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From Crustal Fault Rupture to Nanogranular Flow

One of the most outstanding challenges in geological
sciences is to improve prognoses on the frequency,
location, and magnitude of future earthquakes. However,
this requires sophisticated modelling of earthquake
nucleation and dynamic rupture propagation, which in
turn requires a fundamental understanding of the failure,
slip, and healing mechanisms operative in geologic
faults, i.e. of fault rock sliding mechanisms active under
in-situ conditions in the earth. Despite several decades
of research on fault friction, knowledge on the material
properties of fault rocks and how they play a role in
the nucleation of earthquakes, remains poor. Using
laboratory deformation equipment to simulate fault slip
under conditions of high pressure and temperature in the
earth, combined with microscope analysis of deformed
fault rocks, my research is aimed at unravelling
the material-physical processes controlling crustal

seismogenesis.

Laboratory Studies of Earthquakes and Rock
Friction

Earthquakes are recurring slip instabilities on
essentially permanent faults that remain (quasi-)
stationary between seismic events. This behaviour is
reminiscent of the jerky sliding motion, known as “stick-
slip”, that is frequently observed when surfaces slide
past each other, for example, like chalk on a chalkboard
as it produces the characteristic squeaky noise. The
analogy of the stick-slip effect with natural earthquakes
(Brace & Byerlee, 1966) spurred much theoretical and
experimental work on its underlying mechanisms and
application to earthquake faulting. A key paradigm
shift occurred upon the development of the rate-and-
state-dependent friction (RSF) model (Fig. 1A), which
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enabled highly successful reproduction of laboratory data
over a wide range of conditions (Dieterich, 1979). Using
the RSF equations and a spring-slider analogue model,
Ruina (1983) showed that a recurring sliding instability
can only develop if the slider-surface contact decreases in
strength with increasing displacement rate. This is known
as “velocity-weakening” frictional behaviour, as opposed
to “velocity-strengthening”, which always leads to a state
of stable sliding. In the framework of the RSF model,
the v-dependence is quantified using the dimensionless
difference (a-b)~Au/Aln(v), where wu is the frictional
strength or coefficient of friction of the slider-surface
contact, and v is the displacement rate. It follows
that (a-b)>0 for inherently stable, v-strengthening
behaviour, while (a-b) <0 for seismogenic, v-weakening
behaviour. The case (a-b)=0 indicates v-neutral sliding.
Importantly, the v-dependence of frictional strength is a
material property of the sliding medium that constitutes
the slider-surface contact, which, in the case of a natural
fault, consists of the granular wear material or “fault
gouge” that is the product of cumulative slip along the
fault. In the lab, fault gouge is typically simulated using
powdered rock, while its v-dependence is measured from
the change in frictional strength (u) after a perturbation
or ‘step’ in displacement rate, v, imposed in a laboratory
friction test (Fig. 1B).

Experiments using simulated gouges composed of a
wide range of rock types show transitions in the sign of
(a-b) with increasing temperature, from v-strengthening
(>0) to v-weakening (<0), and back to v-strengthening
(>0) (Fig. 1C). In a broad sense this is consistent with the
upper-crustal seismogenic zone, which is characterized
by an upper and lower cut-off in seismicity, at depths
that are believed to be mainly temperature-dependent.



Since development of the RSF model, the value of (a-b)
has been an importance quantity to measure in laboratory
studies of rock friction, as they are the indispensable

of earthquake rupture.

input for simulations
Notwithstanding its efficacy in reproducing laboratory
data, and in simulations of the seismogenic zone, the
phenomenological nature of the RSF model remains
problematic. Specifically, the lack of a fundamental
understanding of what “(a-b)” means in terms of the
material-physical processes operative within fault rock,
at depth in the earth, casts doubt on extrapolation of
laboratory data to natural conditions, and undermines
the predictive powers of rupture simulations and its

associated precursors.

Microphysics of Fault Gouge Shear Deformation

The frictional sliding of gouge-filled faults involves
simple shear deformation of a granular medium, the
fault gouge, under the high pressures, temperatures,
and fluid pressures pertaining to the seismogenic
zone. A constitutive equation describing fault gouge
shear deformation requires knowledge of the relevant

bulk and intergranular deformation processes, plus a
model framework. In the past few decades, various
micromechanical models for fault gouge shear have
been formulated. One of those models, developed by
Chris Spiers and co-workers at Utrecht University, is
rooted in well-established principles in soil mechanics,
using material-physical properties of the fault gouge and
deformation mechanism that are widespread in the upper-
crust. The model is based on a competition between
intergranular compaction and dilatation (Niemeijer &
Spiers, 2007), where compaction is driven by relatively

