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Abstract Low-frequency earthquakes (LFEs) have been observed in subduction zones and some major
tectonic faults and may well be the most important constituents of tectonic tremors. In subduction zones,
they were initially attributed to fluids released by dehydration reactions in downgoing slabs. Their seismic
radiation pattern, however, is consistent with shear slip on the subduction interface, and this rapidly became
the favored model. Recent studies indicate that the source duration of LFEs does not scale with magnitude,
which can hardly be explained by shear rupture. We revisit the characteristics of LFE events in subduction
zones as retrieved from local seismic arrays. We demonstrate that they can be explained equally well

by forces acting in the direction of fluid motion. Such forces may be generated by a fast local pressure
variations associated with unsteady fluid motion. The amount of fluid required for LFE activity is consistent
with dehydration reaction rates.

Plain Language Summary We discuss possible mechanisms of the low-frequency earthquakes,
a component of the slow earthquake phenomena observed in fault zones, and suggest that they can be
generated by very rapid fluid transients releasing the strong pressures gradients built during nonstationary
fluid transport in the fault zones.

1. Introduction

Since their discovery in Japan by Obara (2002), tectonic tremors have been observed in many subduction
and fault zones (e.g., Husker et al., 2012; Kao et al,, 2005; Kostoglodov et al., 2010; Nadeau & Dolenc, 2005;
Payero et al.,, 2008; Walter et al., 2011). Drawing on analogies with volcanic tremors (e.g., Chouet, 1996; Fehler,
1983), early authors attributed them to fluid-driven seismogenic processes and named them “nonvolcanic
tremors.” More detailed observations have motivated other hypotheses. First, it was established that, in sub-
duction zones, these tremors are closely associated with slow slip events (e.g., Obara & Hirose, 2006; Rogers
& Dragert, 2003; Schwartz & Rokosky, 2007). They are in large part composed of low-frequency earthquakes
(LFEs) characterized by small coherent impulsive arrivals recorded at several stations (Shelly et al., 2006). LFE
hypocenters are aligned with the subduction interface and their radiation patterns can be explained by shear
slip along that interface (e.g., Bostock et al., 2012; Frank et al., 2013; Ide et al., 2007; Shelly et al., 2007). This has
led to models that consider slow slip events, tremors and LFEs as part of the same “slow earthquake” process,
such that LFEs and tremors are generated by small stick-slip asperities in a larger slowly sliding fault.

The stick-slip asperity model is attractive but does not account for several observations. LFEs occur as clusters
of many hundreds or thousands of highly repetitive multiplets, implying that their sources are very close to
one another and are due to the same physical mechanism. According to recent studies, LFE source duration
scales poorly with magnitude (e.g., Bostock et al., 2015; Farge et al., 2017), casting doubt on the validity of the
self-similar rupture model that has been so successful for “regular” earthquakes. The nearly constant source
duration of LFEs implies the predominance of asperities that have a well-defined characteristic size and yet
slip by variable amounts. Processes that could account for a nearly constant asperity size have not been iden-
tified, however. We shall show that several LFE features, such as their radiation pattern, may be explained by
mechanisms other than shear slip.

In this paper, we reexamine the possibility that LFEs are related to fluid transients in subduction zones.
Our study is motivated by analogies between tectonic LFEs and volcanic long-period earthquakes, and
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particularly those that occur at similar depths in subduction zones and active volcanic areas (Shapiro et al.,
2017). We first show that the LFE seismic radiation pattern observed over a local seismic array can be explained
by a single force mechanism as well as by a double-couple one. We propose that such forces arise from rapid
pressure perturbations generated by fluid flow transients along the subduction interface. Finally, we estimate
the amounts of fluids required to generate the observed LFE activity and find that they are consistent with
petrologically-derived values for dehydration reactions in downgoing slabs (e.g., van Keken et al., 2011).

