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Figure 2. Schematic representations of brittle fault
zones in the upper crust illustrating relationships of
principal slip zone (PSZ), fault core, and damage zones:
(a) approximately symmetric disposition; (b) PSZ lo-
calized at margin of damage zone. The coarse stipple
denotes distributed cataclastic deformation and hydro-
thermal alteration of varying intensity, and lines rep-
resent subsidiary fractures.

alignment arrays along the creeping segment of the San An-
dreas fault over periods of 2–11 years reveals that aseismic
shearing is accommodated by a mixture of distributed shear
zones and planar discontinuities (Burford and Harsh, 1980).
Most of the displacement is accommodated by simple shear
within zones ranging in thickness from meters to tens of
meters (most commonly !15 m) at shear strain rates in the
range 10!9/sec ! ! 10!11/sec. Some minor slip (some-ċi
times oscillatory) is localized along discrete fracture planes.
Boundaries of the active shear zones and the zones of most
intense shear localization change with time, sometimes
abruptly. Similarly, along the Hayward fault, aseismic creep
at up to 9 mm/yr is largely accommodated by shear zones
ranging in thickness from a few meters to a few tens of
meters at the surface, with some evidence for downward
narrowing to shear zones less than 1 m thick at depth (Lien-
kaemper et al., 1991; Bilham and Whitehead, 1997).

On rock mechanics grounds, higher strain rates associ-
ated with rupture propagation ( " 10!5/sec) would be ex-ċ
pected to promote more intense shear localization (i.e., more
brittle behavior) than slow aseismic shearing. The widths of
these aseismic shear zones therefore place a likely upper
bound on the thickness of coseismic PSZs.

Brittle Fault-Rock Assemblages in Bedrock

General Brittle Infrastructure of Bedrock Fault Zones

A picture of the internal structure of large-displacement
brittle fault zones developed in bedrock has emerged from
surface, mine, and borehole observations on both ancient and
active structures (Wallace and Morris, 1986; Evans and
Chester, 1995; Caine et al., 1996; Ohtani et al., 2000;
Schultz and Evans, 2000; Tanaka et al., 2001). A major dif-
ficulty in all such studies is establishing the original depth
at which particular fault-rock assemblages developed (Sib-
son, 1986). The studies generally reveal a cataclastic damage
zone of varying thickness (meters to hundreds of meters)
containing distributed fractures with subsidiary, often anas-
tomosing, shears variably affected by hydrothermal altera-
tion (Fig. 2). Cataclastic deformation (brittle fragmentation
by macroscopic fracturing and grain comminution) intensi-
fies toward a fault core comprising one or more tabular de-
formation zones of gouge or ultracataclasite (centimeters to
meters thick), within which bands of intense grain-size re-
duction define PSZs usually only 1–10 cm thick that may
separate contrasting lithologic assemblages (e.g., Chester
and Chester, 1998). In some instances, localization of a
throughgoing PSZ appears to have occurred very early in the
evolution of the fault zone (Shipton and Cowie, 2001).

Individual PSZs can rarely be traced for more than a few
hundred meters from surface and underground exposures,
but fault-trace geomorphology suggests their continuance
over many kilometers in some instances. Disposition of
damage zone and fault core is often asymmetric: it is quite
common to find a PSZ localized close to one of the bound-

aries to the damage zone (Fig. 2). Slip localization to thin
(several millimeter to several centimeter) cataclastic PSZs at
the boundaries of tabular fault-fracture zones (tens of cen-
timeters to meters thick) has also been noted for strike-slip
faults accommodating 10–100 m displacement in Sierra
Nevada granitoid assemblages (Martel et al., 1988; Martel
1990). Analogies may be drawn with the tendency for strike-
slip ruptures along the San Andreas fault to follow one of
the margins to the geomorphically defined #1-km-wide
fault zone (Brown et al., 1967). Comparison can also be
made with the tendency, during experimental shearing of
gouge layers in the laboratory, for stick-slip sliding to be
localized at the gouge–wallrock interface (Engelder et al.,
1975; Moore et al., 1989).

Based on frictional wear theory and data from a mixture
of fault types exhumed from a range of depths, Scholz
(1987) proposed a simple scaling law,

t # 0.01d, (3)d

relating thickness of the cataclastic gouge zone, td, to fault
finite displacement, d. However, serious reservations have
been expressed on the validity of this relationship (e.g.,
Blenkinsop, 1989; Evans, 1990), and no systematic scaling
relationships have yet been established for thicknesses of
damage and core zones around different fault types. It is
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rapid slip characteristic of seismic events, including thermal
pressurization of pore fluids (TP), flash heating of the
microscopic contacting asperities, and frictional melting
[e.g., Rice, 2006, and references therein]. The temperature
rise in the vicinity of a fault has been studied based on
geological observations, including the existence of pseu-
dotachylytes [e.g., Sibson, 1975], the change in the ESR
signal [Fukuchi et al., 2005], the decomposition and reac-
tion of rock!forming minerals [e.g., Hirono et al., 2008;
Hamada et al., 2009a, 2009b], and the recovery of fission
tracks [d’Alessio et al., 2003]. It is critically important to
incorporate frictional heating and the resulting weakening
processes into models of earthquake sequences so that the
seismological observations as well as outcomes from field
and experimental geology can be properly interpreted.
[4] Here we focus on the thermal pressurization of pore

