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Abstract

Aseismic creep may occur by distributed deformation in mélange shear zones comprising
weak matrix and stronger clast materials. Slow slip events (SSEs) or steady tectonic
displacement can be distributed over < 100 m thick shear zones if weak matrix controls bulk
shear zone deformation. We use 2D numerical models to quantify the rheology of moderately
strained (shear-strain < 1.75) mélange for various volumetric proportions of competent clasts.
Mélange deformation with < 50% clasts is matrix dominated and can accommodate steady
creep. At higher clast proportions mélange viscosity increases more than 10-fold after small
strains, because strong clasts interact and form force chains. Clast shear stress is amplified
above the imposed shear stress, by a factor of < 14 where force chains develop. SSEs may
occur due to a temporary absence of force chains, while localized regions of high shear stress
generate coincident fracturing and potentially tremor events.

Plain Language Summary

Some subduction shear zones creep without generating large earthquakes. It is unclear which
deformation process at depth allows this creep to occur. We compute numerical models to
explore whether creep is promoted by having a particular proportion of weak materials within
subduction fault zones, which typically consist of mixtures (‘mélanges’) of weak and strong
components. We demonstrate that in a mélange that consists of < 50% weak minerals, forces
are concentrated into ‘force chains’ of strong materials when the mélange is slightly
deformed, resulting in an overall strength which is much greater than previously predicted.
Subduction zone creep events therefore occur in mélanges either with a high proportion of
weak minerals, or in the temporary absence of such force concentrations. Swarms of very
small earthquakes are often associated with creep events, which likely require failure of the
stronger mélange materials. We show that large forces are generated in the strong materials,
plausibly leading to this failure, even when the overall mélange is very weak.
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1. Introduction

Subduction megathrust displacement may be localized along discrete millimeter-thick faults
or distributed over 1-100 m thick shear zones (Rowe et al., 2013). Distributed shear is
promoted when the subduction zone interface is a tabular zone, a subduction mélange, where
strong clasts are embedded within a matrix of weaker, typically clay-rich, material (Fagereng
& Den Hartog, 2017; Shreve & Cloos, 1986). Mélange rheology may be approximated by
bulk deformation of the matrix, if the volumetric ratio 𝜙 = (clast volume)/(total volume) is
small (Grigull et al., 2012). Above a critical 𝜙, deformation may be accommodated by brittle
faulting of strong blocks and localized strain of the intervening matrix (Fagereng & Sibson,
2010). Such localized slip can occur transiently when matrix shear pathways are blocked by
interlocking clasts (e.g. Webber et al., 2018), so that a subset of clasts become load-bearing
‘force chains’ in a process called ‘jamming’ (Cates et al., 1998). It is unclear what this critical
𝜙 is; estimates vary from 𝜙 ≈ 0.45 (Roscoe, 1952) to ≥ 0.8 (Handy, 1994).

Slow slip events (SSEs) are transient episodes of aseismic slip lasting from days to years, at
rates of ~ 0.1 − 1 m yr −1 , significantly faster than time-averaged plate velocities (Dragert et
al., 2001; Miyazaki et al., 2006; Schwartz & Rokosky, 2007; Wallace & Beavan, 2010).
These slip rates correspond to transient bulk strain-rates (𝜖̇𝑥𝑦 ) of 10−11 − 10−10 s−1 (and
higher localized strain-rates) if shear is distributed across a 100 m thick tabular zone. SSEs
may be explained by rate-and-state variable friction, assuming a fine-tuned combination of
frictional properties for a planar fault surface active at low effective normal stress (Rubin,
2008). We explore an alternative, that SSEs are episodes of relatively rapid, distributed viscobrittle deformation (Lavier et al., 2013, Kano et al., 2018). Estimates for subduction thrust
interface shear stress are on the order of 10 MPa (Davis et al., 1983; Duarte et al., 2015; Gao
& Wang, 2014; Richardson & Coblentz, 1994), while SSEs are modulated by small tidal
stresses (Rubenstein et al., 2008; Hawthorne and Rubin, 2010), implying only kPa order
stress drops. SSEs within subduction interface shear zones are therefore only reconcilable
with deformation of weak matrix minerals (Fagereng et al., 2014), implying either low 𝜙 or a
temporary absence of force chains.