2. The Radiation Pattern of LFEs

Determining LFE focal mechanisms in subduction zones is fraught with many difficulties because radiation
patterns must be extracted out of low signal-to-noise and relatively high-frequency waveforms. Ide et al.
(2007) compared stacked LFE waveforms in Shikoku, Japan, to those of earthquakes with known mechanisms
in the neighbouring subducting Philippine Sea Plate. They derived focal mechanisms from P wave polarities
and moment tensors from S waveforms and concluded that both characteristics are consistent with shear slip
on the plate interface. A similar approach was applied to LFEs in Cascadia and Mexico by Bostock et al. (2012),
Royer and Bostock (2014), and Frank et al. (2013). In another approach the polarization of tectonic tremors has
been measured and found approximately parallel to the direction of relative plate motion, which is consistent
with S waves generated by the shear slip on the plate interface (e.g., Wech & Creager, 2007; Imanishi et al.,
2016). These observations have provided strong support for a shear-slip origin for LFEs and tectonic tremors
(Shelly et al., 2007).

The weak LFE signals are recorded in local seismic arrays directly above source regions. In subduction zones
with relatively gently dipping slabs, these arrays are located in the vicinity of the P wave nodal planes of poten-
tial pure shear slip events. The P wave radiation pattern of a pure shear slip event is mainly controlled by the
sin(26) term, where @ is the angle with respect to the nodal plane (Aki & Richards, 2002). For a single impul-
sive force acting in the shear direction, the radiation pattern is « sin(9) instead, but this is almost identical to
the previous one over the limited aperture of a local seismic array, as illustrated in Figure 1a. In such an array,
S waves are mainly observed in transverse motion components with radiation patterns o« cos(20) and cos(6)
for shear slip and single force events, respectively, which are again very close to each other for small 6 val-
ues. S wave radiation patterns are distinctive at angles 8 close to 45°, where S nodal planes are expected for
shear slip mechanisms (Figure 1b). LFE recordings are rare at such high angles, however, and those that are
available are plagued by lower signal to noise ratios due to larger source-to-receiver distances. S wave polari-
sation direction from a single force mechanism is parallel to the force vector. In a case of upward fluid motion
along the plate interface, this force would be nearly parallel to the inter-plate slip vector. In such configura-
tion, at stations just above the source a double couple and a single force mechanisms will generate S waves
with nearly parallel polarization directions and, therefore, cannot be distinguished base on simple polariza-
tion analysis of tremors. Thus, the very configuration of local seismic arrays in subduction zones does not allow
discrimination between shear slip and single force mechanisms.

We therefore conclude that the radiation pattern of subduction zone LFEs may well be due to a single impul-
sive force and look for potential physical mechanisms. Single-force mechanisms are generated by volcanic
blasts and landslides (e.g., Dahlen, 1993; Ekstrom et al., 2003; Favreau et al., 2010; Kanamori & Given, 1982;
Kanamori et al., 1984; Kawakatsu, 1989). They can also result from deep mass transport processes (Takei &
Kumazawa, 1994), for example, in active volcanic conduits (e.g., Chouet & Matoza, 2013; Waite et al., 2008).
Fluids that are released at large depths, due, for example, to metamorphic reactions and magma degassing,
are bound torise through intricate pathways and involve transient viscous drag forces and pressure gradients.

3. Fluid Flow in Permeable Fault Zones

Seismic activity is highly sensitive to the presence of fluids in fault zones (Rice, 1992; Sibson, 1992b; Sleep &
Blanpied, 1994). The basic principle is that fluid pressure acts to lower the fault strength by decreasing the
effective normal stress and reducing the threshold value of shear stress required for slippage. Accordingly,
intermittent seismic activity may be due to fluctuations of fluid pressure. Mechanisms that have been pro-
posed include shear-induced compaction in sealed fault segments leading to high pore pressure (Sleep &
Blanpied, 1992) and the influx of high-pressure fluid from below the fault (Rice, 1992).