fluids which was first proposed by Sibson [1973] to explain
the rare occurrence of pseudotachylytes. Coseismically,
rapid slip generates heat on a fault, increasing temperature
and hence pore pressure if the hydraulic diffusivity of the
surrounding rock is sufficiently low (Figure 1). The elevated
pore pressure reduces the effective normal stress on a fault,
causing dynamic weakening during an earthquake. This
mechanism has been considered in studies of dynamic rup-
ture propagation [Andrews, 2002; Noda, 2004; Cocco and
Bizzarri, 2004; Andrews, 2005; Bizzarri and Cocco, 2006a,
2006b; Suzuki and Yamashita, 2006; Noda et al., 2009], the
quasi!dynamic nucleation of ruptures [Schmitt and Segall,
2008], and a long!term cycle simulation of a spring!slider!
dashpot model [Mitsui and Hirahara, 2009]. Implementing
TP into continuum modeling of earthquake sequences is
challenging because of the limited numerical resources
available and a wide range of spatial and temporal scales that
need to be resolved.
[5] In this work, we develop a suitable methodology for

incorporating temperature and pressure evolution into
earthquake sequence simulations, fully accounting for both
inertial effects and dynamic weakening associated with TP

during seismic events. The main new development is a
spectral method for integrating off!fault diffusion equations
for temperature and pore pressure that allows for variable
time stepping.
[6] We then apply the newly developed method to simu-

lations of earthquake sequences on a fault with a simple
heterogeneity in the hydraulic diffusivity. This is motivated
by field studies that show that hydraulic properties are often
heterogeneous along faults; they depend on the confining and
pore fluid pressures, temperature, chemistry of pore fluid, and
local lithology including the type of host rocks and their
deformation history [e.g., Wibberley and Shimamoto, 2003;
Faulkner and Rutter, 2003; Faulkner, 2004]. Tanikawa and
Shimamoto [2009] measured hydraulic properties of the
fault material collected from boreholes on the Chelungpu
fault, Taiwan, a source fault of the 1999 Chi!Chi earthquake.
They showed that the hydraulic diffusivity is different by
1 to 2 orders of magnitude between the northern and
southern regions of the fault. That is why we consider
interaction of two fault patches with potentially different
hydraulic diffusivity. Our simulations reveal a number of
interesting features, including the resulting complexity of
fault slip, different locations for the maximum slip and
peak temperature increase, and propensity of earthquakes
to nucleate in the patch with less efficient TP, which is
contrary to prior studies. We also show that it is impor-
tant to study the consequences of fault heterogeneity in
the context of earthquake sequences.

2. Methodology for Including Temperature
and Pore Fluid Pressure Evolution in Long!Term
Simulations of Fault Slip

2.1. Problem Formulation
[7] In this study, we extend the methodology of Lapusta

and Liu [2009] to explicitly include the evolution of tem-
perature T in the shear zone and the associated effects on
pore pressure p and fault strength t. We consider a planar
fault embedded in an infinite linear elastic space. The fault is
given by y = 0 in a Cartesian coordinate system xyz and
obeys the following fault constitutive relation (i.e., fault
friction),
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where ta(x, z, t), a = x, z, are the shear stresses on the fault,
t is the frictional strength, Va(x, z, t) are the components of
the slip rate vector, V =
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slip rate (often called simply “slip rate” in the following),
T(x, y, z, t) is the temperature, p(x, y, z, t) is the pore fluid
pressure, # is an additional state variable, and ty(x, z, t) is
the normal stress across the fault. Note that we consider
only cases with no opening (Vy(x, z, t) = 0) and hence the
relation (1) applies to the fault at all times.
[8] The temperature and pore pressure evolve due to shear

heating on the fault and diffusion off the fault, in the form
[e.g., Lachenbruch, 1980]
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Figure 1. A schematic diagram for thermal pressurization
(TP). Shear heating on the fault tends to increase temper-
ature and pore pressure during seismic events. The effec-
tiveness of TP depends on the competition between shear
heating and diffusion of heat and fluids off the fault. If
TP is efficient, it causes dynamic weakening of the shear
zone.

