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PREFACE
To the Proceedings of the International Workshop on the Nojima Fault
Core and Borehole Data Analysis

Hisao Ito (Geological Survey of Japan)
Koichiro Fujimoto (Geological Survey of Japan)
Hidemi Tanaka (Ehime University)
David Lockner (US Geological Survey)

L Introduction

The International Workshop on the Nojima
Fault Core and Borehole Data Analysis was held
in November 22-23, 1999 at Geological Survey of
Japan (GSJ) in Tsukuba. It is based on the core
and borehole data analysis on the borehole drilled
by GSJ just after the 1995 Hyogo-ken Nanbu
(Kobe) earthquake of January 17 (My,=7.2; the
Japan Meteorological Agency (JMA) Magnitude).
The GSJ borehole penetrated the active fault just
after the large earthquake for the first time in the
world.

» Because of this unique opportunity, great
interests in core and borehole data analysis have
been taken by researchers from GSJ, United
States Geological Survey (USGS), Japanese
universities, National and private
companies, and French researchers. The core and
borehole data analysis was motivated by the
sampling party held at the GSJ Hirabayashi drill
site in January 1996. This was followed by
several core viewings and samplings in Tsukuba,

Institutes

and the acceptance of research proposals from
Japan and other countries.

GSJ and USGS recently started the Twin
Institute Program on earthquake
supported by the Agency of Industrial Science
and Technology, Ministry of Intemational Trade
and Industry of Japan. The Twin Institute
Program covers the following four research areas;
1) Study of deposits and hazards of tsunamis
2) Evaluation of earthquake potential

geologic methods
3) Study of earthquake source process in near

source region
4) Study of structure and physical properties of
fault

research

using

vi

As a part of these activities, we already had an
International Workshop on Paleoseismology at
GSJ on March 15, 1999, and published the
proceedings (Satake and Schwartz, 1999).

We also held the International Workshop on
the Nojima Fault Core and Borehole Data
Analysis at GSJ, Tsukuba, on November 22-23,
1999. Thirty oral presentations and five poster
presentations were made at the workshop with
about 90 participants; not only from GSJ and
USGS, but also from universities, National
Institutes and companies in Japan and from
France.

Ihe 1995 Kobe Earthquake

The 1995 Kobe Earthquake, M,,,=7.2,
occurred beneath the Akashi Strait on January 17,
1995, and formed a surface break about 10 km
long with 1-2 m offset along the Nojima fault (Lin
et al, 1995; Nakata et al.,, 1995; Lin and Uda,
1996; Awata et al.,, 1996). Lin et al., (1995) and
Lin and Uda (1996) documented that the surface
break extends southwestward with small offset.

The Nojima fault is a component of the
Arima-Takatsuki-Rokko fault zone, which is a
branch of the Median Tectonic Line. In a broad
sense, the fault systems near Osaka Bay form a
boundary between pre-Neogene basement and
Neogene and Quaternary sedimentary rocks.

The Nojima fault is a NE-SW striking, active
right-lateral strike-slip fault with a minor reverse
component (Mizuno et al., 1990). Although they
estimated the length of the Nojima fault as 7km,
the surface break during the 1995 Kobe
earthquake was longer than this.

The total displacement of the Nojima fault is



unknown; the total vertical displacement is 230 m
at the southern part of the Nojima fault (Murata et
al., 1998). The Miocene sedimentary rocks (lwaya
Formation) and Plio-Pleistocene sediments
(Osaka Group) are distributed to the west of the
Nojima fault and the Cretaceous granodiorites are
distributed to the east.

Surface rupture was found only on Awaji
Island southwest of the mainshock epicenter, and
surface displacement from the Kobe earthquake
was generally a right-lateral reverse shear with
east side up (Lin and Uda, 1996). The maximum
net slip was 2.15 m with 1.80 m of right slip and
1.30 m of reverse slip and occurred at Nojima-
Hirabayashi in the central part of the surface
rupture (Lin and Uda, 1996). From the trench
survey, the recurrence time of the earthquake is
estimated to be about 2000 years (Awata and
Suzuki, 1996).

Ide et al. (1996), Yoshida et al. (1996),
Spudich et al. (1998) and Bouchon et al. (1998)
made inversion analysis on the 1995 Kobe
earthquake based on seismic and geodetic data.
They behavior of the
earthquake.

Ito and Kuwahara (1996), Li et al. (1998) and
Ito et al. (1999) observed significant trapped
waves from the aftershocks on the Nojima fault.
They did not observe any trapped wave for
adjacent active faults, and they interpret this as an
evidence of the segmentation of the Nojima fault
and adjacent faults. They estimated the velocity
and Q of the low velocity zone of the Nojima
fault, and compared with the drilling results (Ito
et al., 1996; Ito et al. 1999).

showed dynamic

Ouli ¢ the Drilline Activiti he Noii
FEault

After the 1995 Kobe earthquake, three major
research groups initiated fault drilling projects
and conducted experiments in boreholes around
Kobe and the Nojima fault.