In contrast to upper crustal environments which involve mostly meteoric water, subduction zones are fed
by fluids generated by dehydration metamorphic reactions at large depths and pressures (e.g., van Keken
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Figure 1. Comparison of radiation patterns from shear slip and single force seismic sources. (a) Schematic illustration of
a source located at a 40 km depth recorded by seismic stations located at the surface. Normalized P wave radiation
patterns for shear slip and single force sources are indicated with solid black and dashed red lines, respectively.

(b) Synthetic seismograms computed in a homogeneous media (Vp = 6,062 m/s, V; = 3,500 m/s) at stations shown in (a).
Subduction dipping angle « = 7° has been considered. P waves from radial components were combined with S waves
from transverse components. Waveforms were normalized by the S wave maximal amplitude at the nearest station.

etal., 2011). This difference of fluid supply has fundamental consequences for the magnitude of fluid pressure
because the pervasive pathways connecting deep fluid sources to the surface may not exist and pressures
are not constrained to remain close to hydrostatic values. In the deeper subduction zone environment, the
most damaged and permeable zone is a thin channel along the subduction interface where metamorphic
fluids are bound to rise (e.g., Angiboust et al., 2012, 2014, 2015). This is analogous to shallower fault zones
where the strongly anisotropic permeability impedes fluid from moving in the perpendicular direction (e.g.,
Kawano et al., 2011; Kim et al., 2013; Mainprice et al., 2008). Geological studies (e.g., Saffer, 2015; Taetz et al.,
2018) indicate that in fault zones, fluid flow is highly transient and limited to segments, resulting in relatively
fast (i.e., occurring over a few months) pressure transients (e.g., Cruz-Atienza et al., 2018; Faulkner et al., 2018;
Skarbek & Rempel, 2016) possibly associated with slow earthquakes (e.g., Frank et al., 2015; Toya et al., 2017).
These observations imply that fault permeability varies by large amounts in both space and time.

SHAPIRO ET AL.
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Figure 2. (a) Schematic illustration of the fluid pressure in a permeable zone of finite length between a source and an impermeable barrier. Fluid is generated at
the source at the local lithostatic pressure and migrates upwards due to buoyancy. Due to flow, this initial phase is associated with a pressure gradient that
exceeds the hydrostatic gradient. When the flow reaches the impermeable barrier, fluid flow slows down gradually and the pressure gradient decreases towards
the hydrostatic value. Flow eventually stops, leading to a hydrostatic pressure gradient in the permeable zone and an elevated fluid pressure at the barrier.

(b) lllustration of the conceptual locally fast fault-valve model predicting rapid fluid pressure variations in the subduction fault zone. The metamorphic fluid
migrates updip along a permeable channel formed along the subduction interface. At position x = 0 is sealed by a barrier resulting in a pressure discontinuity,
shown with the solid line. When the barrier is “broken” the fluid starts to migrate across the initial discontinuity. The resulting pressure evolution is described by
equation ( 7). Pressure profiles predicted at 0.1s, 0.5s and 1 s after breaking the barrier with assuming D = 102m? /s are shown with dashed lines.