NODA AND LAPUSTA: EARTHQUAKE SEQUENCE WITH TP B12314B12314

2 of 24

Noda and Lapusta (2010)

1172 R. H. Sibson

Figure 2. Schematic representations of brittle fault
zones in the upper crust illustrating relationships of
principal slip zone (PSZ), fault core, and damage zones:
(a) approximately symmetric disposition; (b) PSZ lo-
calized at margin of damage zone. The coarse stipple
denotes distributed cataclastic deformation and hydro-
thermal alteration of varying intensity, and lines rep-
resent subsidiary fractures.

alignment arrays along the creeping segment of the San An-
dreas fault over periods of 2–11 years reveals that aseismic
shearing is accommodated by a mixture of distributed shear
zones and planar discontinuities (Burford and Harsh, 1980).
Most of the displacement is accommodated by simple shear
within zones ranging in thickness from meters to tens of
meters (most commonly !15 m) at shear strain rates in the
range 10!9/sec ! ! 10!11/sec. Some minor slip (some-ċi
times oscillatory) is localized along discrete fracture planes.
Boundaries of the active shear zones and the zones of most
intense shear localization change with time, sometimes
abruptly. Similarly, along the Hayward fault, aseismic creep
at up to 9 mm/yr is largely accommodated by shear zones
ranging in thickness from a few meters to a few tens of
meters at the surface, with some evidence for downward
narrowing to shear zones less than 1 m thick at depth (Lien-
kaemper et al., 1991; Bilham and Whitehead, 1997).

On rock mechanics grounds, higher strain rates associ-
ated with rupture propagation ( " 10!5/sec) would be ex-ċ
pected to promote more intense shear localization (i.e., more
brittle behavior) than slow aseismic shearing. The widths of
these aseismic shear zones therefore place a likely upper
bound on the thickness of coseismic PSZs.

Brittle Fault-Rock Assemblages in Bedrock

General Brittle Infrastructure of Bedrock Fault Zones

A picture of the internal structure of large-displacement
brittle fault zones developed in bedrock has emerged from
surface, mine, and borehole observations on both ancient and
active structures (Wallace and Morris, 1986; Evans and
Chester, 1995; Caine et al., 1996; Ohtani et al., 2000;
Schultz and Evans, 2000; Tanaka et al., 2001). A major dif-
ficulty in all such studies is establishing the original depth
at which particular fault-rock assemblages developed (Sib-
son, 1986). The studies generally reveal a cataclastic damage
zone of varying thickness (meters to hundreds of meters)
containing distributed fractures with subsidiary, often anas-
tomosing, shears variably affected by hydrothermal altera-
tion (Fig. 2). Cataclastic deformation (brittle fragmentation
by macroscopic fracturing and grain comminution) intensi-
fies toward a fault core comprising one or more tabular de-
formation zones of gouge or ultracataclasite (centimeters to
meters thick), within which bands of intense grain-size re-
duction define PSZs usually only 1–10 cm thick that may
separate contrasting lithologic assemblages (e.g., Chester
and Chester, 1998). In some instances, localization of a
throughgoing PSZ appears to have occurred very early in the
evolution of the fault zone (Shipton and Cowie, 2001).

Individual PSZs can rarely be traced for more than a few
hundred meters from surface and underground exposures,
but fault-trace geomorphology suggests their continuance
over many kilometers in some instances. Disposition of
damage zone and fault core is often asymmetric: it is quite
common to find a PSZ localized close to one of the bound-

aries to the damage zone (Fig. 2). Slip localization to thin
(several millimeter to several centimeter) cataclastic PSZs at
the boundaries of tabular fault-fracture zones (tens of cen-
timeters to meters thick) has also been noted for strike-slip
faults accommodating 10–100 m displacement in Sierra
Nevada granitoid assemblages (Martel et al., 1988; Martel
1990). Analogies may be drawn with the tendency for strike-
slip ruptures along the San Andreas fault to follow one of
the margins to the geomorphically defined #1-km-wide
fault zone (Brown et al., 1967). Comparison can also be
made with the tendency, during experimental shearing of
gouge layers in the laboratory, for stick-slip sliding to be
localized at the gouge–wallrock interface (Engelder et al.,
1975; Moore et al., 1989).

Based on frictional wear theory and data from a mixture
of fault types exhumed from a range of depths, Scholz
(1987) proposed a simple scaling law,

t # 0.01d, (3)d

relating thickness of the cataclastic gouge zone, td, to fault
finite displacement, d. However, serious reservations have
been expressed on the validity of this relationship (e.g.,
Blenkinsop, 1989; Evans, 1990), and no systematic scaling
relationships have yet been established for thicknesses of
damage and core zones around different fault types. It is
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High resolution images of the fault’s surfaces under different conditions
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Ø Laboratory experiments to
understand thermal pressurization
mechanism.