The three research groups are, 1) the
University Group (UG), led by Prof. Masataka
Ando, and funded by the Ministry of Education,
2) the National Research Institute for Earth
Science and Disaster Prevention (NIED), led by
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Dr. Ryuji Ikeda, and funded by the Science and
Technology Agency, and 3) GSJ, led by Dr.
Hisao Ito, and funded by the Agency of Industrial
Science and  Technology, Ministry of
Intemational Trade and Industry. The groups
have been working somewhat independently, and
are conducting similar types of geological and
geophysical investigations, in situ experiments,
and downhole monitoring of crustal activities.

The GSJ and NIED have completed several
boreholes located close to the epicenter, near the
ends of the earthquake rupture, and on the
Nojima fault near the epicenter and on the places
where the maximum surface displacements were
observed. These latter  boreholes, GSJ
Hirabayashi and NIED Hirabayashi are located
75 m and 320 m, respectively, from the surface
trace of the Nojima fault and cross the fault zone
at depth (Fig. 1). The GSJ hole is 747 m deep
and the NIED is 1800 m deep. The six other
boreholes range between 300 m and 1300 m in
depth. The three UG boreholes are also located
on the Nojima fault at a location where both the
main Nojima fault and a subsidiary fault is
observed (Fig. 1). The depth range of these
boreholes is 500 m to 1800 m.

Continuous core has been collected from
almost all of the boreholes. GSJ has had close
to 100% core recovery in all their boreholes. At
Hirabayashi, continuous core was taken between
the depth 150 m-746 m, with 98% recovery
across the fault zone. The core shows a
deformed zone between 557 and 713 m, with clay
gouge between 623.1 and 625.3 m. This depth
interval corresponds to a fault zone thickness of
approximately 30 m.

The NIED and UG also have collected cores
from the boreholes across the Nojima fault. For
the Hirabayashi core, the GSJ has photographed
the core using a core scanning system (Miyazaki
et al,, 1997), made in-situ stress measurements
(Ito et al, 1997a) and measurements on core
samples (Ito et al.,, 1997b, Kudo et al., 1997).
Physical properties including seismic velocity,
density, permeability, and fracture strength are
also measured. In addition, petrographic studies,
analysis of fractures and core deformation, fluid
inclusion analysis, and dating core materials are

in progress. The NIED and UG are conducting



similar studies of their core materials.

All groups have completed a number of
downhole measurements, particularly in the holes
across the Nojima fault. The research activities on
the GSJ Hirabayashi borehole are described in
Fig. 2 and the publication list is shown in the
Appendix.

II. Summary of the workshop

Introduction

Kanamori (Kanamori and Heaton)
summarized the role of microscopic and
macroscopic  physics of earthquakes. They

emphasis the importance of the role of frictional
melting and that fluid pressurization can play a
key role in rupture dynamics of large earthquakes.
The microscopic state of stress caused by local
melting and pressurization can be tied to
macroscopic seismic parameters such as seismic
moment and radiated energy by averaging the
stresses in the microscopic states. They also
suggest that the dynamics of small and large
earthquakes can be very different, because the
thermal process is important only for large
earthquakes.

Otsuki et al. found rock composed of thinly
laminated fault gouge and pseudotachlyte layers,
and they considered the detail of physical
processes during the seismic slip; thermal
pressurization, fluidization and melting, s
recorded. They characterized degrees of melting
and fragmentation quantitatively, and presented a

possible  mechanism  of  pseudotachylyte
formation.
Suyehiro introduced a seismogenic zone

drilling and monitoring of OD21/IODP with a
new scientific drill ship equipped with riser
capability that allows deep drilling beneath ocean
floors. The new drill ship will be constructed by
Japan, and will drill through the seismogenic part
of the subduction plate boundary to collect
samples, make in-situ measurements, and set up
observatory to understand earthquake mechanics
and physico-chemical processes operating in this
environment.

viti

Geological Studi e Nojima C

Comprehensive work on core analysis is
performed by Tanaka et al. including the detailed
petrological and fault-rock chemistry analysis of
the Nojima fault zone. They described seven
shear zones including main Nojima fault surface
(MSZ) at 625.3m depth. Those shear zones are
surrounded by weakly pulverized and altered
granodiorite (WPAR). They insisted on the
importance of WPAR as fault gouge, fault breccia
or cataclasite be considered to be evolved from
WAPR. They strictly define the fault zone
thickness of 30 m for hanging wall based on
microstructure and volatile contents. One of the
most important findings is that there are two fault
cores, ‘one of which
characteristics of mass-loss and very fine grained
nature and referred to as a co-seismic fault core,
the other is characterized by flow texture and
preferred alignment of clay minerals and referred
to as interseismic fault core.

Fujimoto et al. described the fault core, where
deformation and alteration are intensively
localized within 30cm thickness. The fault core is
composed of three types of fault gouges, which
preserve texture, and mineralogy of the ancient
activity of the Nojima fault. The formation
temperature is higher than 130-200 °C, which
corresponds to the depth of 4-7 km if the
geotherm is not different from the present.
Deformations of both seismic and interseismic
period are recognized. Carbonate minerals are
main sealing minerals and isotope chemistry
suggests that the carbonates are probably connate
seawater origin (Ueda et al.,). They represent
different age and depth of activity of the Nojima
fault.