3.1. Model Setup

Full and accurate modeling of a fluid flow along a 3-D heterogeneous plate interface or fault zone is a com-
plex problem that is out of scope of our short paper. To perform the computations presented below, we adopt
some significant simplifications. The first one is the 1-D approximation with considering a channel of constant
width (Figure 2a) and with transport properties not changing across the channel. Based on geological results
showing that in the vicinity of the brittle-to-ductile transition the plate interface contains thick layers of highly
damaged rocks (e.g., Angiboust et al., 2015), the thickness of the channel can be between a few tens and a few
hundreds of meters. In the next approximation, we consider that the absolute fluid movement speed is low,
implying that the turbulent flow effects can be ignored. Such effects have been considered by Ghosh et al.
(2010) to explain the very rapid migration of tectonic tremors. At the same time, these authors concluded that
such regime requires long continuous conduits that are not likely to be present in the tremor-active regions.
They suggested, that observed tremor migrations are rather related to the propagation of pressure pulses.
We, therefore, consider a simple regime when diffusive pressure pulses can propagate along the plate inter-
face and briefly discuss how the regimes with variable speeds of such pulses can emerge. In the end of this
section, we present some additional arguments showing that the flow regime cannot be simply estimated
from the apparent speeds of seismic migration. In a third approximation we strongly simplify the variations
of the transport properties along the channel. Instead of considering continuous variations, we make the
channel to be composed of segments with constant permeabilities and basically consider a binary distribu-
tion of the permeability: Long segments with a high “background” level of permeability are separated by
low-permeability “barriers.” The advantage of such simplification is that the solutions in each segment can be
derived analytically.

The concept of “barrier” is central to our model. It represents small portions of the fault channel with locally
very low permeability likely caused either by geometry (thinning) or by porosity reduction or by their combi-
nation. Fluid transport will result in building of strong pressure gradients across these barriers, as described
in section 3.3. We than consider that when a barrier can be “broken” when the pressure difference rises
above some threshold value. We assume that the mechanical breaking of the barrier is fast comparing to
the timescale of the fluid flow and model it as an instantaneous increase of the permeability to the back-
ground channel level. After the breaking the accumulated overpressure is released and the barrier can become
closed again. This idea is supported by geological observations (e.g., Angiboust et al., 2014; Fagereng et al.,
2011) showing that the fault-zone rocks exhibit the breaking/healing cyclic behavior enhanced by fluid flux
(e.g., Bernaudin & Gueydan, 2018). The barrier healing stage (not considered in our calculation) is governed
by a combination of mechanical and chemical mechanisms. Extrapolation of results of the hot pressing
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experiments (e.g., Giger et al., 2007) indicates that at the P-T conditions of the LFE source region the healing
could occur on a few day time or faster scale.

In the following, after establishing basic equations governing pressure evolution in a 1-D homogeneous chan-
nel, we consider two simple cases. First, we consider “fast” pressure fluctuations associated with breaking
barrier. Second, we show how the effective permeability of a fault channel is modified with respect to the
numbers of open or closed barriers.

3.2. Fluid Pressure in a 1-D Porous Channel
Taking coordinate x in the up direction along a fault zone that dips at angle a, Darcy’s law stipulates that the
flow rate per unitarea g is

a=" -2 — pgsin@)|, M
U ax

where p is the fluid density, k is permeability, u is the fluid viscosity, and g is the acceleration of gravity. For a
turbulent regime, head loss would involve a wall friction term proportional to u? (where u is the fluid motion
speed) and hence to g2. Regardless of the flow regime and permeability value, key principles are that flow
only occurs when the fluid pressure gradient is larger than the hydrostatic value and that a hydrostatic fluid
pressure gradient implies no flow. The total flux per unit breadth of the subduction zone is Q = Ag, where A
is the channel cross-sectional area. Mass conservation dictates that

oppA) __aQ

s 2
Jat ox @

where ¢ is porosity. One may easily show that pressure-induced changes of fluid density are small and do
not modify significantly the body force term. Writing that porosity and fluid density vary with pressure and
assuming that the top and base of the permeable zone do not deform significantly, which implies that section

A does not vary with time, one obtains
oP 0 pk oP
A—=— (A—— ), 3
POIAGE 0X(yax> ®)

where f* is an effective compressibility that accounts for both the fluid phase and the pore space. We shall
be interested later in variations of permeability and/or channel cross-section along the subduction interface
because they lead to a complex distribution of fluid pressure. If one neglects such variations, one obtains the
familiar diffusion equation:

2
ok _ _k _*P @
ot Brdu ox2

where the hydraulic diffusivity is

p=_K_ (5)
Bréu

3.3. The Buildup of Fluid Pressure at a Barrier

We first consider an initially fluid-drained fault zone made of segments separated by zero porosity barriers
spaced unevenly. At the end of a previous cycle, there is no continuous fluid phase in a segment and fluid
may only be present in isolated small-scale pockets where fluid pressures are lithostatic. At the source (the
base of the deepest segment), the fluid is released by deep metamorphic dehydration reactions in the sub-
ducting plate. The exact pressure conditions depend on the phase changes and induced density differences
but, owing to the small fluid densities and weak density changes in dehydrating minerals, mass conserva-
tion implies that the local pressure is bound to exceed the ambient lithostatic value. A conservative estimate,
therefore, is that fluid is released at the local lithostatic pressure, a condition that ensures that fluids gets
expelled from its source and that existing fluid pathways do not get squeezed shut. The initial lithostatic fluid
pressures allows an upward flow acting to develop connections between adjacent pockets. Once fluid has
reached the impermeable barrier at the top of the segment, a continuous fluid phase has spread through the
whole segment. At the top of the segment, the no throughflow condition implies that the local fluid pres-
sure gradient is hydrostatic and that the local fluid pressure increases due to the incoming flow. Below the
barrier, the flow rate decreases as the fluid pressure gradient gradually settles towards the hydrostatic value
(Figure 2a). Eventually, if the barrier resists, flow stops as the fluid pressure gradient stabilizes at the hydro-
static value. Fluid-filled regions are at larger pressures than at the initial time (Figure 2a), which makes room
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~1
AGU

100

AND SPACE S

Geophysical Research Letters 10.1029/2018GL079893

for the new fluid. For a barrier lying at distance / from the source, the total fluid pressure drop over that dis-
tance is equal to AP = pg sin(a)/. Over the same distance, pressure decreases by AP, = p,g sin(a)/in encasing
rocks. These two different pressure gradients imply that the fluid is overpressured, with a maximum at x = /:

AP, = (p, — p) gl sin(a). (6)

The updip side of the barrier lies at the base of another segment with a fluid at lithostatic pressures. A large
fluid pressure drop has therefore built up across the barrier, which may ultimately cause its failure. Note how-
ever that equation (6) specifies the maximum fluid overpressure that can be achieved and that the barrier may
break down for a smaller value depending on the material properties. Note also that the above arguments are
valid for all flow regimes.

3.4. Pressure Changes and Displacements Induced by Barrier Failure

We use the diffusion equation (4) to describe the local evolution of fluid pressure when the barrier breaks
down. The pressure profile across the barrier just before failure can be approximated by a step function as
illustrated in Figure 2b. We consider that the barrier fails instantaneously. The solution of equation (4) with a
pressure drop AP atx = O att = 0 is given by

P(x,t) = ATP erf < \/X_> s (7)
4Dt

where erf stands for the error function and where AP < AP,,. A remarkable property of this solution is that
the time dependance of the pressure propagation does not depend on AP and is only controlled by diffusivity
D (equation (5)), implying that apparent duration of a corresponding seismic source does not depend on
its magnitude.

The distributions of earthquakes in space and time within induced or naturally occurring seismic swarms
have been used to estimate hydraulic diffusivity. Values in a 0.1- to 1.5-m?/s range have been found for
upper-crustal faults (e.g., Chen et al., 2012; Shapiro et al., 1997; Shelly et al., 2013). A similar approach has been
applied to the source area of LFEs. For example, Frank et al. (2015) proposed that the spatial migration of LFE
activity in Guerrero, Mexico, was due to pore-pressure propagation. Taking a porosity of 5% (¢ = 0.05), they
inferred a fault zone permeability of ~ 3 - 107" m2. For a fluid viscosity 4 = 1073 Pa s and compressibil-
ity p* = 2.2 GPa~', D ~ 102 m?/s. Interestingly, almost the same value of hydraulic diffusivity was inferred
from the characteristics of long-period volcanic seismicity in the lower crust beneath Kamchatka volcanoes
(Shapiro et al., 2017).