Ø Flash heating vs thermal
pressurization --- dominant dynamic
weakening?? (Acosta et al., 2018;
Badt et al., 2020).
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low in shallow sections of clay-rich accretionary wedges of
subduction zones36 and the experimental conditions discussed in
this study are likely representative of this natural setting.
Current models of upper subduction zone interfaces include

frictionally unstable (where earthquakes nucleate), conditionally
stable (associated to SSEs), and stable (associated to fault creep)
domains37 (Fig. 5a). Seismological and geophysical observations38,
in addition to numerical models15,39, suggest that stable domains
with low coseismic shear strength can facilitate seismic rupture
propagation. This is also the case for clay-rich sediments, which
are usually found in these stable areas13,14,32,40. Indeed, at the
Hikurangi subduction zone, the IODP Expedition 375 drilled the

shallowest part of the P!paku thrust branching off the plate
decollement above the zone where SSEs are recorded5 and near
the rupture area of the two 1947 tsunami earthquakes3. Here, the
upward propagation of ruptures during tsunami or megathrust
earthquakes through the stable clay-rich domain and towards the
sea!oor is favoured by the low Wb, especially for !uid-pressurised
gouges, where low coseismic fault strength and very short Dw are
observed (Fig. 5). Fault core and wall rocks display similar Wb,
possibly indicating that seismic slip at shallow depth can
propagate in any of these materials. Moreover, it is possible that,
due to the low permeability of shallow sediments in the
surrounding of the P!paku splay thrust, the pore !uid pressure
wave developed during seismic slip remains trapped in the fault
core. Depending on the local hydrologic conditions, it may result
in a prolonged weakening of the fault and might affect the
magnitude of initial afterslip and the occurrence of post-seismic
creep or SSEs after the earthquake mainshock.
In this study, by exploiting a novel experimental set-up, we

measured the pore !uid pressure variations during simulated
seismic slip in non-lithi"ed fault gouges, independently of the
dynamic fault strength. We show, for the "rst time, the coseismic
interplay between shear-induced dilatancy and !uid pressurisa-
tion in controlling fault strength on sheared materials from a
natural subduction zone. We conclude that, during seismic slip
and depending on the loading conditions, the initial shear-
induced dilatancy can be overcome by a combination of
compaction-driven mechanical and thermal !uid pressurisation.
Future experiments under constant volume conditions will assess
how changes in the initial state of stress, pore pressure, gouge
thickness, composition, and permeability among the subducted
sediments will affect the coseismic evolution of dilatancy, fault
strength, and pore !uid pressure leading to rupture propagation
or arrest. Nevertheless, once initial shear-induced dilatancy is
overcome, !uid pressurisation in impermeable clay-rich sedi-
ments is likely to promote the propagation of seismic ruptures at
shallow crustal depths in clay-dominated subduction zones.

Methods
Starting materials. We selected samples obtained during IODP Expedition 375
from Site U1518 belonging to the units 12R1 (hanging wall), 14R1A (fault core),
and 21R3 (footwall). The rock samples were dried at 50 °C overnight, then dis-
aggregated with a pestle and mortar, and sieved. The grain size fraction <250 µm
was used for the permeability and friction experiments.

Fig. 5 Conceptual model of earthquake propagation in shallow
subduction faults. a The subduction interface has a deeper zone with
locked and frictionally unstable seismogenic patches (dark grey shaded
areas) where tsunamigenic earthquakes (yellow star) can nucleate,
surrounded by conditionally stable areas (light grey shaded areas). Around
the unstable or conditionally stable areas and especially at shallow depth,
the subduction interface is stable (white shaded areas) and undergoes
creep (modi!ed from ref. 37). b Conceptual model of seismic slip in the
conditionally stable regime. Behind the process zone of the seismic rupture
(grey ellipse) propagating towards the right (into neighbouring rocks) at
velocity Vr (!1 km/s), the fault slip velocity increases abruptly to ca. 1 m/s
(red curve), while the fault strength decreases (dynamic fault weakening,
black curve). At the same time, pore "uid pressure inside the slip zone
(blue curve) decreases by shear-induced dilatancy and then increases
owing to pressurisation processes. The experimental evidences reported in
this study suggest that the lower permeability of the clay-rich fault gouges
typical of the shallow sections of subduction zones, promotes more rapid
pore "uid pressure increase, faster dynamic fault weakening, and lower
breakdown work promoting rupture propagation and tsunamigenic
earthquakes.

Fig. 4 Shear strength and breakdown work Wb of the P!paku thrust materials. a The fault core materials of the P!paku thrust under "uid-pressurised
conditions (magenta lines) have the lowest residual stress and smallest slip weakening distance compared to those deformed under room humidity (red
lines) or water-dampened (blue lines) conditions. The strength of the PVC jacket is presented for reference (black line). b Breakdown work Wb (yellow
shaded area) or energy dissipated to achieve the minimum shear strength during seismic slip controls earthquake rupture propagation: smaller Wb,
increasing ease of rupture propagation. c Breakdown work Wb versus slip weakening distance Dw for P!paku thrust materials and Carrara marble gouge
with respect to a collection ofWb in clay-rich gouges at seismic slip rates (45–55 wt% phyllosilicates content35). Data points are grouped by both lithology
and experimental conditions, which are reported as "uid pressurised (FP), water dampened (WD), and room humidity (RH). Our experimental results yield
breakdown work comparable with the one measured under similar materials and deformation conditions.
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Ø Recent laboratory experiments to understand thermal pressurization
mechanism in subduction zone environment.