Boullier et al. described deformation textures
and attributed them to aseismic or seismic
deformation mechanisms. Aseismic deformation
is characterized by kinked biotites, which are
distributed  from low strain  rocks to
ultracataclasite. The textures of quartz and calcite
suggest that the most deformation occur not at
present depth but at 3 to 5 km.

Kobayashi et al. described the lithology of the
NIED core and compared the lithology and
physical properties such as sonic velocity and

shows a distinct



density. Three fracture zones are distributed at
1800, 1300 and 1140m depth. Alteration is most
intense at 1140m fracture zone and it may have
developed most recently in the three.

Ueda et al. performed isotopic studies on the
carbonate minerals, which are typical alteration
minerals in GSJ core samples. The results imply
that the carbonates were formed from seawater
penetrating along the fault.

Takeshita and Yagi measured orientation of
healed microcracks and kink band in quartz to
elucidate paleostress field.  The inferred
paleostress field (Jurassic in age) is apparently
different from that of Quaternary.

Tomida et al. tried to quantify degrees of
deformation and alteration based on the loss of
ignition data and fracture density.

P bili ! Physical P .

The permeability of fault zone is key to
understanding fluid movements and its relation to
earthquake generation.

Lockner et al. measured the
permeability for core samples from GSJ and
NIED Hirabayashi boreholes. They found a strong
correlation between permeability and proximity to
the fault zone shear axes. The width of the high
permeability zone is in good agreement with fault
zone width inferred from trapped wave analysis
(Li et al., 1998; Ito and Kuwahara, 1996) and
borehole logging data (Ito et al., 1996). The shear
zone axis, due to its high clay content and fine

matrix

gouge grain size, has relatively low permeability
in the microdarcy range (Darcy = 1072 m?).
Flanking the shear zone axis, the damage zone
has high permeability. Father away from the shear
zone axis, the permeability retums to the protolith
permeability value. They also pointed out that
because of the strong sensitivity of permeability,
in situ permeability in the Nojima fault zone will
decrease rapidly with depth.

Kiguchi et al. (1999) and Ito et al. estimated
permeability structure from the borehole tube
wave and Stoneley wave analysis. Ito et al.
observed several highly permeable layers with
very thin thickness that correspond to cataclasite,
gouge. They estimated the highly permeable fault
core thickness as 0.1 m, and estimated extremely
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high permeability as 40 Darcy. Both the core
permeability measurements and borehole tube
wave and Stoneley wave analysis results are
consistent with the fault zone model that the
highly permeable zones in the fracture zone act as
a conduit for fluids parallel to the fault but acts as
barrier for movement across the fault.

Morrow the sample
permeability measurements from four different
scientific drill holes (Cajon Pass, Kola, KTB and
Hlinois UPH 3), and concluded that most fluid
flow at depth will occur through discrete joints
and faults rather than through bulk of the rock.

The results by Ito et al. and Kiguchi et al.
(1999) are based on the fracture permeability. If
we consider the strong pressure dependence of the
matrix permeability, the matrix permeability will
low and fracture permeability

reviewed core

be extremely
dominates at depth.

Moore et al. made a detailed observation of
the fault rocks in relation with the physical
properties such as permeability and strength. In
the permeable zone, the rock exhibits dilatant
deformation whereas; micro shear bands are
characteristic features in the less permeable zone.
They confirmed that the GSJ and shallowest
NIED fault strands appear to be currently active,
whereas the deepest NIED fault strand was
abandoned and has been thoroughly sealed with
mineral deposits.

Masuda et al. studied the effect of fluid
migration on fracture process using the Nojima
core samples. They showed that the internal
structure of the rock affects the location of
fracture surface.

Hydraulic P .

Roeloffs and Matsumoto analyzed data from
the pumping test conducted in March 1996, and
groundwater-ievel data for the period from June
1996 through October 1999. Analysis of the pump
test data yields the transmissivity that is
consistent with the borehole measurements. The
tidal variations in the groundwater level suggest
that the tidal response is governed by deformation
of a fracture zone, rather than of a uniform porous
material.

Sato and Takahashi analyzed the chemical and



stable isotopic compositions of water from the
GSJ Hirabayashi well. Both ionic and isotopic
characteristics of the water are similar to that of
the local spring water of meteoric origin.

Tokunaga constructed a simple horizontal
flow model to explain the observed hydrological
changes associated with the 1995 Kobe
earthquake; (1) large drop of water table in the
mountainous area, (2) rapid increase of discharge
along active faults, and (3) change in chemistry of
discharged water. According to his model, the
hydraulic conductivity increased at least 5 times
at the earthquake and the change of chemical
composition of discharged water could be caused
by movement of deeper water into the aquifer.

Uda et al. described the cracks filled with clay
and/or carbonate minerals. They considered these
crack fillings are the evidence of rapid surface
water flow into the fault zone at the earthquake
event.