Relatively deep SSEs are commonly accompanied by an increased activity of tectonically
activated, low frequency seismic signals known as ‘tremor’ (Obara et al., 2004; Rogers &
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Dragert, 2003). This ‘episodic tremor and slow slip’ implies simultaneous creep and frictional
sliding within a shear zone below the seismogenic zone. In a model where creep and fracture
occur within a compositionally heterogeneous mélange, inference of low shear stress implies
that frictional failure of the strong mélange components occurs due to near-lithostatic porepressure (Sibson, 2013) or transiently elevated elastic stress (Hayman & Lavier, 2014). We
explore an alternative where localized high-stress clast deformation occurs within a low bulk
stress state mélange, as a result of stress amplification in localized load-bearing regions, but
without causing jamming of the shear zone.

We use generalized models to systematically examine how mélange jamming and stress
amplification depend on 𝜙 and strain. Newtonian rheologies are assumed, such that results
can be non-dimensionalized and applied to the variety of depths, effective stress-states and
rock compositions that SSEs occur in. Subduction zone mélange matrix commonly consists
of mixtures of frictional and soluble minerals (e.g. muscovite and quartz), deforming by ratelimiting pressure-solution once frictional sliding occurs (Bos et al., 2000; Fagereng and Den
Hartog, 2017; Den Hartog and Spiers, 2014; Niemeijer & Spiers, 2007). Pressure-solution
creep is approximated by a Newtonian rheology, which can also be used for a simplified
representation of relatively rigid clasts. As fracturing is not explicitly modelled, calculated
maximum stresses and mélange strengths are upper limits that can be used to predict whether
fracturing is likely to occur under specific modelled conditions.
2. Model Setup
To accommodate bulk SSE strain-rates of 10−11 − 10−10 s−1 under 10 MPa driving stress, a
shear zone would need an effective viscosity 𝜂𝑒𝑓𝑓 (satisfying Eq. 1, for shear stress 𝜏) in the
range 1016 − 1017 Pa s.
𝜏 = 2𝜂𝑒𝑓𝑓 𝜖̇𝑥𝑦

(1)

‘Effective viscosity’ implies that this viscosity approximates processes other than
monomineralic creep; e.g. brittle failure (discussed by Fullsack, 1995), complex
polymineralic deformation (Niemeijer & Spiers, 2007), or heterogeneous deformation of
contrasting rock domains (the focus of this paper). We calculate 𝜂𝑒𝑓𝑓 for a generalized twophase mixture, examining how the relative velocities of the shear zone walls, and the shear
zone’s internal stress and strain-rate distributions, respond to an imposed 𝜏 and evolving clast
network during progressive finite shear strain.
© 2019 American Geophysical Union. All rights reserved.

We use 2D numerical models (Fig. 1) to calculate incompressible linear viscous flow of
mélange for a variety of 𝜙 (0.3, 0.4, 0.5, 0.57 and 0.64) and ratios of matrix to clast viscosity
𝜂𝑚 /𝜂𝑐 (10-4, 10-3, 10-2 and 10-1), forming a set of 20 ‘reference’ models. These viscosity
contrasts reflect contrasting temperature-dependences of deformation in a range of minerals;
e.g. at temperatures of < 400°C wet feldspar is extremely strong (Rybacki et al., 2006), while
serpentine is very weak (Hilairet et al., 2007) so that 𝜂𝑚 /𝜂𝑐 < 10-4; however, at higher
temperatures this viscosity ratio will change towards 1 as feldspar weakens significantly.
Similar relations can be found for many material pairs. The reference model domain is 4 m
long and 1 m wide and starts with clast long-axes ±30° to the horizontal walls. ‘Additional’
models explore extended parameter space. Sensitivity to shear zone thickness is explored by
‘thin’ end-member models with 4m x 0.5m domains for 𝜙 = 0.64, and ‘thick’ end-members
with 4m x 2m domains for 𝜙 = 0.5 and 𝜙 = 0.64. To test whether the initial sub-horizontal
clast orientation reduces jamming potential, models with initially random clast orientations
(horizontal to sub-vertical clast long-axes) are explored for 𝜙 = 0.64. Each of these
sensitivity tests covers the same 𝜂𝑚 /𝜂𝑐 range as the reference models, forming a set of 16
additional models. Models are strained to 𝜖𝑥𝑦 = 1.75 (engineering shear-strain of 3.5), the
smallest 𝜖𝑥𝑦 at which every model appears to have reached a quasi-steady-state 𝜂𝑒𝑓𝑓 .

The particle-in-cell finite-element code Underworld (Moresi et al., 2007) is used to solve the
velocity (𝑣𝑥 ,𝑣𝑦 ) and pressure (mean normal stress) fields, as well as the associated strain-rate
and deviatoric stress tensors. Periodic boundary conditions are used, where their influence is
reduced by the large model aspect ratio. The top wall assumes 𝑣𝑦 = 0 and a constant bulk
shear stress 𝜏 = 𝜏0 , allowing for variable bulk mélange strain-rate through time. The bottom
wall assumes 𝑣𝑥 = 𝑣𝑦 = 0. All models have 0.39 cm x 0.39 cm elements.

