds to different depths (25–55 km) and pore fluid pressure factors (0.8–0.95). Strain rate was fixed at 10− 12 s− 1. 2645
model results presented as dots in red, blue, pink, and green for observed entirely brittle, brittle‐ductile, ductile dominant, and entirely ductile behaviors, respectively.
(b) Mean plastic strain in the inclusion as a function of the ratio between the yield brittle strength and the matrix ductile strength (obtained with the dislocation creep law
of the matrix, Text S2 and Figure S2 in Supporting Information S1). (c) Close‐up view showing the critical values of the strength ratio for predicting the limit between
the entirely brittle behavior and the brittle‐ductile behavior (ratio >1), and between brittle‐ductile and ductile‐dominant behaviors (ratio ≈ 1.6) (d) and (e) P‐T diagrams
displaying conditions for the occurrence of a brittle‐ductile rheological behavior in a biphasic system, as a function of pore fluid pressure conditions (0.7, 0.9 and 0.99)
calculated for a metagabbro (d) where the weak phase is an assemblage of albite and amphibole and the strong phase is the pyroxene, and for a tectonic “mélange”
(e) where the weak phase is the metasediments and the strong phase is eclogitic mafic lenses. The metamorphic facies are: GS = Greenschist; BS = Blueschist;
AMP = Amphibolite; GR = Granulite; HGR = High granulite; Amp‐EC = Amphibolite‐Eclogite; Ep‐AMP = Epidote‐Amphibolite; Lws‐EC = Lawsonite‐Eclogite;
Ep‐EC = Epidote‐Eclogite. Orange rectangle corresponds to the deep transient slip conditions (see Bürgmann, 2018). Red curve corresponds to a typical subduction
geotherm approximately equal to 8°C/km.
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Entirely brittle models only occur when the brittle shear stress is lower than the ductile flow stress of the weak
phase (e.g., above the ductile flow curve of the matrix), as theoretically predicted (Figure 2b). Entirely ductile
models only occur when the ductile flow stress of the strong phase is lower than the brittle yield stress (e.g., below
the ductile flow curve of the inclusion), as theoretically predicted (Figure 2b). The mixed brittle‐ductile behaviors
occur in a limited temperature range, located just below the brittle‐ductile transition of the weak matrix.

This suggests that the strength of the inclusion and of the matrix need to be comparable to allow internal
deformation and fracturing of the inclusion. Consistently, ductile‐dominant behavior is observed for temperature
conditions higher than those characteristics of the brittle‐ductile transition of the matrix, allowing rigid rotation of
the strong inclusion inside a weak matrix.

3.3. Strength Ratio: Prediction of the Rheological Behaviors

Figure 3b shows the mean plastic strain in the inclusion as a function of the ratio of the brittle yield stress over the
ductile flow stress of the matrix. When the inclusion is brittle, the inclusion strength is controlled by the brittle
yield stress that is a function of lithostatic pressure, friction coefficient and the cohesion (Glerum et al., 2018). The
ratio of the brittle yield strength over the ductile matrix strength therefore represents the strength ratio between the
inclusion and the matrix when the inclusion is brittle. This plastic strain/strength ratio curve also allows plotting
all the 2645 model results in a single curve for varying temperatures, depths, pore fluid pressures, at a constant
strain rate (10− 12 s− 1).

The values of the mean plastic strain in the inclusion vary for the four inferred rheological behaviors. The entirely
brittle behavior is marked by large values of plastic strain (e.g., plastic strain localization in the inclusion,
Figure 2c) while the entirely ductile behavior is marked by zero plastic strain in the inclusion. The ductile
dominant behavior occurs when plastic strain in the inclusion is limited (compare to the overall shear strain), and
the brittle‐ductile behavior arises when the mean plastic strain is large compared to the overall shear strain
(marking plastic strain localization). Based on the visualization of all the calculated models, we propose that the
limit between the brittle‐ductile and the ductile dominant models occurs when the mean plastic strain in the
internal part of the inclusion (80% of the inclusion) is lower than 25% the imposed shear strain (0.0075 in our case
with 0.03 of imposed shear strain).

Brittle models have a strength ratio (brittle yield stress over the ductile matrix strength) less than or equal to one
and a large mean plastic strain in the inclusion (Figure 3b). Ductile models have a large ratio and a zero‐plastic
strain in the inclusion. Ductile‐dominant models occur for ratios larger than one and with very low mean plastic
strain in the inclusion. Brittle‐ductile models occur for ratios larger than one but close to one and with a variable
mean plastic strain in the inclusion (from large values typical of brittle models to low values typical ductile
dominant models). This parametric study allows constraining the values of the strength ratio that defines the
transition from the brittle‐ductile behavior to the ductile dominant behavior. This transition occurs when the
plastic strain/strength ratio curve slope changes, from a steep slope in brittle‐ductile models with decreasing
plastic strain and increasing strength ratio, to an asymptotic sub‐horizontal slope in ductile‐dominant models with
very limited to zero strain independently on the strength ratio (Figure 3b). Based on the all calculated models, the
critical strength ratio for the transition between brittle‐ductile behavior to ductile‐dominant behavior is 1.6
(Figure 3c). This transition is independent of the strain rate (Figure S6 in Supporting Information S1) and the
critical value of the strength ratio slightly depends on the proportion of strong phases (Figure S7 in Supporting
Information S1).