Thermal Disturbance, Age

Tagami et al. analyzed thermal history of the
fault zone using fission-track thermochronology.
They found shortening of track length in zircon
around the fault surface probably due to recent
thermal anomaly around the fault.

Fukuchi et al. found scarce thermal effect of
1995 event at the fault core based on ESR signals.
They also found chemical anomaly at the fault
core attributed to the inflow of calcium rich fluid.

Matsumoto et al. performed ESR study on the
quartz from the fault core. They suggested the
possible generation of hydrogen gases in the fault
zone.

Tani et al. performed ESR studies to elucidate
the thermal disturbance. They found a thermal
anomaly at 250 m depth.

Geophysical Measurements on Cores

Zamora et al. measured the ultrasonic P-wave
velocities to investigate the effect of the alteration
and the fracturing intensity on the velocity and
velocity anisotropy. The preliminary results show
that P-wave velocity and anisotropy strongly
depends on the porosity and suggests that thin
cracks play an important role.

Célérier et al. observed a few deformed cross
sections in the ultrasonic borehole televiewer data
obtained in the GSJ Hirabayashi borehole. They
interpret these as slips on pre-existing fractures
and estimated the fault slip vector.

Yamamoto et al. estimated the stress from the
core sample from Toshima (University Group)
and GSJ Hirabayashi. They found that the
maximam horizontal stress direction is almost
perpendicular to the strike of the Nojima fault. Ito
et al. (1997) pointed out the stress direction at
Takarazuka, located at the intersection of the
Arima-Takatsuki tectonic line and Nojima fault
NE-SW. This maximum stress
confirmed by

system, s
direction is also careful
measurements for core samples by Xue et al. This
is different from the general trend of the stress
direction along the Nojima fault system, and is
not consistent with the right lateral movement of
neither Arima-Takatsuki tectonic line nor Nojima

fault system.

Analysis of Logging Data

Pezard et al. made an integrated analysis of
core measurements and logging results on
electrical properties of GSJ Hirabayashi borehole.
They found correlation between electrical
properties to alteration and fracturing intensity.

Kiguchi et al., analyzed the fracture
distribution in the GSJ Hirabayashi borehole by
FMI images. They found that almost all the
resistive fractures are distributed in the shallower
depth than the coaxial zone, and the strike and dip
of fractures at the coaxial zone are consistent with
those of the Nojima fault.

Ohtani et al. reoriented the core by comparing
the FMI logging image and core scanner image to
characterize macroscopic fractures. Distribution
and orientation of sealed fractures are controlled
by porphyry intrusion and faulting activity.

Monitori
University group has installed seismometer,
tiltmeter, strainmeter, accerolometer, pressure

gauge and thermometer in the 800 m borehole and
multi-level seismometer and optical fiber
temperature sensor in the 1760 m borehole



(Ando). They have plan to make repeated

injection  experiments to study possible
permeability change, induced seismicity and
trapped wave.

In the NIED borehole, they made precise
temperature measurements after the completion of
the borehole (lkeda) and estimated heat flow
(Kitajima et el., 1999).

GSJ  has  been
seismometers, continuously monitoring water
level, and making repeated pumping tests in the
GSJ Hirabayashi borehole. One of the purposes of
water level monitoring is to detect any changes in
hydraulic properties after the 1995 Kobe
earthquake related to healing of the Nojima fault
(Roeloffs and Matsumoto). Kuwahara and Ito are
making trapped wave observation with multi-
downhole seismometers to detect any

installing  downhole

level
changes in trapped waves related to healing of the
Nojima faulit.

[ Di .

During the workshop, we discussed about the
following important issues;
1) The study of microscopic structure of the fault
is essential to better understand macroscopic
earthquake mechanism.
2) Integration of borehole logging and laboratory
data has begun, but needs to be continued; for
example permeability, velocity, resistivity, etc.
3) What is healing/strength recovery of fault
zone? Geochronology, numerical modeling and
further monitoring and repeated experiments
should be planned.
4) What is fault structure in 3D? How complex is
the fault structure? Can relatively shallow
borehole observation be used to constrain deep
fault structure (especially in seismogenic region)?
5) Scale effect in space and time; core logging
data remote observation.
6) Can the observations from this workshop be
synthesized into a more general model of (a) fault
zone structure, (b) fault zone hydrology, (c)
earthquake cycle / inter-event time / strength
recovery rate, (d) evolution of active faults,(e)
fault related stress state?
7) How are the observation at Nojima fault to be

xi

applied to other fault zones and active seismic
regime?

8) What useful measurements / analysis are not
being done at the present time?

9) What could have done better at Nojima fault
study area?

10)ls some kind of review/overview paper
desirable?

11) Regular contact is essential
workshop? Newsletter? Website? Other?

More

As a whole, geological core analysis, in-situ
and experimental geophysical measurements
provide excellent answers to the above questions
which clarify precise nature of seismogenic fault
zone at shallow depth. However, there still
remains some controversial issues, such as 1)
origin of the fluids in the fault zone (Fujimoto et
al,, Ueda et al. and Uda et al.) and fluid balance
problem (Lockner et al., Tanaka et al. and
Fukuchi et al.), 2) frictional heating, 3) distinction
between rapid process at seismic stage and slow
process at interseismic stage, and 4) large
differences permeability between is-situ
estimated from Stoneley and Tube wave analysis
and core measurements (Ito et al., Lockner et al.,
Kiguchi et al., 1999.) .