All results can be non-dimensionalized and rescaled, because the viscous flow (Stokes)
equations with a Newtonian rheology are linear. Model stress is expressed as a non−1
dimensionalized ratio to 𝜏0 . 𝜂𝑒𝑓𝑓 is time-dependent and calculated as 0.5 𝜏0 𝑤 𝑣𝑡𝑜𝑝
, where

𝑣𝑡𝑜𝑝 is the average horizontal velocity on the top wall and 𝑤 is the model thickness (0.5, 1 or
2 m). Mélange strength is expressed as the non-dimensional ratio 𝜂𝑒𝑓𝑓 /𝜂𝑚 . Length scales can
be expressed as a non-dimensional ratio to either the shear-zone thickness 𝑤 or the long-axis
length of the largest clast 𝐿𝑐𝑙𝑎𝑠𝑡 (0.84 m in all the models).
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Models begin with randomly positioned clasts, in order to avoid artificial clast alignment
(Fig. 1). Clasts are initially separated by ≥ 2 cm (> 5 elements), to ensure they are resolved as
separate bodies. Though deformation may reduce this separation to one element, a particle
volume-weighting integration scheme is used in Underworld to approximately resolve
intervening matrix. Clast long-axis lengths vary from 24 cm to 𝐿𝑐𝑙𝑎𝑠𝑡 = 84 cm. This range
represents the smallest clast influencing the shear-zone scale flow field and the largest clast in
the shear zone, respectively. All clasts have a 1:3 aspect ratio, mimicking the lens-shaped
clasts typically observed in mélanges (Bachmann et al., 2009; Fagereng & Sibson, 2010;
Grigull et al., 2012). Jamming occurs when 𝜙 is close to the maximum particle packing
density (Krieger & Dougherty, 1959). Compared to circular clasts, the chosen diamond shape
can pack more densely and may jam at a higher 𝜙.
Clast sizes follow a power law size distribution, 𝑁 ∝ 𝑟 −𝐷 , where N is the number of clasts
with length > r and D is a fractal parameter. D is set to 1.9, reflecting measured clast size
distributions in exhumed mélanges dominated by ductile, rather than brittle, deformation
structures (Fagereng, 2011a). As fractal clast-size distributions have a similar appearance at
any scale, the models are scale-invariant and their geometry can be scaled, e.g. scaling the
reference model with 𝑤 = 1 m up to 𝑤 = 100 m results in a 400 m × 100 m shear zone
containing blocks with 𝐿𝑐𝑙𝑎𝑠𝑡 = 84 m. Viscosity and stress measurements are nondimensionalized and therefore independent of scaling. Models are therefore applicable to the
full spectrum of behavior that occurs in a ~100 m thick subduction megathrust assuming the
clast-size distribution holds to this scale (e.g. Fagereng, 2011a; Grigull et al., 2012).
Fig. 1a shows a typical progression in mélange geometry with increasing strain for 𝜂𝑚 /𝜂𝑐 =
10−4 and 𝜙 = 0.5. After 𝜖𝑥𝑦 = 1.75, clast interaction has led to formation of force chains
(Fig. 1a; Movie S1) and strengthening from 𝜂𝑒𝑓𝑓 = 4. 3𝜂𝑚 to 49.5𝜂𝑚 . Clast interaction and
stress changes depend on 𝜙 and 𝑤 (Fig. 1b).
3. Calculated Effective Viscosity
The effective viscosity 𝜂𝑒𝑓𝑓 is a function of 𝜂𝑚 /𝜂𝑐 , 𝜙 and 𝜖𝑥𝑦 (Fig. 2a). At 𝜖𝑥𝑦 = 0, 𝜂𝑒𝑓𝑓 can
be approximated by the microphysical suspension model of Roscoe (1952) and the empirical
mixing law of Ji (2004). The Roscoe model only approximates our results for 𝜂𝑚 /𝜂𝑐 = 10−3
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and 10−4, as it assumes 𝜂𝑐 → ∞, whereas Ji’s model approximates all cases. The Reuss
(discussed by Ji, 2004) and Handy (‘interconnected-weak-layer’, 1994) models are typically
considered as lower bounds, and predict significantly lower 𝜂𝑒𝑓𝑓 than our models.
Jamming is quantified by 𝜂𝑒𝑓𝑓 /𝜂𝑚 (>>1 indicates jamming), calculated as the maximum 𝜂𝑒𝑓𝑓
occurring over 𝜖𝑥𝑦 ≤ 1.75. 𝜂𝑒𝑓𝑓 increases with strain, though to varying degrees. For 𝑤 = 1
m and 𝜂𝑚 /𝜂𝑐 = 10−4, 𝜂𝑒𝑓𝑓 /𝜂𝑚 only increases by ~30% with increasing strain for 𝜙 = 0.3
and 0.4, so that the strain-independent mixing laws are a good approximation (Fig. 2a). For
0.5 ≤ 𝜙 ≤ 0.64, significant strengthening to 47 ≤ 𝜂𝑒𝑓𝑓 /𝜂𝑚 ≤ 307 occurs as force chains
develop, a much higher bulk strength than in mixing laws ignoring jamming. Jamming for
𝜙 ≥ 0.5 is evident in the dependence of 𝜂𝑒𝑓𝑓 /𝜂𝑚 on 𝜂𝑐 (similarity to ‘clast supported’ trend,
Fig. 2b) and occurs because simple shear requires solid body rotation, which is difficult at
high 𝜙 without clast deformation (e.g. Fig. 1; Movies S1 and S3).