such as

Arrhenius-type processes

time-sensitive,
pressure solution or crystal plasticity, and dilatation is
driven by (relatively) time-insensitive processes such
as grain translation or cataclasis. Velocity-strengthening
occurs when either process dominates over the other.
However, in the case that compaction and dilatation
operate at similar magnitudes of strain rate, hence when
they are ‘competitive’, velocity-weakening is predicted
to occur. The exponential temperature-dependence of
the compaction mechanism is inherently suggestive of

a temperature (or depth) window within which strain
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Fig. 1. A) Rate and state friction (RSF) model. B). Frictional strength («) vs displacement simulating a
perturbation in displacement rate (v). C). Trend in (a-b) values frequently seen with increasing depth/
temperature in laboratory fault rock friction experiments.



rates are competitive with dilatation, and seismogenic,
v-weakening behaviour may be expected. Therefore, the
model is conceptually consistent with the seismogenic
zone, including when compared with laboratory
experiments spanning the brittle-plastic transition
(Verberne et al., 2015).

One of the major challenges that remains is to unravel
the deformation mechanisms that govern intergranular
compaction and dilatation under in-situ conditions in the
earth. We approach this by studying the microstructure
of sheared fault gouge, across scales, using a hand-
lense and photocamera, as well as using (focused ion
beam-) scanning electron microscopy (FIBSEM) and
transmission electron microscopy (TEM). FIB-SEM
enables in-situ sectioning of samples, or ‘trenching’ of
microscale faults observed in lab-sheared samples. Using
such tools, recent work on experimentally sheared gouges
composed of calcite demonstrated that low-temperature
shear deformation is controlled by narrow, localized
zones composed of particles just 5 to 20 nm in size, as
opposed to non-localized, stable, creep-controlled flow at
higher temperatures (Verberne et al., 2014, 2017). This
suggests that nanoparticles are important in controlling
fault strength and stability within the seismogenic zone.
Exploring the rheology of nanogranular fault rocks, and
their role in the seismic cycle, is at the forefront of fault
mechanics research.

Fault Mechanics Experiments at AIST Tsukuba

At the Geological Survey of Japan, one of the tools
we use to study fault slip behaviour at in-situ conditions
in the earth is an Argon gas-medium, high pressure/ high
temperature, triaxial deformation apparatus (Masuda
et al., 2002) (Fig. 2). Using an internal furnace, we
can simulate conditions of high pressure and high

temperature pertaining to the upper ~8 km of the crust.
To simulate fault-slip under these conditions, we employ
the so-called “saw-cut assembly”. In this method, a layer
of simulated fault gouge is sandwiched on an inclined
surface between two inert driver blocks (Fig. 2-inset).
We are presently conducting experiments to investigate
the shear properties of ground quartz/ feldspar mixtures,
with the aim to constrain a strength and stability profile
spanning the seismogenic zone. Quartz and feldspar
are the most abundant minerals in the upper crust, and
are commonly encountered at the roots of major crustal
faults, such as at the Median Tectonic Line (Katori et al.,
2018).

Ar-gas
deformation
| apparatus

“Thermumupla
N Saw-cut
W . driver block
tsaimulated
ult gouge

%Spacers

Fig. 2. Sketch of the Argon gas-medium
deformation apparatus installed at AIST
Tsukuba. Boxed area highlights the saw-cut
assembly used in fault-slip experiments.
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The 17th Japan-Taiwan International Workshop on Hydrological and Geochemical Research for Earthquake Prediction