As the drilling into the fault zone just after the
big earthquake is a first trial in the world, the
results presented in this issue could be potential
candidates of primary standard for future drilling
projects and core analysis, such as San Andreas
drilling projects. Direct observations of seismic

activities through material in the fault zone are a
recent developed research and referred to here as
However, it will become
a more essential work for understanding
earthquake generation mechanism in near future,
since the earthquake can be regarded as a
response of natural fault rocks to loading elastic
rocks which surrounds the fault zone rocks at the
seismogenic depth.

"material seismology".

g ions to the future drilli

In this particular drilling project, we have
been fortunately successful in penetrating the
fault zone, recovering samples from the fault zone,
making almost complete borehole experiments. It
is also noteworthy that integrated study on core-



log-remote data analysis began.

We have learned a lot about technique for
drilling through and recovering cores from the
fault zone, core processing ( in our case, we used
resin, and made Archive Half, Working Half and
Slab for preservation; Tanaka et al.), distribute
and keep the core samples.

We hope that our experiences will be applied in
the future scientific drilling works.

[V, Available d GSJ Hiral i
borehole

Core images, Core scanner data on CD-ROM;

(Miyazaki, T., H. Ito, H. Tanaka, and T. Higuchi,
Core image data of Nojima-Hirabayashi
borehole (v 1.0), Open-file Report, Geol.
Surv. Japan, no.1997-306, 1997.)

Logging Data (including Schlumberger FMI, DSI

data, BHTYV data, and conventional logging data)

Core samples

Are available. Please contact with Hisao Ito at

Hisao ITO
Earthquake Research Department
Geological Survey of Japan
1-1-3 Higashi, Tsukuba, Ibaraki 305-8567, Japan

Tel: 81-298-61-3757
Fax: 81-298-55-1298

E-mail : g0193@gsj.go.jp

According to the request during the workshop
to open a Website, we opened the site:

http://www.gsj.go.jp/~ohtani/nojima/Nojimal.

html
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Workshop on Nojima Core and Borehole Data Analysis
2 nd Circular, Program
(at the Conference Room, GSJ, Tsukuba)

November 21, 17:00- Ice Breaker (Conference Room, GSJ)
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15:00-15:30

15:30-16:00

16:00-16:30
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17:00-17:30

17:30-20:00

Kanamori, H. (Caltech)

Implications for core and borehole data for earthquake rupture dynamics.
Suehiro, K. (JAMSTEC)

Seismogenic zone drilling and monitoring of OD21.

Ando, M. (DPRI, Kyoto Univ.)

Outline of the Nojima Fault Drilling by University Group.

Ikeda, R. (NIED)

Outline of the Nojima Fault Scientific Drilling by NIED.

Lunch

Ito, H., et al. (GSJ)

Outline of the Nojima Fault Drilling by GSJ.

Tanaka, H. et al. (Ehime Univ.)

Distribution, deformation and alteration of fault rocks along the GSJ core penetrating the Nojima fault,
Awaji Island, Southwest Japan.

Lockner, D. (USGS)

Permeability and strength of the Nojima core samples.

Morrow, C. (USGS)

Permeability of the deep drillhole core samples.

Coffee Break

Moore, D. (USGS)

Correlation of deformation textures with laboratory measurements of permeability and strength of
Nojima fault zone core samples.

Pezard, P. et al. (CEREGE)

Electrical properties and alteration of granites from the Hirabayashi hole, Japan.

Otsuki, K. and N. Kadosawa (Tohoku Univ.)

Physical processes during seismic slip recorded in Nojima fault rock.

Takeshita, T. and K. Yagi (Hiroshima Univ.)

Dynamic analysis based on 3-D orientation distribution of microcracks in deformed quartz from the

Cretaceous granodiorite core samples drilled along the Nojima fault, southwest Japan.

Poster Session and Welcome Party
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Characterization of fault gouge from GSJ Hirabayashi core samples and implications for the activity
of the Nojma fault.

Kobayashi, K. (Niigata Univ.) et al.

Characters of the fracture zones of the Nojima fault at depths of 1140, 1300 and 1800m viewed
from NIED core analyses and well logging.

Ueda, A. (Mitsubishi Material Co. Ltd.) and K. Fujimoto(GSJ)

Isotope analysis of the Nojima fault core.

Coffee Break

Roeloffs, E. (USGS) and N. Matsumoto (GSJ)

Changes of water level and stress condition around Nojima fault.

Tokunaga, T. (Univ. of Tokyo)

Modeling of earthquake-induced hydrological changes and possible permeability enhancement due to
the January 17, 1995 Kobe Earthquake, Japan.

Sato, T. and M. Takahashi (GSJ)

Chemical and isotopic compositions of groundwater obtained from the GSJ Hirabayashi well.
Uda, S. (Univ. of Tokyo)

Deep surface-water flow near the Nojima earthquake fault.