Roscoe (1952) proposed a microphysical suspension model incorporating clast interaction
(Fig. 2a), which predicts significant strengthening as 𝜙 approaches a critical packing volume
and approximates our calculated 𝜂𝑒𝑓𝑓 for 𝜂𝑚 /𝜂𝑐 = 10−3 and 10−4. The Voigt model is
considered an upper bound (discussed by Ji, 2004), but predicts significantly greater 𝜂𝑒𝑓𝑓 for
jammed mélange than our models (Fig. 1a). The initial orientation of the clasts has a
negligible impact on the degree of strengthening at 𝜖𝑥𝑦 = 1.75 (Fig. 2a, red circle), contrary
to the emphasis in previous studies (e.g. Treagus, 2002). This is because, at least for a
relatively high 𝜙 = 0.64, clasts can jam while remaining sub-horizontal (Fig. 1).
𝜂𝑒𝑓𝑓 of mélange with 𝜙 = 0.64, 𝑤 = 1 m and 𝜂𝑚 /𝜂𝑐 = 10−4 has lower and upper bounds
(over 𝜖𝑥𝑦 ≤ 1.75) of 𝜂𝑒𝑓𝑓 /𝜂𝑚 = 6.8 and 171.9 respectively, so that 𝜂𝑒𝑓𝑓 is a factor of 39
larger when the mélange is jammed, compared to unjammed. This factor reduces to 6.4x and
1.8x for 𝜂𝑚 /𝜂𝑐 = 10−3 and 10−2 respectively (Fig. 2b). As this low factor for 𝜂𝑚 /𝜂𝑐 =
10−2 is identical when 𝑤 = 0.5 m, 𝜂𝑒𝑓𝑓 variation in this case does not appear to increase
further with increased jamming. Significant 𝜂𝑒𝑓𝑓 variations with strain are therefore unlikely
to be explained by jamming of mélange with ≤ 102 order viscosity contrast and Newtonian
rheology. The variation of 𝜂𝑒𝑓𝑓 with strain may be reduced in nature, as jammed mélange is
dominated by clast deformation, potentially involving cataclastic flow not modelled here.
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The thickness was changed to thin and thick end-members of 0.5 m and 2 m, respectively, in
order to examine the influence of w on 𝜂𝑒𝑓𝑓 . The thin end-member model further promotes
jamming, increasing 𝜂𝑒𝑓𝑓 /𝜂𝑚 to 1881 at high strain (Fig. 2a, square). This significant
contrast in 𝜂𝑒𝑓𝑓 between models with 𝑤 = 1 m (1.2 𝐿𝑐𝑙𝑎𝑠𝑡 ) and 0.5 m (0.6 𝐿𝑐𝑙𝑎𝑠𝑡 ) indicates
that shear zones with thickness 𝑤 < 1.2 𝐿𝑐𝑙𝑎𝑠𝑡 have an increased jamming tendency.
Models with 𝑤 = 2 m, have 𝜂𝑒𝑓𝑓 similar to the reference models (𝑤 = 1 m) at 𝜖𝑥𝑦 = 0 and
𝜙 = 0.5 and 0.64. Thickening the shear zone beyond 𝑤 = 1.2 𝐿𝑐𝑙𝑎𝑠𝑡 therefore has little
impact on flow in the absence of clast interaction. At high strain, the larger w is highly
effective at mitigating jamming for 𝜙 = 0.5 (Figs. 1 and 2; Movie S2), resulting in 𝜂𝑒𝑓𝑓 =
7𝜂𝑚 instead of 47𝜂𝑚 for 𝜂𝑚 /𝜂𝑐 = 10−4. This mitigation is negligible for 𝑤 = 2 m and
𝜙 = 0.64, as 𝜂𝑒𝑓𝑓 /𝜂𝑚 still strengthens to 172.
A force chain network spans the entire model width when 𝑤 = 2 m and 𝜙 = 0.64 (Movie
S4), unlike the single dominating force chains in models with 𝑤 ≤ 1 m (Fig. 1). The longest
force chain has a length of ∼ 1.7𝐿𝑐𝑙𝑎𝑠𝑡 , which appears to be a characteristic maximum length
that can be observed in the models with 𝑤 = 2 m (2.4𝐿𝑐𝑙𝑎𝑠𝑡 ), but is longer than the shear
zone thickness of models with 𝑤 ≤ 1. Individual force chains appear to buckle and
reorganize; however, the overall force chain network still transmits stress across the shear
zone sufficiently for jamming.
4. Stress Amplification
The maximum 2D shear stress at a point, 𝜏𝑚𝑎𝑥 = (𝜎1 − 𝜎2 )/2 (for maximum and minimum
principal compressive stresses 𝜎1 and 𝜎2 ), is calculated for the matrix and clast regions
separately. 𝜏𝑚𝑎𝑥 is calculated on every particle, except those in elements containing clast
interfaces, and interpolated onto the mesh using inverse distance weighting. The particle-incell finite element method can result in overestimated 𝜏𝑚𝑎𝑥 close to clast edges (Deubelbeiss
and Kaus, 2008). To avoid these local overshoots, the 95th percentile of 𝜏𝑚𝑎𝑥 is calculated
(𝜏95 ), avoiding clast edges and conservatively measuring localized high stress regions
spanning clasts (Fig. 1). 𝜏95 for each model run is averaged over 1.25 ≤ 𝜖𝑥𝑦 ≤ 1.75. The
amplification of clast stress above the imposed bulk stress 𝜏0 is significant for all models,
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with 3.9 ≤ 𝜏95 /τ0 ≤ 5.4 for 𝜂𝑚 /𝜂𝑐 = 10−2 and 6.8 ≤ 𝜏95 /τ0 ≤ 13.4 for 𝜂𝑚 /𝜂𝑐 = 10−4
(Fig. 3a). As the analytical solution for stress amplification in a single clast is 2.67𝜏0 (3:1
long to short axis ratio; Schmid & Podladchikov, 2003), clast interaction has a significant
impact on the mélange stress state.