The evolution of the fluid pressure predicted by equation (7) with D = 10> m?/s is shown in Figure 2b. As
the barrier ruptures, fluid pressure propagates updip at a rate that is very high initially and decreases rapidly.
Figure 3a shows how the fluid pressure changes at a distance of 5 m from the barrier. To approximately esti-
mate the impact of such a pressure change on seismic radiation, we consider that the net force is applied
to a 10-m-thick barrier. This force is obtained by multiplying the pressure from Figure 3a by the area of the
permeable channel. The absolute value of the induced S wave surface displacement is (Aki & Richards, 2002)

1

u(t) =
® 47rpV52r

APA |P™ (1)), (8)

where P™™(t) is the function shown in Figure 3a, V; is the S wave speed and r is the distance between the
failing barrier (i.e., the LFE source) and the recording seismometer. We use an over-pressure AP = 5 MPa that,
according to equation (6), can be built up over an approximately 300 m depth difference along the fault if the
fluid density is close to that of water. The resulting displacement and velocity are shown in Figures 3b and
3cforA = 10® m2, Vs = 3.5 km/s, p = 2,850 kg/m?3, and r = 40 km (a typical LFE depth). Figure 3d shows
the velocity seismogram filtered between 1 and 8 Hz, a typical LFE frequency range. The predicted ground
velocity is of the order of a few hundred nanometers per second, as observed for LFEs.

This simple model suggests that a seismogenic instability can be generated when an impermeable bar-
rier breaks down, resulting in very fast pressure transients. The fluid flux decreases very rapidly and we can
assume that, after some time, the barrier gets “healed” and that the sequence repeats itself. This results in a
cyclic behavior controlled by the interplay of fluid flow and barrier breaching and healing. A very similar sce-
nario known as the “fault-valve model” was proposed for the long-term intermittency of large earthquakes
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Figure 3. Evolution of fluid pressure and estimations of the ground motion predicted form the locally fast fault-valve
model. (a) Pressure at x = 0. (b) S wave ground displacement at a location 40 km away from the source.
(c) Corresponding ground velocity. (d) Velocity band-passed between 1 and 8 Hz.

(e.g., Sibson et al., 1988; Sibson, 1992a, 1992b). Here we propose that a similar cycle can occur in the LFE
source area, albeit at much smaller space and time scales, corresponding to what can be called the “locally
fast fault-valve model.”

3.5. Fluid Pressure Distribution in a Channel With Low-Permeability Barriers

The previous model dealt with highly intermittent flow through a channel with a single barrier. We now con-
sider a model involving a fluid-filled permeable channel with several low permeability barriers (Figure 4). In
steady state, the bulk flow rate at any distance x from the source is

Q = constant = pA—k [—ﬂ) - pg sin(a)] . 9)
U ox
This is rewritten as follows:
9P _ _H - sin(a) (10)
ox  pkA~ P9I

Thus, regions with smaller permeability and/or cross-sectional area are associated with pressure gradients
that are much larger than average. The flow rate may be calculated as a function of the pressures at the two
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Figure 4. Schematic illustration of the distribution of fluid pressure in a fault
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P ends of the channel. The values of these two pressures are irrelevant to

> ourargument and can be adjusted to different configurations. At the deep
end, we may assume lithostatic conditions as before. At the other end,
two basic possibilities are lithostatic or hydrostatic pressures, with the lat-
ter corresponding to a patch that feeds a highly permeable accretionary
wedge, for example. Denoting the pressure difference between the two
ends of the channel by AP, and integrating the previous equation over the
channel length L, one obtains

L
. U
APL—pgsmaL:APT:Q/O pﬁdx, mn

where AP; is the driving pressure for the flow. Let us consider a series of N
barriers with very small permeabilities. If N is sufficiently large the integral
on the right-hand side is dominated by contributions from the barriers,

such that
& (12)
; k,-Aj’