Masuda, K. et al. (GS))

Laboratory study of fluid migration and fault growth.

Lunch Break

Tagami, T. (Kyoto Univ.) and N. Hasebe (Kanazawa Univ.)

Thermal history analysis of the Nojima fault using fission-track thermochronology.

Fukuchi, T. (Yamaguchi Univ.) and N. Imai (GSJ)

Inspection of resetting state of ESR signals and elucidation of radioactive disequilibria in the fault
gouge zone using the Nojima Fault GSJ 750m drilling core samples.

Matsumoto, H. (Osaka Univ.)

Property of Nojima core samples studied by ESR.

Tani, A. (Osaka Univ.)

The geothermal and crushing effects to ESR signals in the Nojima core samples.

Tomida, N. and Y. Tsukiyama (Ehime Univ.)

Fault rock distribution analysis based on chemical composition, water contents and fracture density.
Yamamoto, K. et al. (Tohoku Univ.)

Stress state around the Nojima fault estimated from core measurements.

Coffee Break
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Deformation mechanisms in granodiorite from the hanging-wall of the Nojima fault.
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Anisotropy of elastic and anelastic properties of granites from the Hirabayashi hole, Japan.

Celerier, B. (Univ. Montpellier II) et al;
Borehole deformation along the Nojima fault after the 1995 Hyogoken-Nanbu Earthquake; BHTV

acoustic scans analyses from the Hirabayashi hole, Japan.

- Discussion
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Yamaguchi, T. (RIKEN) et al.;

Temperature monitoring in a borehole drilled into the Nojima fault and radioactive heat production of
core samples.
Kuwahara, Y. and H. Ito (GSJ)
Deep structure of the Nojima fault zone by trapped wave analysis.
Kiguchi, T. (GSJ) et al.
Fracture and permeablity system in the Nojima fault.
Xue, Z., H. Ito and O. Nishizawa,
Estimation of in-situ stress on cores rétrieved from a deep borehole at the Arima-Takatsuki tectonic
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Microscopic and Macroscopic Physics of Earthquakes

Hiroo Kanamori and Thomas H. Heaton
Seismological Laboratory, California Institute of Technology, Pasadena California 91125

abstract

The thermal budget during seismic slip suggests that frictional melting and fluid
pressurization can play a key role in rupture dynamics of large earthquakes. In & simple
model of faulting under frictional stress oy, the temperature increases with ¢; and the
earthquake magnitude, My. If the slip plane is thin and heat transfer is mainly by
diffusion, the thickness of the heated zone, w, is of the order of a few mm for a scismic
time scale of about 10 sec. Then, even for a modest o, the temperature rise, AT, would
exceed 1000° for earthquakes with My =5 to 6, and melting is likely to occur, and reduce
friction during faulting. Another important process is fluid pressurization. If fluid exists in
a fault zone, a modest AT of 100 to 200° would likely increase the pore pressure cnough to
significantly reduce friction for earthquakes with My =3 to 4. The microscopic state of
stress caused by local melting and pressurization can be tied to macroscopic seismic
parameters such as the seismic moment, M, , and the radiated energy, E; , by averaging the
stresses in the microscopic states. Since the thermal process is important only for large
canhciuakes. the dynamics of small and large earthquakes can be very different. This
difference is reflected in the observed relation between the scaled energy & =E, /M, and M},
. The available seismic data show that & for large earthquakes is 10 to 100 times larger
than for small earthquakes. According to this model, mature fault zones such as the San
Andreas are at relatively moderate stress levels, but the stress in the plate interior can be
high. The fault dynamics described here suggests that once slip exceeds a threshold,
runaway rupture could occur. This could explain the anomalous magnitude-frequency
relationship observed for some mature faults. Since the thermal state is controlled by the
amount of slip, the slip behavior is controlled by the slip itself. This would produce a non-
linear behavior, and under certain circumstances, the slip behavior at the same location may
vary from event to event. Another important implication is that slip velocity during a large
earthquake could be faster than what one would extrapolate from smaller earthquakes.

This paper is in press in American Geophysical Union, Geophysical Monograph Series
Physics of Earthquakes
Editors:  John Rundle, D. L. Turcotte, and W. Klein



Introduction

Modem broad-band seismic data have allowed seismologists to determine important
seismic source parameters such as seismic moment, M,, radiated energy, E;, rupture
parameters, and stress drops of earthquakes over a large magnitude range. However, at
short length scales, resolution of seismic methods is limited because of the complex
propagation and wave attenuation effects near the Earth's surface, and it is difficult to
determine the details of rupture process below some length scale. The complex wave
forms at high frequency must be controlled by microscopic processes on a fault plane.
Such microscopic processes include frictional melting [Jeffreys, 1942; McKenzie and
Brune, 1972; Richards, 1977; Sibson, 1977; Cardwell et al., 1978], fluid pressurization
[Sibson, 1973; Lachenbruch, 1980; Mase and Smith, 1985, 1987], acoustic fluidization
[Melosh, 1979, 1996], dynamic unloading effects [Schallamach, 1971; Brune et al., 1993;
Weertman, 1980; Ben-Zion and Andrews, 1998; Mora and Place, 1998, 1999] and
geometrical effects [Scott, 1996].