Stress amplification predominately occurs within force chains, which are high stress
pathways subparallel to 𝜎1 . Force chains form when simple shear becomes difficult without
clast deformation. It follows that the highest clast stress amplification occurs when the force
chains and jamming are most prominent, tested by plotting clast stress amplification against
𝜂𝑒𝑓𝑓 /𝜂𝑚 (Fig. 3a). Models with 𝜙 = 0.3 actually have higher 𝜏95 than 𝜙 = 0.4 for the initial
clast distributions used, because stress is amplified in clasts colliding with the shear zone
walls, irrespective of 𝜙. 𝜏95 controlled by such colliding clasts can be relatively high,
𝜏95 /𝜏0 = 5.4 and 9.5 for 𝜂𝑚 /𝜂𝑐 = 10−3 and 10−4 respectively, demonstrating that jamming
is not necessarily a prerequisite for significant localized amplification.
𝜏95 increases for 𝜙 = 0.5 and 0.57, relative to lower 𝜙, because jamming concentrates stress
into force chains. This increased jamming is also reflected by a marked increase in 𝜂𝑒𝑓𝑓 /𝜂𝑚
as 𝜙 increases to ≥ 0.5 (Fig. 3a). Stress amplification decreases, however, for 𝜙 = 0.64 (Fig.
3a). The thin end-member model involves similar or less stress amplification than the
unjammed models. This is because of an increased number of force chains, distributing stress
among a greater area of clast material. This is quantified by the standard deviation of 𝜏𝑚𝑎𝑥
(Fig. 3a), which follows a similar trend to stress amplification.
In contrast to the clast stress states, the matrix shear stress (measured as 𝜏95 ), reduces with
increasing jamming (Fig 3b), such that there is actually reduction below the background
stress at 𝜙 ≥ 0.5. The highest matrix stress amplification, which occurs for the model with
the lowest clast/matrix ratio (𝜙 = 0.3), peaks at 1.36𝜏0 and corresponds to narrow high
strain-rate regions between clasts (Fig. 1).
5. Fracturing at Low Stress
Fracture and frictional sliding of clast and matrix materials occur in nature and are candidates
for generating tremor (Behr et al., 2018; Chestler and Creager, 2017; Fagereng and Sibson,
2010; Fagereng et al., 2011). Tremor occurs at depths of < 40 km (e.g. Nankai and Cascadia;
© 2019 American Geophysical Union. All rights reserved.