T AP; = Q

M=

DR

(/,3 where Al is the length of the j barrier.
(o)
()

(2

5 For a constant-section channel and assuming that all barriers are identical,

/.
7
(a)

i.e,, have the same permeability k, and the same length A/, equation (12)
can be simplified with introducing an effective permeability k¢ for a
channel of total length L:

e Kol
NAJ,”

(13)

Equations (12) and (13) show that the effective permeability of a “hetero-
geneous fault channel” depends on the number of closed versus open
barriers. The overall increase of the fluid flux and pressure gradient will

gradients in the permeable segments. This system generates large pressure  facilitate the opening of the barriers, that is, the occurrence of the LFE,

differences across the low permeability barriers.

and will result in an overall increase of the fault permeability. Such system
is prone to emergence of pore-pressure waves with variable speeds (e.g.,
Cruz-Atienza et al., 2018; Rice, 1992) that can explain the different migra-
tion patterns and clustering of LFE and tremors (e.g., Frank et al., 2016;
Ghosh et al., 2010).

An important consequence is that the flow regime is not dictated by the permeable patches, but by the barri-
ers. In a steady state (not including the transients following barrier failures), the fluid flow g is constant. Based
on the equivalent channel model for permeability (Paterson, 1983) g can be expressed as

q = pa’ug (14)
and related to the local Reynolds number
Re =24 (15)
as K
Re=Jd 1 (16)
uagp

where p is the fluid density, u is the fluid viscosity, u is a representative fluid velocity, ¢ is the porosity, and a
the typical width of the fluid pathways. This shows that Re is proportional to quantity (1/a¢), which is largest
in the low permeability barriers due to both their narrower than average pathways and lower than average
porosity. Thus, the flow regime cannot be ascertained from the apparent permeability value, which is much
larger than that of the barriers (equation (13)).

4. LFE Activity and Fluid Release From Dehydrating Slabs

For a seismic source governed by the fast fault-valve model, we can estimate the corresponding volume of
fluid migrating across the barrier AV(t) from the pressure change and the fluid (water) compressibility g:
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* /AP
AV(t) = A — — P(x,t) ) dx, (17)
® ¢ﬁ/0 (2 (x.) dx

where P(x, t) is predicted by equation (7). As shown in Figure 3, the rate of pressure change decreases to
very small values a few seconds after barrier failure. We thus set the LFE duration at ~ 3 s. Using this time
and parameter values from previous sections (¢ = 0.05,6P = 5 MPa, D = 102 m?/s), the volume of fluid
transported across a barrier during one LFE event is AVLFE ~ 1 m3,

Let us assume that all LFEs are generated by the same mechanism. LFEs do not conform to power-law distri-
butions and have the same characteristic amplitude (e.g., Aso et al., 2013; Chamberlain et al., 2014; Frank et al.,
2014). We may therefore estimate the total fluid volume involved as follows:

VLFE _ NLFE AVLFE 7
N
where N is the total number of LFE and N is the average number of barriers that fluid encounters as it flows
updip along the subduction interface. Frank et al. (2014) detected ~ 2 - 10° LFEs in 2.5 years in Guerrero,
Mexico. From our estimate of AV, this LFE activity requires V£ < 760,000 m3/year.

(18)

This estimate can be compared to the amount of fluids that are generated by slab dehydration. Using dehy-
dration rates calculated by van Keken et al. (2011) for a large range of subduction conditions, we estimate
that the young Cocos plate releases ~ 10 Tg Myr~! m~" in the top 70 km of the Mexico subduction zone. This
can be re-calculated as 10 m? of water per year per unit slab breadth. The breadth of the LFE generating zone
in the Guerrero area is ~ 50 km resulting in V*“¢ ~ 500,000 m3/year. If we assume that the migrating fluids
break down more than two “barriers,” this fluid flux is able to account for the observed LFE activity.