The strength ratio between the brittle yield stress and the ductile matrix strength is therefore a robust proxy to
predict the transition between the four inferred rheological behaviors: (a) brittle for ratio less than and equal to 1;
(b) brittle‐ductile for ratio greater than 1 and lesser than 1.6; (c) ductile‐dominant for ratio higher than 1.6 and an
internal plastic strain of the inclusion greater than 0.0; and (d) entirely ductile for larger ratio and internal plastic
strain of the inclusion equal to 0.0.

Consequently, based on the values of the strength ratio, it is possible to predict the P‐T conditions for the
four rheological behaviors predicted in a metagabbro (Figure 3d). Brittle‐ductile behavior is predicted to
occur for limited P‐T conditions in the blueschists to amphibolite conditions. In subduction settings (HP‐LT
metamorphic gradients), the brittle‐ductile behavior implies P‐T conditions consistent with estimated P‐T
conditions of transient slips. This rheological stratification (brittle, brittle‐ductile, ductile‐dominant, and
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ductile) in bi‐phase systems can therefore be a key to understand the parameters that control the seismo-
genic stratification in subduction zone. The difference between internal grain deformation (brittle‐ductile
behavior) and rigid grain rotation (ductile‐dominant) is a key to explain why brittle‐ductile behavior is
limited in temperature and depths.

4. Discussion and Conclusion
Most previous studies have discussed the depth and temperature range of the brittle‐ductile behavior as con-
strained by the onset of ductile flow in both the weak phase and the strong phase (see Handy et al., 1999 for a
discussion). The novelty of our analysis is to demonstrate through numerical modeling that in bi‐phase system, the
“real” brittle‐ductile behavior is even more restricted and controlled by the ratio between the brittle yield stress
and the weak phase strength. This implies that the strength of the weak phase is a key controlling parameter of the
rheology of a bi‐phase system (Handy et al., 1999). Numerical models have also more precisely shown that the
inclusion proportion may also control the bi‐phase rheology but for a proportion larger than 50% (Beall
et al., 2019). We can therefore propose that our analysis applies only for a bi‐phase system with strong phase
proportions lower than 50%, as also supported by our parametric study (Figure S7 in Supporting Information S1).
Contact between inclusions will indeed slightly modify our results for larger proportion of strong clasts (Behr
et al., 2021; Fagereng & Beall, 2020; Lavier et al., 2021).

Contact between strong clasts in a bi‐phase system also leads to local stress concentration that can ultimately lead
to formation of stress chains if contacts are important and connected. This stress chains can trigger local increase
of slip (Reber et al., 2014) and hence transient slips (Fagereng & Beall, 2020). More generally, in these bi‐phase
systems, the triggering of velocity weakening frictional behavior in the strong phase is assumed to lead to slip
instability and hence transient creep (Behr et al., 2021; Hayman & Lavier, 2014; Reber et al., 2015). In this study,
we propose that the inferred brittle‐ductile rheological behavior with fracturing of the clast inside a ductile matrix
can be associated with transient slips. In addition, the dynamic fracturing of the strong phase can generate high
deformation rates that can trigger brittle deformation in the weak matrix providing another mechanism for
transient slips.

The limited P‐T conditions for the existence of such brittle‐ductile rheology is furthermore consistent with the
limited depth and temperature extend of the transient slips in subduction zones (Figure 3d). The P‐T conditions for
the brittle‐ductile rheological behavior strongly depends on the pore fluid pressure (Figure 3d). For large Pf,
brittle‐ductile behavior are predicted inside the transient slip domain (Pf > 0,9 × Plith, Figure 3d); while low Pf

implies brittle‐ductile behavior at low pressure and low temperature (outside the deep transient slip domain,
Pf = 0,7 × Plith, Figure 3d). Consistently, transient slips are supposed to occur for very high pore fluid pressue
(Pf = 0,99 × Plith, Behr & Bürgmann, 2021). The exact P‐T conditions for brittle‐ductile behavior at very high
pore pressure also depends on the matrix rheology (mineral phases, Figure S8 in Supporting Information S1). The
state of fluids, the variation in pore fluid pressure and the associated metamorphic reaction along the subduction
plate interface will therefore be a key controlling factor in determining the depth extent of the brittle‐ductile
behavior. Our numerical results are a first step to better constrain such complex behavior.

Our results can also be extrapolated to larger scale with a subduction plate interface made of meter to kilometer
scale lenses of strong mafic rocks embedded in a weak metasedimentary rock (tectonic “mélange”, see for
example Kotowski & Behr, 2019). Using flow laws for mafic and metasedimentary materials, we can calculate the
P‐T conditions for the existence of brittle‐ductile behavior in such tectonic “mélange”, based on the critical
strength ratios defined in this study (brittle stress over the ductile stress of the matrix, here metasediments). The P‐
T conditions are very similar to the one calculated for metagabbro, exemplifying the role of the matrix rheology
(here metasediments) and the role of pore fluid pressure in defining the brittle‐ductile behavior (Figure 3e). More
generally, our study therefore supports that the deformation of a bi‐phase system (at grain scale or at meter to
kilometer scale) can explain the rheological distribution at the subduction plate interface: a brittle behavior
(seismogenic, at low P‐T), a brittle‐ductile behavior (predicted in limited P‐T conditions) marked by fracturing of
the strong phase and ductile creeping of the weak phase, likely associated with transient slips, and a ductile
behavior marked by either dominant creeping with limited plastic deformation or fully ductile behavior at larger
temperatures and depths.
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Data Availability Statement
We use the open source code ASPECT 2.5.0 (Bangerth et al., 2022, 2023; Heister et al., 2017; Kronbichler
et al., 2012) published under the GPL2 license. The input file and the bash script file that generate and run all the
models shown in this manuscript can be accessed in Mendeley data set (Maitre et al., 2024).
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