Schwartz & Rokosky, 2007), requiring low effective friction coefficients, 𝜇′ = 𝜇(1 − 𝑓𝑝 ), for
friction coefficient 𝜇 and ratio of pore-fluid pressure to lithostatic pressure 𝑓𝑝 , of 𝜇′~ 0.03
(Sibson, 2014). Matrix phyllosilicates and clays typically have 0.1 < 𝜇 < 0.5, (Byerlee,
1978; Saffer and Marone, 2003) indicating moderate to high overpressures of 0.7 ≤ 𝑓𝑝 ≤
0.94. Clasts are likely to have a higher 𝜇 ≈ 0.6, following Byerlee (1978), requiring near
lithostatic pore-pressure of 𝑓𝑝 = 0.95. While near-lithostatic pore-pressure is plausible along
some parts of a subduction zone interface, it is difficult to envisage this condition being
reached widely enough to explain all incidences of slow slip and tremor (e.g. Nankai is
inferred to have 𝑓𝑝 ~ 0.75; Saffer and Tobin, 2011). Clast stress amplification potentially
reduces the need for extreme fluid overpressures to explain local and transient fracturing or
frictional sliding. The models are used to predict the onset of brittle/frictional failure. To
calculate the stress field after failure, further iterations of a non-linear solution are required
(Fullsack, 1995), which is beyond the aims of the current study.

Tensile fractures in clasts within exhumed mélanges are commonly interpreted to have
required near-lithostatic fluid pressure to allow fracture within otherwise ductilely deforming
shear zones (Byrne and Fisher, 1990; Fagereng et al., 2011; Ujiie et al., 2018). Furthermore,
geophysical observations indicate that Low Frequency Earthquakes (LFEs, considered the
constituents of tremor) occur by shear failure within dominantly creeping active subduction
thrusts (Ide et al., 2007b; Chestler and Creager, 2017). Frictional failure can be modelled by
the Coulomb criterion for shear failure along well-orientated planes (Eq. 2) and a simplified
Hoek-Brown criterion for tensile fracture (Eq. 3), expressed in terms of 𝜏𝑚𝑎𝑥 and depth 𝑧
(approximating mean stress by lithostatic pressure);
𝜏𝑚𝑎𝑥 =
𝜏𝑚𝑎𝑥 =

C + 𝜌𝑔𝑧(1 − 𝑓𝑝 )μ
√1 + 𝜇 2
𝐶
+ 𝜌𝑔𝑧(1 − 𝑓𝑝 )
𝑚

(2)
(3)

for cohesion 𝐶 = 50 MPa and 𝜇 = 0.6 (following Byerlee’s law), empirical parameter
𝑚 = 15 (appropriate for sandstone as a representative clast lithology), average overburden
density 𝜌 = 2700 kg m−3 and gravitational acceleration g (both failure criteria and rock
properties detailed by Jaeger et al., 2007). For 𝑓𝑝 = 0.75, as estimated for Nankai (Saffer and
Tobin, 2011), 𝜏𝑚𝑎𝑥 = 𝜏0 = 179 MPa is required for clast shear fracture at 40 km depth and
𝜏0 = 268 MPa for tensile fracture (larger than the predicted 𝜏0 ~ 10 MPa). However,
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considering clast stress amplification to 𝜏𝑚𝑎𝑥 /𝜏0 ≈ 4.7 when 𝜂𝑚 /𝜂𝑐 = 10−2 (taking the
average of the model range; Fig. 3a), clast failure is consistent with a lower bulk mélange
stress of 𝜏0 = 38 MPa (shear failure) and 𝜏0 = 57 MPa (tensile failure). Stress amplification
is even greater with increased viscosity contrast, e.g. 𝜏𝑚𝑎𝑥 /𝜏0 ≈ 10.1 for 𝜂𝑚 /𝜂𝑐 = 10−4,
reducing the bulk shear stress required for clast failure to 𝜏0 = 18 MPa (shear) and 𝜏0 =
27 MPa (tensile), approaching the estimated 𝜏0 ~ 10 MPa without invoking near-lithostatic
pore-pressure.