Mealing room Ne.2,

4 Seplember. 2018
Geological Survey of Japan {GSJ), AIST, Tsukuba, Japan

Mo | From | To | Name |Eresentation
Morming Session
Yursaku Yano {Director :
0 1010 Greeting
00 {1990 e of 68, AIST) g
1o mudti il fidal change of very low-frequency earthquakes induced
1 10:10 10:30 | Mameru Nakamuna (UR) ” " ng Y quency earthe by
sl and ceeanic
2 1030 1050 Min-Chien Tsai Triggesing of multifauli ruptures afier 2018 Mw .4 offshore Hualien earthquake: Insight from
" h (CWB) geodetic measurements and SAR interferometry,
3 1050 11410 Jyr-Ching Hu ic and ismic slp on tri shallow slip of 2016 Mw 6.4 Meinong
- ! {NTU} earthquake by high-rate GPS, campaign GPS, InSAR and strong moticn chservation,
i 1140 11:30 Masayuki Murase Verlical deformation of the 2017 M5.6 earhquake detecied by precise leveling in the Ontake
7 z {NU} earthquake swamn area, ceniral Japan
11:30 11:40 Coffee break
5 11:40 12:00 Yuzr Ishikewa (AIST) |Ensptions and earthquakes in Hawaii Island
B 1200 12:20 Hanglin Led (AIST) Case studies of leng- and shorl-lem njection-induced earthquakes
1220 1240 Group Pheto at the 1st floor of the building
1240 1340 Lunch {Lunch Meeting for presenters ai Meeting Roem Ne.1 at 8th floer)
Afternocn session #1
7 13:40 1400 | Hitomi (AISTY|G i ability of deep seated fuid along median tecionic ine
] 14:00 14:20 | Shin-Jung Wang (NCL) [Using Post Re ery Data to the: Hydrauic Properties of Aquitards
Comparison of Permeability of Fautl Zone Between In-situ Hydraulic Tests and Laberatory-Derived
a 1420 | 1440 | Nodo Matsumeto (AIST) [-0 P : Al iy ony
Data al the Median Tectonic Line, Central Japan
10 14:40 15:10 Mo amant of ¥ = A review
{ERI,UT)
" 1510 | 1530 ke ool R jon between histori and g anomaly
(ERI, UT)
15:30 15:50 Coffee break and Poster session
Aftemcen sessicn #2
12 15:50 16:10 Taku Makamuma (GU}  |Observaticn of Water in Wariishi Hot Spring
13 16:10 16:30 Yang Li (NU) The earihquake related water level increase ab OF well in Kanagawa prefecture
1 830 1550 Ching-Chou Fu Changes in groundwater chemisiry at the Tawan Chelungpu Fauli Borehole before the 2013 MB.2
! ’ (ES, AS} MNanicu earthquake
15 1550 1710 Wen-Chi Lai The prefiminary study of the coseismic groundwater level changes in ML 6.2 Hulien earthquake,
* ™ {DPRC, NCU) Feb, 6ith 2018
16 1710 17:30 Maci Koizumi (USP)  |Posiseismic changes in stream water refated o the 2016 Kumamoio earthquake
17:30 1750 Discussion
8:00 { 2nd Floer of Welfare Busding in Tsukuba Central 1)

WUR: University of the Ryukyus

IES, AS: Institute of Earth Sclences, Academia Sinica, Taiwan

CWB: Central Weather Bureau, Taiwan,
MNTU: MNaticnal Taiwan University, Taiwan
MCU: National Central University, Taiwan

DPRC , NCKL: Disaster Prevention Research Center, Maticnal Cheng Kung University, Taiwan

USP: The University of Shiga Prefecture

MUz Mihon Uiniversity
GU: Gifu University

ERI, UT; Earhquake Research Institute, University of Tokyo
AIST: National Instiiie of Ad d
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ZOEIE, 2012 4725 2016 EDMIT Island Arc FEICHGE S ALZFRILD 9 B, 2017 ik b X T m— R
SN H 265 b DT,

Dan Matsumoto, Yuki Sawai, Koichiro Tanigawa, Osamu Fujiwara, Yuichi Namegaya, Masanobu Shishikura, Kyoko
Kagohara, Haruo Kimura (2016)

Tsunami deposit associated with the 2011 Tohoku-oki tsunami in the Hasunuma site of the Kujukuri coastal
plain, Japan Volume 25, Issue 5, pp 369-385

https://onlinelibrary.wiley.com/doi/10.1111/iar.12161
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Ayumu Miyakawa, Makoto Otsubo (2017)
Evolution of crustal deformation in the northeast-central Japanese island arc: Insights from fault activity
https://onlinelibrary.wiley.com/doi/abs/10.1111/iar.12179

[408 downloads.]
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Makoto Otsubo, Ayumu Miyakawa, Ryoji Kawasaki, Katsushi Sato, Asuka Yamaguchi, Gaku Kimura (2016)

Variations in stress and driving pore fluid pressure ratio using vein orientations along megasplay faults :
Example from the Nobeoka Thrust, Southwest Japan

https://onlinelibrary.wiley.com/doi/abs/10.1111/iar.12155

[384 downloads.]
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Ryoji Kawasaki, Mari Hamahashi, Yoshitaka Hashimoto, Makoto Otsubo (corresponding author), Asuka Yamaguchi,
Yujin Kitamura, Jun Kameda, Yohei Hamada, Rina Fukuchi, Gaku Kimura (2017)

Temporal stress variations along a seismogenic megasplay fault in the subduction zone: An example from the
Nobeoka Thrust, southwestern Japan

https://onlinelibrary.wiley.com/doi/full/10.1111/iar.12193

[264 downloads.]
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