The importance of thermal processes in earthquake mechanics has long been
recognized. Sibson [1977] discussed the implication of frictional heating for fault
dynamics. He suggested that melt formation and transient increases in fluid pressure
caused by frictional heating may decrease the friction to near-zero values once slip is
initiated. Here, we extend the model discussed by Sibson in light of recent seismological
data. A recent study of the deep Bolivian earthquake (M==8.3, depth=637 km) [Kanamori
et al., 1998] presented an interesting observational case which suggests a dominant role of
thermal processes during faulting. For this earthquake, the released potential energy,
1.4x10" J, is at least 30 times larger than the radiated energy, with a large amount of non-
radiated energy (comparable to the total thermal energy released during the 1980 Mount St.
Helens eruption) deposited in a relatively small fault zone over a time scale of less than a
minute.

The thermal process during faulting would cause a complex sequence of events
including local melting, freezing, fluid pressurization, micro-fracturing and injection of
fluids. Although these microscopic processes are jmportant for understanding rupture
dynamics, it is difficult to determine how these processes work in detail during faulting,
because of the limited resolution of seismic methods.

In this paper, we investigate the effects of frictional melting and fluid pressurization
and relate them to macroscopic seismic source parameters such as M, and ER'. This
approach is somewhat similar to that of statistical mechanics in which the physics applied to



small-scale processes is used to determine the average macroscopic parameters such as
pressure and temperature.

Thermal Budget during Faulting

The possibility of frictional melting during faulting has been suggested by several
investigators. In particular, McKenzie and Brune [1972] quantitatively investigated this
problem as a one-dimensional heat conduction problem. They assumed that the fault
surface is simultaneously heated durihg slippage (i.e. infinite rupture speed) over a finite
time, and concluded that if both the frictional and driving stresses are of the order of 1
kbar, melting can occur for fault slips as small as one millimeter. Richards [1977] solved
elasto-dynamic equations for a propagating elliptical crack, estimated frictional heating rate
behind the rupture front, and showed that if the driving stress is 100 bars and the fault
particle velocity is 10 cm/sec at nucleation, a temperature rise of about 1000° can occur
within a few seconds. These studies indicate that frictional melting is likely to occur during
seismic faulting, at least locally. )

Here we consider a gross thermal budget during faulting under a frictional stress oy
LetS and D be the fault area and the displacement offset respectively. Then the total heat
generated during faulting is 0=0;DS. If we assume that the heat is distributed during
seismic faulting within a layer of thickness w around the rupture plane, the average
temperature rise AT is given by

AT=0/CpSw=0,D/C pw 1)
where C is the specific heat, and p is the density. In general D increases with the
earthquake magnitude, M. . Here we use a simple circular model in which the static stress
drop is Acg, [Eshelby, 1957]. Then,

D=Q16/T)**(1/m)MV*Ac? | Q)
where M is the seismic moment and p is the rigidity. From (1) and (2), we obtain

AT =(16/7)*°(1/ )0 , 502 My"” | uCpw 3)

The seismic moment M, is related to M« by



lOgMo=1.5Mw +9.1 (Mo in Nm) (4)

The static stress drop, Ag, , for most earthquakes is in the range of 10 to 100 bars,
as shown in Figure 1 [Kanamori and Anderson, 1975, Hanks, 1977, Abercrombie and
Leary, 1993]). However, higher stress drops have been reported for some earthquakes for
which the source dimension was determined well [e.g. Kanamori et al., 1990; Wald,
1992]. Also, there is evidence that the stress drop can be locally very high (up to 25
kilobar) around small asperities [Nadeau and Johnson, 1998]. Since the thermal process
considered here is most important at high-stress spots, we use Ag, =100 bars and p=0.3
Mbar for estimation of AT.

The thickness w cannot be determined with seismological methods. Here, w
refers to the thickness of the coseismic slip plane, not the width of the shear zone along a
fault. Fault surface breaks in bed rocks are often extremely sharp suggesting that the
coseismic slip must have occurred in a very narrow zone. An example of a thin slip surface
within a fault zone is described in Hubbert and Rubey [1959]. Laboratory studies by
Goldsby and Tullis [1998, 1999] found that when the displacement is large, slip tends to
be localized in a thin layer. Also, some pseudotachylytes layers are very thin, less than a
millimeter [Otsuki, 1998], suggesting that the slip plane is thin at least locally.

It is true that wide shear zones are often found along a fault. Otsuki [1978] and
Hull [1988] have shown that the width of the shear zone is about 1 % of the total offset of
the fanlt. Also, recent seismological studies suggest a 40 to 200 m thick zone with a low
seismic velocity along several major faults [Li et al. 1994, 1997]. However, these wide
fault-zone structures are probably formed by long-term processes involving deformation,
chemical alteration, and aftershocks, and are not directly involved in coseismic slip.