6. Stick-Slip Creep Behavior and Slow Slip Events

SSEs can be represented by slow stick-slip instabilities caused by competing weakening and
strengthening rate-and-state mechanisms (Rubin, 2008), variation in pore-pressure
(Bernaudin and Gueydan, 2018) or alternating clast-supported and matrix-supported bulk
rheology (Lavier et al., 2013; Webber et al., 2018). Our mélange models undergoing
progressive jamming demonstrate that the most generalized mélange can switch between
matrix-support and clast-support, resulting in significant 𝜂𝑒𝑓𝑓 variation through time.
Prior to jamming, the model with 𝜙 = 0.64 and 𝑤 = 2 m has a relatively low 𝜂𝑒𝑓𝑓 /𝜂𝑚 = 6.8
(Fig. 2), consistent with 𝜂𝑒𝑓𝑓 inferred during SSEs. For example, using 50 cm yr-1, equivalent
to 𝜖̇𝑥𝑦 = 8 × 10−11 s −1 for 𝑤 = 100 m , and assuming 𝜏0 = 10 MPa, the unjammed
mélange must have 𝜂𝑒𝑓𝑓 ≈ 6 × 1016 Pa s (following Eq. 1). Therefore 𝜂𝑚 = 𝜂𝑒𝑓𝑓 /6.8 =
9 × 1015 Pa s, which is low, but could correspond to pressure-solution in fluid saturated
conditions with fine grain size (Den Hartog and Spiers, 2014; Fagereng and den Hartog,
2017). Upon jamming, 𝜂𝑒𝑓𝑓 increases to 172𝜂𝑚 . Jamming would lower the slip rate (which
varies inversely proportionally to 𝜂𝑒𝑓𝑓 , assuming unchanged 𝜂𝑚 , 𝜏 and 𝑤) to 2 cm yr-1,
slower than typical plate velocities. This could trigger the end of an SSE and the initiation of
elastic strain accumulation. Generalized mélange within a relatively thick shear zone can
therefore have jammed and unjammed states which may correspond to the periods between
and during SSEs respectively. Jamming occurs in our models at a lower 𝜙 (≥ 0.5) than
previous estimates (𝜙 > 0.8-0.9; Fagereng & Sibson, 2010; Grigull et al., 2012) and
therefore may be more widespread than previously thought.
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The SSE cycle also requires unjamming, which was not modelled. In experiments, stick-slip
behavior is inferred to correspond to the periodic breaking and reorganization of force chains
(Anthony and Marone, 2005). Fracturing of jammed clasts, caused by stress amplification,
may reduce clast strength through velocity-weakening behavior and/or cohesion loss.
Unstable rupture could be prevented by velocity-strengthening matrix slip as predicted for
wet illite and quartz/illite gouges at SSE velocities and relevant temperatures (Den Hartog et
al., 2014). Temporary deactivation of force chains would switch the mélange to matrixsupported deformation, dramatically reducing 𝜂𝑒𝑓𝑓 and potentially triggering an SSE. The
period between SSEs may then depend on the healing time for clast fractures (e.g. Rubin,
2008). The jamming tendency of mélange provides potential for stick-slip behavior through
distributed shear-zone deformation, though this must be tested using models with non-linear
rheology.
Periodic jamming and unjamming of mélange with high 𝜙 may explain why there is a patch
of relatively high interseismic coupling in the northern Hikurangi (near Gisborne, New
Zealand), which slips aseismically during SSEs (Wallace & Beavan, 2010; Wallace et al.,
2016). This patch, embedded in a region of low coupling, is thought to coincide with a region
of decreased clay content and pore-pressure (Heise et al., 2017) and/or the presence of a rigid
seamount updip of a highly over-pressured region (Bell et al., 2010). Thin or clay-poor shear
zones may therefore be intermittently dominated by stronger block rheologies, while still
participating in SSEs when force chains break.
7. Length Scale of Low Frequency Earthquakes

The rupture size of LFEs appears to be limited (Bostock et al., 2015), to ~ 100 m diameter
patches (Chestler & Creager, 2017). The areas of individual force chains and length of high
matrix strain-rate regions are finite in the mélange models and of similar scale in both 1 m
and 2 m thick cases (Fig. 1). These cannot be upscaled using 𝑤, leaving 𝐿𝑐𝑙𝑎𝑠𝑡 as the relevant
length scale. Force chains are generally limited by 𝐿𝑐𝑙𝑎𝑠𝑡 , transmitting stress through single
large clasts and groups of smaller clasts (Fig. 1). If the largest magnitude LFEs correspond to
fracture of the largest single blocks, these would need to have a cross-section length of ~ 100
m. Patches of locally elevated matrix strain-rate can reach ~ 2 𝐿𝑐𝑙𝑎𝑠𝑡 . A 100 m long localized
region of high matrix strain-rate could then occur in matrix flowing around blocks with
© 2019 American Geophysical Union. All rights reserved.

