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Abstract During the last decade, knowledge over episodic tremor and slip (ETS) events has increased
dramatically owing to the widespread installation of GPS and seismic networks. The most puzzling
observations are (i) the periodic nature of slow seismic events, (ii) their localization at intermediate depths
(estimated 15–40 km), and (iii) the origin of the nonvolcanic fluids that are responsible for the tremor
activity. We reconcile these observations using a first principles approach relying on physics, continuum
mechanics, and chemistry of serpentinite in the megathrust interface. The approach reproduces the GPS
sequences of 17 years of recording in Cascadia, North America, as well as over 10 years in the Hikurangi
Trench of New Zealand. We show that strongly endothermic reactions, such as serpentinite dehydration,
are required for ETS events. We report that in this tectonic setting, it is its chemical reaction kinetics, not
the low friction, that marks serpentinite as a key mineral for stable, self-sustained oscillations. We find that
the subduction zone instabilities are driven from the ductile realm rather than the brittle cover. Even when
earthquakes in the cover perturb the oscillator, it relaxes to its fundamental mode. Such a transition from
stable oscillations to chaos is witnessed in the ETS signal of NZ following the M6.8, 2007 seismic event, which
triggered a secondary mode of oscillations lasting for a few years. We consequently suggest that the rich
dynamics of ductile modes of failure may be used to decipher the chaotic time sequences underpinning
seismic events.

1. Introduction

A peculiar observation, revealed through recent advances in monitoring seismicity, is the slow seismic
activity recorded in the interface of subduction zone and overriding plate. Classically, the response of
the overriding plate to the load applied by the subduction process is divided into two distinctly different
domains [Tse and Rice, 1986]. The shallow portion of the overriding plate is considered to be seismogenic,
while the deep zone is considered to be aseismic. The natural conclusion is that the deep portion does not
contribute to the activity other than providing a damping dissipation of instabilities near the surface.

In contrast to this perception, the episodic tremor and slip (ETS) recorded both in GPS and seismic data
[Obara, 2002; Rogers and Dragert, 2003] suggest a much richer material response of the ductile regime than
a dash pot. ETS events have been discovered in areas with dense seismic networks on subduction zones
such as the Nankai Trough in Japan [Obara, 2002] and the Cascadia megathrust in North America [Rogers
and Dragert, 2003; Brudzinski and Allen, 2007] and are estimated to take place at intermediate depths of
around 15–40 km.

The characteristic slip of the ETS events is on the order of centimeter and their slip duration on the order of
days, while the frequency of episodic events is on the order of years. In the Cascadia subduction zone, the
ETS events release energy of magnitude M6.7 in a time interval of about 2 weeks, with a quasi-periodicity of
14 months [Dragert et al., 2001]. The events are rooted in the ductile domain at a depth of around 20–30 km
where temperatures were initially estimated to be of the order of 300–500◦C [Peacock, 2009]. The inclu-
sion of hydrothermal convection above the downgoing slab, and the associated additional heat extraction,
suggests that the lower temperature environment of 300–350◦C is preferable for the source zone of ETS
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Towards a unified THMC approach
• Fluid-saturated rock
• Coaxial Elasto-visco-plasticity, deviatoric and 

volumetric components
• Mechanical (Shear) heating
• Endothermic fluid release reaction producing 

excess pore pressure

• Porosity and permeability linked with Kozeny-
Carman law

AB(solid )
rF
rR

! ⇀!!↽ !!! A(solid ) + B(fluid)

  φ = φ0 + Δφmech + Δφchem
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The mathematical system

• Normalised and reduced system of equations

• Dimensionless Groups:

Le =
κmµ f

kπ !σ n

, µr =
d 2( )

2

κm !σ n

k0
β f
e−Ar , Ar = E

RTc
,

δ =
1
mTc

, m =
jkm

ΔH d 2( )
2

eAr

k0ρAB
, Gr =

βTτ d !γ0
ΔH k0ρAB

Lewis number

Gruntfest 
number

  

τ = τ d (t) , σ ' =σ 'n(t)