low in shallow sections of clay-rich accretionary wedges of
subduction zones36 and the experimental conditions discussed in
this study are likely representative of this natural setting.
Current models of upper subduction zone interfaces include

frictionally unstable (where earthquakes nucleate), conditionally
stable (associated to SSEs), and stable (associated to fault creep)
domains37 (Fig. 5a). Seismological and geophysical observations38,
in addition to numerical models15,39, suggest that stable domains
with low coseismic shear strength can facilitate seismic rupture
propagation. This is also the case for clay-rich sediments, which
are usually found in these stable areas13,14,32,40. Indeed, at the
Hikurangi subduction zone, the IODP Expedition 375 drilled the

shallowest part of the P!paku thrust branching off the plate
decollement above the zone where SSEs are recorded5 and near
the rupture area of the two 1947 tsunami earthquakes3. Here, the
upward propagation of ruptures during tsunami or megathrust
earthquakes through the stable clay-rich domain and towards the
sea!oor is favoured by the low Wb, especially for !uid-pressurised
gouges, where low coseismic fault strength and very short Dw are
observed (Fig. 5). Fault core and wall rocks display similar Wb,
possibly indicating that seismic slip at shallow depth can
propagate in any of these materials. Moreover, it is possible that,
due to the low permeability of shallow sediments in the
surrounding of the P!paku splay thrust, the pore !uid pressure
wave developed during seismic slip remains trapped in the fault
core. Depending on the local hydrologic conditions, it may result
in a prolonged weakening of the fault and might affect the
magnitude of initial afterslip and the occurrence of post-seismic
creep or SSEs after the earthquake mainshock.
In this study, by exploiting a novel experimental set-up, we

measured the pore !uid pressure variations during simulated
seismic slip in non-lithi"ed fault gouges, independently of the
dynamic fault strength. We show, for the "rst time, the coseismic
interplay between shear-induced dilatancy and !uid pressurisa-
tion in controlling fault strength on sheared materials from a
natural subduction zone. We conclude that, during seismic slip
and depending on the loading conditions, the initial shear-
induced dilatancy can be overcome by a combination of
compaction-driven mechanical and thermal !uid pressurisation.
Future experiments under constant volume conditions will assess
how changes in the initial state of stress, pore pressure, gouge
thickness, composition, and permeability among the subducted
sediments will affect the coseismic evolution of dilatancy, fault
strength, and pore !uid pressure leading to rupture propagation
or arrest. Nevertheless, once initial shear-induced dilatancy is
overcome, !uid pressurisation in impermeable clay-rich sedi-
ments is likely to promote the propagation of seismic ruptures at
shallow crustal depths in clay-dominated subduction zones.

Methods
Starting materials. We selected samples obtained during IODP Expedition 375
from Site U1518 belonging to the units 12R1 (hanging wall), 14R1A (fault core),
and 21R3 (footwall). The rock samples were dried at 50 °C overnight, then dis-
aggregated with a pestle and mortar, and sieved. The grain size fraction <250 µm
was used for the permeability and friction experiments.

Fig. 5 Conceptual model of earthquake propagation in shallow
subduction faults. a The subduction interface has a deeper zone with
locked and frictionally unstable seismogenic patches (dark grey shaded
areas) where tsunamigenic earthquakes (yellow star) can nucleate,
surrounded by conditionally stable areas (light grey shaded areas). Around
the unstable or conditionally stable areas and especially at shallow depth,
the subduction interface is stable (white shaded areas) and undergoes
creep (modi!ed from ref. 37). b Conceptual model of seismic slip in the
conditionally stable regime. Behind the process zone of the seismic rupture
(grey ellipse) propagating towards the right (into neighbouring rocks) at
velocity Vr (!1 km/s), the fault slip velocity increases abruptly to ca. 1 m/s
(red curve), while the fault strength decreases (dynamic fault weakening,
black curve). At the same time, pore "uid pressure inside the slip zone
(blue curve) decreases by shear-induced dilatancy and then increases
owing to pressurisation processes. The experimental evidences reported in
this study suggest that the lower permeability of the clay-rich fault gouges
typical of the shallow sections of subduction zones, promotes more rapid
pore "uid pressure increase, faster dynamic fault weakening, and lower
breakdown work promoting rupture propagation and tsunamigenic
earthquakes.