5. Discussion and Conclusions

Fluid transport and shearing of the fault zone may be strongly coupled (e.g., Phipps Morgan & Holtzman,
2005). “Barriers” are associated with irregularities of the subduction interface, which determine the strength
of the fault. Individual breakdown events are not necessarily associated with slippage but act to reduce the
interface roughness, which effectively reduces the fault strength and may ultimately be responsible for shear
motion. LFEs may be regarded as due to short pore-pressure pulses coupled to larger and slower shear defor-
mation in the form of a very low frequency earthquake (e.g., Ando et al., 2012; Ghosh et al., 2015; Ide, 2016; Ito
et al., 2007). Overall, a full description of the mechanisms generating seismic waves during slow earthquakes
is likely to require models where shear deformation and fluid transport processes are dynamically coupled.

A final point concerns the interface roughness, which evolves on two different time-scales. On the time-scale
of a seismic sequence, barrier breakdown facilitates slippage but slippage does not rid the fault zone of
barriers. On the contrary, shear displacement acts to create new areas of low permeability through two mech-
anisms. Shear deformation of the fault zone material leads to an intrinsic permeability decrease through grain
crushing, pore collapse, and increasing tortuosity, in other words due to damage processes (Lyakhovsky &
Hamiel, 2007; Zhu & Wong, 1996; Zhu et al., 1997). At the scale of the channel thickness, the relative shear dis-
placement of the two rough bounding surfaces acts to decrease the bulk permeability in the displacement
direction and to enhance it in the perpendicular direction (Auradou et al., 2005; Yeo et al., 1998). Interest-
ingly, these changes are due in large part to the occurrence of large ridges perpendicular to the displacement
direction (Auradou et al., 2005), which may well be the barriers of our model. On a longer time scale, sub-
duction zone fluids are highly charged and reactive aqueous solutions bound to enhance roughness by
dissolution/precipitation processes.

It is now recognized that fault zone fluids play a major role in the physics of slow earthquakes (e.g., Audet
etal,, 2009; Frank et al., 2015; Kim et al., 2010; Song et al., 2009; Toya et al., 2017). These fluids have been mostly
considered as “passive” with only an impact on effective pressure, but may well play an active role. We have
argued that rapid changes of flow conditions can result in fast “dynamic” seismogenic pressure variations.
In our simple conceptual model, seismic sources are generated by the failure of barriers in permeable fault
zones. The large pressure drop that builds up across a barrier gets relaxed rapidly and imparts a large impulsive
force able to generate seismic displacements with LFE characteristics (including amplitudes and radiation pat-
terns). Dehydration reactions in subducting plates release amounts of fluids that are large enough to sustain
LFE activity.
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The LFE have also been observed in large strike slip faults (e.g., Nadeau & Dolenc, 2005). Analysis of radiation
patterns in such settings in beyond the scope of our paper. We just note here that high pore pressure fluids
supplied from the mantle or deep crust have been suggested to play important role in the generation of
tectonic tremors in the San Andreas fault (e.g., Becken et al., 2011; Thomas et al., 2009).

A fluid-related source mechanism accounts for several other LFE features. It naturally predicts that the dura-
tion of an LFE event does not depend on magnitude (e.g., Bostock et al., 2015; Farge et al., 2017). Duration
is controlled by hydraulic diffusivity D whilst magnitude depends on the accumulated fluid pressure, which
depends in turn on the material strength. This mechanism is therefore consistent with the narrow range of
LFE magnitudes (e.g., Aso et al., 2013; Chamberlain et al., 2014; Frank et al., 2014). In addition, the propaga-
tion of fluid pressure in channel with variable permeability can provide mechanisms for different observed
migration patterns and clustering of LFE and tremors (e.g., Ghosh et al., 2010; Frank et al., 2016).
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