∂ΔP
∂t

= ∂
∂z

1
Le

∂ΔP
∂z

⎡

⎣
⎢

⎤

⎦
⎥ +

Λ
mσ 'n

∂T
∂t

+ (1−φ)(1− s)µr e
ArδT
1+δT

∂T
∂t

= ∂2T
∂z2 + Gre

−ΔP Vact
1+δT e

aAr
1+δT − (1−φ)(1− s)

⎡

⎣
⎢

⎤

⎦
⎥e

ArδT
1+δT

7



Veveakis

The mathematical system

• Normalised and reduced system of equations

• Dimensionless Groups:

  

τ = τ d (t) , σ ' =σ 'n(t)

∂ΔP
∂t

= ∂
∂z

1
Le

∂ΔP
∂z

⎡

⎣
⎢

⎤

⎦
⎥ +

Λ
mσ 'n

∂T
∂t

+ (1−φ)(1− s)µr e
ArδT
1+δT

∂T
∂t

= ∂2T
∂z2 + Gre

−ΔP Vact
1+δT e

aAr
1+δT − (1−φ)(1− s)

⎡

⎣
⎢

⎤

⎦
⎥e

ArδT
1+δT

Lewis number

Gruntfest 
number

char. time scale heat production
char. time scale energy transfer

Gr =

heat diffusion
mass diffusion

Le =

8



Veveakis

Vact > 0 : System’s stability regimes w.r.t Gr

Co
re

 te
m

pe
ra

tu
re

Gruntfest number

Stable creep Stable-tertiary 
creep transition

Tertiary creep –
dynamic instabilities

char. time scale heat production
char. time scale energy transfer

Gr =Vact > 0 

9



Veveakis

Phase diagrams
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Temporal evolution
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Subduction zones
Large scale modelling



Modelling Subduction zones: Serpentinite dehydration 
oscillator

The problem: we require stress continuity at the shear band 
interface, because of the definition of the shear band as zone of 
velocity gradient discontinuities. So which BCs do we use?
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Modelling subduction zones

Alevizos et al, JGR (2014)Rogers & Dragert, Science (2003)
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Oscillator cycles, Earth’s heartbeat
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ETS location and tectonic driver: Cascadia

Poulet, Veveakis, Regenauer-Lieb & Yuen , JGR (2014)

Mantle as the 
tectonic driver

Crust as the 
tectonic driver
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Chaotic signals – Gisborne (New Zealand)
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Can we predict brittle earthquakes? (NO, but still…)

Wikipedia

Location of the plate boundary

http://earthquaketrack.com

Biggest brittle earthquakes around Gisborne
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Matching observations
• Intern. Ocean Discovery Program
• Japan Trench Fast Drilling Project

Nature news, Dec 2013:
“The localization of deformation onto a limited thickness (~5 meters) of pelagic 

clay is the defining characteristic of the shallow earthquake fault” (Chester et 
al / Science 2013). “That’s just weird” says Emily Brodsky (UC Santa Cruz)

20 |



21 |

Episodic tremor and Slip (ETS)
Could we do it data-driven?

Nonvolcanic Tremor in Cascadia
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Graph CNN –based analysis of ETS series in New Zealand
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Graph CNN –based analysis of ETS series in New Zealand
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Graph CNN –based analysis of ETS series in New Zealand
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Graph CNN –based analysis of ETS series in New Zealand
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The question still is:
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How can we use these concepts for fault reactivation?
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Integrated Computational Materials Engineering (ICME)
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3-scale ICME for Geomaterials under environmental loading
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Darcy flow: pressure 
depletion/equilibration

Stokes flow: 
permeability 

homogenization

Stress Path: fault 
shear stress

Fault slip
Fault 

activation/healing

Chemical 
dissolution/pre

cipitation
Micro
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Macro

Thermo-hydro-mechanical-chemical (THMC) couplings across the scales
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What if the physics among the scales are not separated?
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Three-scale nested schemes: On-the-fly homogenization
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Boundary
conditions

Upscaled 
interface law

Boundary
conditions

Upscaled laws

Structure A

Structure B

Master scale
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Three-scale nested schemes: On-the-fly homogenization
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Three-scale nested schemes: On-the-fly homogenization
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Thank you!
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