Fig. 4 Shear strength and breakdown work Wb of the P!paku thrust materials. a The fault core materials of the P!paku thrust under "uid-pressurised
conditions (magenta lines) have the lowest residual stress and smallest slip weakening distance compared to those deformed under room humidity (red
lines) or water-dampened (blue lines) conditions. The strength of the PVC jacket is presented for reference (black line). b Breakdown work Wb (yellow
shaded area) or energy dissipated to achieve the minimum shear strength during seismic slip controls earthquake rupture propagation: smaller Wb,
increasing ease of rupture propagation. c Breakdown work Wb versus slip weakening distance Dw for P!paku thrust materials and Carrara marble gouge
with respect to a collection ofWb in clay-rich gouges at seismic slip rates (45–55 wt% phyllosilicates content35). Data points are grouped by both lithology
and experimental conditions, which are reported as "uid pressurised (FP), water dampened (WD), and room humidity (RH). Our experimental results yield
breakdown work comparable with the one measured under similar materials and deformation conditions.
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this study are likely representative of this natural setting.
Current models of upper subduction zone interfaces include
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stable (associated to SSEs), and stable (associated to fault creep)
domains37 (Fig. 5a). Seismological and geophysical observations38,
in addition to numerical models15,39, suggest that stable domains
with low coseismic shear strength can facilitate seismic rupture
propagation. This is also the case for clay-rich sediments, which
are usually found in these stable areas13,14,32,40. Indeed, at the
Hikurangi subduction zone, the IODP Expedition 375 drilled the

shallowest part of the P!paku thrust branching off the plate
decollement above the zone where SSEs are recorded5 and near
the rupture area of the two 1947 tsunami earthquakes3. Here, the
upward propagation of ruptures during tsunami or megathrust
earthquakes through the stable clay-rich domain and towards the
sea!oor is favoured by the low Wb, especially for !uid-pressurised
gouges, where low coseismic fault strength and very short Dw are
observed (Fig. 5). Fault core and wall rocks display similar Wb,
possibly indicating that seismic slip at shallow depth can
propagate in any of these materials. Moreover, it is possible that,
due to the low permeability of shallow sediments in the
surrounding of the P!paku splay thrust, the pore !uid pressure
wave developed during seismic slip remains trapped in the fault
core. Depending on the local hydrologic conditions, it may result
in a prolonged weakening of the fault and might affect the
magnitude of initial afterslip and the occurrence of post-seismic
creep or SSEs after the earthquake mainshock.
In this study, by exploiting a novel experimental set-up, we

measured the pore !uid pressure variations during simulated
seismic slip in non-lithi"ed fault gouges, independently of the
dynamic fault strength. We show, for the "rst time, the coseismic
interplay between shear-induced dilatancy and !uid pressurisa-
tion in controlling fault strength on sheared materials from a
natural subduction zone. We conclude that, during seismic slip
and depending on the loading conditions, the initial shear-
induced dilatancy can be overcome by a combination of
compaction-driven mechanical and thermal !uid pressurisation.
Future experiments under constant volume conditions will assess
how changes in the initial state of stress, pore pressure, gouge
thickness, composition, and permeability among the subducted
sediments will affect the coseismic evolution of dilatancy, fault
strength, and pore !uid pressure leading to rupture propagation
or arrest. Nevertheless, once initial shear-induced dilatancy is
overcome, !uid pressurisation in impermeable clay-rich sedi-
ments is likely to promote the propagation of seismic ruptures at
shallow crustal depths in clay-dominated subduction zones.

Methods
Starting materials. We selected samples obtained during IODP Expedition 375
from Site U1518 belonging to the units 12R1 (hanging wall), 14R1A (fault core),
and 21R3 (footwall). The rock samples were dried at 50 °C overnight, then dis-
aggregated with a pestle and mortar, and sieved. The grain size fraction <250 µm
was used for the permeability and friction experiments.

Fig. 5 Conceptual model of earthquake propagation in shallow
subduction faults. a The subduction interface has a deeper zone with
locked and frictionally unstable seismogenic patches (dark grey shaded
areas) where tsunamigenic earthquakes (yellow star) can nucleate,
surrounded by conditionally stable areas (light grey shaded areas). Around
the unstable or conditionally stable areas and especially at shallow depth,
the subduction interface is stable (white shaded areas) and undergoes
creep (modi!ed from ref. 37). b Conceptual model of seismic slip in the
conditionally stable regime. Behind the process zone of the seismic rupture
(grey ellipse) propagating towards the right (into neighbouring rocks) at
velocity Vr (!1 km/s), the fault slip velocity increases abruptly to ca. 1 m/s
(red curve), while the fault strength decreases (dynamic fault weakening,
black curve). At the same time, pore "uid pressure inside the slip zone
(blue curve) decreases by shear-induced dilatancy and then increases
owing to pressurisation processes. The experimental evidences reported in
this study suggest that the lower permeability of the clay-rich fault gouges
typical of the shallow sections of subduction zones, promotes more rapid
pore "uid pressure increase, faster dynamic fault weakening, and lower
breakdown work promoting rupture propagation and tsunamigenic
earthquakes.