𝐿𝑐𝑙𝑎𝑠𝑡 = 50 m (short axis length of 17 m). Blocks of this scale exist in the Franciscan
mélange (Grigull et al., 2012), though smaller blocks may also be suitable if that collectively
act as one block, or the length-scale of localized matrix deformation is longer for a non-linear
rheology or dynamic rupture. An active shear zone, typically 100 m thick, with blocks < 50 m
long would have a similar 𝐿𝑐𝑙𝑎𝑠𝑡 /𝑤 ratio as the wide end-member model. Such a mélange
only needs a small number of force chains spanning the shear zone to promote stick-slip
behavior.

8. Conclusions

Generalized numerical models simulating viscous shear of subduction-style mélanges
demonstrate that relatively rapid aseismic slip can be accommodated by distributed
deformation, provided 𝜙 < 0.5 or force chains are temporarily deactivated (e.g. due to clast
failure). Mélange strength can dynamically increase > 10-fold as jamming occurs, supporting
a hypothesis that the episodicity of SSEs is related to force chain dynamics within a
heterogeneous shear zone. Creeping mélange with a low deviatoric stress can still generate
high stresses within strong clasts and blocks, predicted to result in fracturing at < 40 km
depth, even with only moderate pore-fluid overpressure. Such stress amplification reconciles
fracturing of strong components with small observed stress drops. Tremor may correspond to
fracturing of large blocks or localized slip of intervening matrix minerals, with length-scale
of failure limited by the size of the largest mélange blocks, which itself is limited by shear
zone width. Episodic slow slip and tremor may therefore be associated with mélange
deformation at the 10 to 100 m scale, occurring in regions with dynamic block-scale force
chains.
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Figure 1. Model evolution for 𝜙 = 0.5 and 𝜂𝑚 /𝜂𝑐 = 10−4, showing maximum shear-stress
(clasts outlined, contours drawn for the 95th percentile 𝜏95 ) and shear-zone-parallel shear
strain-rate (each scale capped for visualization). Strain-rate is normalized against a ‘clastfree’ strain-rate corresponding to a model with 𝜙 = 0 (contours drawn for 75% of the clastfree strain-rate). (a) Progressively strained 1 m thick model, with increased occurrence of
force chains (adjacent clasts with high 𝜏𝑚𝑎𝑥 ) at high strain and subsequent jamming (increase
in 𝜂𝑒𝑓𝑓/ 𝜂𝑚 ). Prior to jamming, localized matrix regions of high strain-rate occur at the edges
of clasts involved in force chains. (b) 2 m thick model. Force chains occur, but without
spanning the model thickness, preventing jamming.
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Figure 2. Minimum and maximum bulk viscosities (lower and upper brackets) of the
‘reference’ models (𝑤 = 1 m), as a function of 𝜙 (a) Models with 𝜂𝑚 /𝜂𝑐 = 10−4, compared
to typically used mixture laws (Handy, 2004; Ji, 2004; Roscoe, 1952; Reuss and Voigt endmember models). At zero strain, 𝜂𝑒𝑓𝑓 is well described by the Roscoe and Ji models. At high
strain and 𝜙 ≥ 0.5, 𝜂𝑒𝑓𝑓 increases significantly and is better approximated by models
incorporating jamming (dashed line). The maximum 𝜂𝑒𝑓𝑓 of the ‘additional’ models with
varying fault zone thickness and initial clast orientations are also shown (red symbols). (b)
Models with both varying 𝜙 and 𝜂𝑚 /𝜂𝑐 . Models with 𝜙 ≥ 0.5 move towards a clastsupported trend for 𝜂𝑚 /𝜂𝑐 ≤ 10−3 (horizontal grey line).
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Figure 3. Measures of stress variation within the model domain, as a function of jamming
(quantified as 𝜂𝑒𝑓𝑓 /𝜂𝑚 ) and plotted for a range of 𝜙 (colors) and 𝜂𝑚 /𝜂𝑐 (successive points
labelled, with the weakest model emphasized). (a) The highest clast stress amplification (𝜏95 )
occurs at moderate jamming (30 ≤ 𝜂𝑒𝑓𝑓 /𝜂𝑚 ≤ 100). Relatively high stress amplification of
≤ 9.5x still occurs for little jamming (𝜂𝑒𝑓𝑓 /𝜂𝑚 < 10). Figures above each curve give
standard deviation of 𝜏𝑚𝑎𝑥 over the whole domain. (b) The highest matrix shear stress (𝜏95 )
decreases with increasing jamming, eventually reducing to below the background stress.
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