Fig. 4 Shear strength and breakdown work Wb of the P!paku thrust materials. a The fault core materials of the P!paku thrust under "uid-pressurised
conditions (magenta lines) have the lowest residual stress and smallest slip weakening distance compared to those deformed under room humidity (red
lines) or water-dampened (blue lines) conditions. The strength of the PVC jacket is presented for reference (black line). b Breakdown work Wb (yellow
shaded area) or energy dissipated to achieve the minimum shear strength during seismic slip controls earthquake rupture propagation: smaller Wb,
increasing ease of rupture propagation. c Breakdown work Wb versus slip weakening distance Dw for P!paku thrust materials and Carrara marble gouge
with respect to a collection ofWb in clay-rich gouges at seismic slip rates (45–55 wt% phyllosilicates content35). Data points are grouped by both lithology
and experimental conditions, which are reported as "uid pressurised (FP), water dampened (WD), and room humidity (RH). Our experimental results yield
breakdown work comparable with the one measured under similar materials and deformation conditions.
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Conceptual model of earthquake propagation in subduction faults

Ø Recent laboratory experiments to understand thermal pressurization
mechanism in subduction zone environment.



Perry et al., 2020

Ø Theoretical and numerical studies suggest TP can affect stress drop, fracture energy, rupture velocity
and slip rate (Perry et al., 2020; Andrews, 2002; Viesca and Garagash, 2015; Urata et al., 2014).

Ø How does TP can affect kinematic rupture properties, correlation among them and ground shaking??

Background and motivation

7

Journal of Geophysical Research: Solid Earth 10.1029/2019JB018597

Figure 1. Stress drop and breakdown energy implications for linear slip-weakening and rate-and-state friction with
additional dynamic weakening. (a) In linear slip-weakening laws, smaller and larger events weaken to the same
dynamic levels of shear resistance over the same slip. This leads to the same breakdown energies (dotted regions) and
similar stress drop (marked with stars). (b) If smaller and larger events both nucleate at the same levels of prestress,
and larger events weaken more than small events, one expects both larger breakdown energies and larger stress drops
for larger events. (c) However, if dynamic weakening allows larger events to propagate into areas of lower stress, then
the average prestress of these events may be lower than for smaller events. In this case, breakdown energies still
increase with event size, but stress drops may be magnitude-invariant.

rupture (Kanamori & Heaton, 2013; Kanamori & Brodsky, 2004; Rice, 2000). It is calculated by taking the
area underneath the stress-slip curve for a single event from initiation to the lowest dynamic level of stress
and then subtracting off the frictional energy dissipation (Figure 1 and Section 3). Breakdown energy is
inferred to increase with the event size in natural earthquakes (Abercrombie & Rice, 2005; Rice, 2006; Viesca
& Garagash, 2015).

It is clear that during dynamic rupture, the fault shear resistance overall decreases, resulting in a stress drop.
The exact nature of this evolution is currently an active area of research. Slip-weakening models, where
the shear stress decrease depends on the slip accumulated during the event, are commonly used (Ida, 1972;
Palmer et al., 1973). Linear slip weakening (LSW) is a simplified model where the shear resistance decreases
linearly with slip until it reaches a constant dynamic level (Section 4.1).

Significant insights into the physics of shear resistance during earthquakes have been obtained from the
laboratory, showing much richer behavior. At slip rates between 10!9 and 10!3 m/s, laboratory findings are
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Ø 3D dynamic rupture modeling; rate-
and-state friction law with strong
velocity weakening; accounting for
TP.

Ø Open source software SeisSol;
unstructured tetrahedral mesh;
13.6 million elements.

Ø Investigating role of two key TP
parameters; hydraulic diffusivity
(αhy) and shear-zone half-width
(w).

Modeling setup

8
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Table 1: Modeling parameters and physical characteristics

Variable Notation Value

Material Properties

P-wave velocity cp 6 km/s

S-wave velocity cs 3.464 km/s

Density ⇢ 2670 kg/m3

Frictional Properties

Steady state friction coe�cient f0 0.6

Reference slip velocity V0 1 µm/s

Direct e↵ect parameter a 0.01

State evolution e↵ect parameter b 0.014

Fully weakened friction coe�cient fw 0.25

Weakening slip velocity Vw 0.15m/s

State evolution distance L 0.4m

TP Properties

Thermal di↵usivity ↵th 1⇥ 10�6 m2
/s

Volumetric heat capacity ⇢c 2.7MJ/m3K

Pore pressure increase per unit temperature ⇤ 0.1MPa/K

Hydraulic di↵usivity ↵hy (15, 18, 21, 24, 27,

30, 33) ⇥10�5 m2
/s

Shear-zone half-width w 15, 18, 21, 24, 27,

30, 33 mm

38

Modeling parameters and physical characteristics

Constant

9

Modeling setup

Constant

Constant

Varying, In total
49 simulations



Figure 2: Comparison of the temporal evolution of horizontal shear stress and slip rate,

computed using three di↵erent numerical methods as part of SCEC TPV105-3D bench-

mark exercise for validating dynamic rupture codes.

40

Ø Comparing temporal evolution of horizontal shear stress and slip rate, computed using three different
numerical methods as part of SCEC TPV105-3D benchmark exercise.

Verification of TP implementation

10
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Figure 1: (A) On-fault receivers at which rupture parameters are evaluated. Black dots

mark receivers used in the statistical analysis, the three triangles (s1, s2, s3) denote

selected receivers at which we analyse the detailed temporal evolution of rupture param-

eters. Receivers inside the red dashed rectangle are used for analyzing rupture parameter

correlations. (B) Receiver array at the Earth surface for ground-motion analysis. Black

dots mark receivers used in the statistical analysis and the three squares (r1, r2, r3) locate

receivers used for analysing ground velocity time-histories.39

On-fault receiver geometry

TP effects on kinematic rupture properties

11

Ø 2000 randomly distributed on-fault
receivers.

Ø Receivers inside the red dashed
rectangle are used for analyzing
rupture parameter correlations.

Ø SRs -- slip rate, Ts0 -- shear traction, T
-- temperature, Pf -- fluid pressure.



Figure 3: Temporal evolution of along strike slip rate (SRs), shear traction along strike

(Ts0), temperature (T) and fluid pressure (Pf) at receiver s2 (Figure 1) for varying hy-

draulic di↵usivity ↵hy (top row) and shear-zone half-width w (bottom row).
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Figure 4: Mean slip, peak slip rate (PSR), rupture speed (Vr) and rise time (Tr) variations

with respect to hydraulic di↵usivity ↵hy for given shear-zone half-width w (color-coded).
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Effects of hydraulic diffusivity variations
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TP effects on kinematic rupture properties



Figure 4: Mean slip, peak slip rate (PSR), rupture speed (Vr) and rise time (Tr) variations

with respect to hydraulic di↵usivity ↵hy for given shear-zone half-width w (color-coded).
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Figure 5: Mean slip, peak slip rate (PSR), rupture speed (Vr) and rise time (Tr) variations

with respect to shear-zone half-width w for given hydraulic di↵usivity ↵hy (color-coded).
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Effects of hydraulic diffusivity variations Effects of shear-zone half-width variations
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TP effects on kinematic rupture properties



Figure 6: Correlations between rupture parameters as a function of ↵hy for given w (color-

coded). Correlations are based on the set of receivers contained in the red dashed rectangle

in Figure 1.
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TP effects on correlation between kinematic rupture parameters
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Effects of hydraulic diffusivity variations



Figure 6: Correlations between rupture parameters as a function of ↵hy for given w (color-

coded). Correlations are based on the set of receivers contained in the red dashed rectangle

in Figure 1.
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Figure 7: Correlations between rupture parameters as a function of w for given color-

coded ↵hy. Correlations are based on the set of receivers contained in the red dashed

rectangle in Figure 1.

45

TP effects on correlation between kinematic rupture parameters
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Effects of hydraulic diffusivity variations Effects of shear-zone half-width variations
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Ø Black dots mark receivers used in the
statistical analysis; squares locations used
for analysing ground velocity time-
histories.



Figure 9: Comparison of ground velocity time histories (cm/s) at three receivers (r1–r3,

Figure 1B) for varying (A) hydraulic di↵usivity ↵hy and (B) shear-zone half-width w.

Gray dashed bars show theoretical P- and S-wave arrival times from the hypocenter.

Waveforms are normalized with respect to peak absolute value (indicated in left corner)

for each component.
47
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Ø Black dots mark receivers used in the
statistical analysis; squares locations used
for analysing ground velocity time-
histories.



Figure 10: Distance dependence of mean µln(PGV) and standard deviation �ln(PGV of

ln(PGV) for (A) varying hydraulic di↵usivity ↵hy and (B) shear-zone half-width w. Colors

represent di↵erent ↵hy and w values.
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Ø Distance dependence of mean and
standard deviation of ln(PGV) for
(A) varying hydraulic diffusivity and
(B) shear-zone half-width

Ø Mean PGV decreases much
more with increasing w than αhy ;
while variability has similar trends.
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TP effects on ground-velocity and PGV



Ø Shear-zone half-width has a stronger effect on rupture dynamics, kinematic rupture properties and ground
shaking than hydraulic diffusivity.

Ø Mean slip and rise time decrease with increasing αhy, whereas mean peak slip-rate and rupture speed remain
nearly constant.

Ø Mean slip, peak slip-rate and rupture speed decrease with increasing w, whereas mean rise time increases.

Ø w distinctly affects the correlation between rupture parameters, especially between (slip, rupture speed), (peak
slip-rate, rupture speed), (rupture speed, rise time), whereas αhyhas a negligible effect.

Ø Mean PGV decreases faster with increasing w than with increasing αhy, whereas ground motion variability has
similar trends.

Under review in BSSA:
Vyas, J. C., Gabriel, A. A., Ulrich, T., Mai, P. M., & Ampuero, J. P. (2022). How does thermal pressurization of pore
fluids affect 3D strike-slip earthquake dynamics and ground motions?. Under review, Bulletin of the Seismological
Society of America. arXiv preprint arXiv:2210.10381.

22

Concluding remarks