If the slip plane is thin and heat is carried by thermal diffusion, then w would be of
the order of ./k7, , the thermal diffusion distance, where k is the thermal diffusivity, and
7o is the time scale of faulting. Since 7, is less than 10 sec for most seismic events, w
would be at most a few mm. A simple scaling shows that D is proportional to the time
scale of faulting, 7, while w is proportional to 7,'?; then, we obtain from (1), AT e D'/%,
This means that the thermal process would become increasingly important for large
earthquakes.

Figure 2 shows AT calculated from (3) as a function of magnitude M. for two
representative values of w, ] mm and 1 cm. We used C=1 J/g°C, and p=2.6 g/cm3. If
w=1 mm, AT exceeds 1000 °C at M. =5 even for a modest value of friction, g, =100
bars. Even for w=1 cm, AT exceeds 1000 °C at Mw = 7 for the same value of friction. If



0, > 100 bars, AT exceeds 1000 °C at a lower Mw . Thus, thermal process becomes
important for large earthquakes.

Depending on whether fluid exists or not in a fault zone, two distinct thermal
processes can happen. If there is no fluid in a fault zone, the temperature can rise to cause
frictional melting. Figure 2 shows that if no fluid exists, frictional melting is likely to occur
for earthquakes with M. =5 to 7. This general conclusion appears unavoidable even if the
values of Ag, , g;, and w used in (3) are varied over fairly large, but plausible, ranges.

Many investigators have found pseudotachylytes in cataclasites and presented them
as evidence for frictional melting. Although pseudotachylytes are not commonly found
[Sibson, 1975], the following are well-document examples. Lin [1994a, 1994b] reported
on glassy pseudotachylytes from the Fuyun fault zone, China, which he believed to have
been formed during seismic faulting at a minimum temperature of 1,450 °C. Obata and
Karato [1995] examined ultramafic pseudotachylytes from the Ivrea-Verbano zone, Italy,
which are about 1 cm thick, and exhibit evidence for melting and cooling on a time scale of
about 100 sec or less under a differential stress of 3 kbar. Otsuki [1998] examined
cataclasites from the Nojima fault, Japan, on which the 1995 Kobe earthquake occurred.
According to Otsuki [1998], these cataclasites were not formed during the recent Kobe
earthquake, but they were formed from granites at a depth of about 3 km, and the original
texture is exceptionally well preserved. They have a sandwich structure with alternating
layers of pseudotachylytes (amorphous phase) and fine-grained rock. The pseudotachylyte
layer, about 0.2 to 1 mm thick, exhibits evidence for melting at temperatures above 1,100
°C followed by rapid cooling.

Some pseudotachylytes are believed to be formed by crushing during faulting rather
than melting [Lin et al., 1994; Lin, 1996]. It is also possible that pseudotachylytes were
formed during faulting but they have been altered to clay minerals or crystallized into some
kind of mylonites. We do not necessarily think that seismic faulting always causes
melting. If a fault zone is highly crushed, the thermal energy can be distributed over a large
volume and no melting occurs. Also, if fluid exists in a fault zone or some dynamic
process such as acoustic fluidization or dynamic unloading occurs, the friction may drop
before melting occurs. However, the existence of pseudotachylytes indicates that melting
is an important process, at least locally, during faulting.

Melting does not necessarily mean reduction of friction. Once a thin melt layer is
formed, high viscous friction may prevail depending on the thickness of the layer and the
viscosity of the melt [Scholz, 1980]. In fact, Tsutsumi and Shimamoto [1997] performed
high-velocity friction experiments and found a sharp increase in friction at the initiation of
visible frictional melting. However, as shown by Spray [1993], the viscosity of molten



pseudotachylytes is low and drops rapidly with the temperature so that friction is likely to
drop eventually, though the details can be complex. Recent laboratory studies by Beeler et
al. [1996] and Goldsby and Tullis [1998, 1999] demonstrated that friction dropped
significantly when displacement was large. Goldsby and Tullis [1998, 1999] (details
described in Tullis and Goldsby [1998]) found that, at a normal pressure of 1.12 kbar, the
coefficient of friction dropped to 0.14 when a large displacement, 1.6 m, occurred at a
relatively high slip velocity of 3.2 mm/sec. These experiments were performed under
confining pressure and the condition is close to that of natural earthquakes. From the
observations of the sliding surface, they suggested that melting may have occurred during
sliding.

Whether fluid exists in fault zones or not is still a materr of debate, but it is
generally believed that some fault zones contain fluids and many mechanisms have been
proposed to maintain high fluid pressure in fault zones [e.g. Irwine and Barnes, 1975;
Byerlee, 1990; Rice, 1992]. If fluid exists in a fault zone, fluid pressurization could occur.
This concept was introduced to seismology by Sibson [1973], and analyzed in great detail
by Lachenbruch [1980], and Mase and Smith [1985, 1987]. Under the pressure-
temperature conditions at the seismogenic depths, the thermal expansivity of water is of the
order of 102 °C, and significant increase in pore pressure with temperature could occur. If
fluid does not escape (small permeability) and the surrounding rock is not compressive, the
pressure increase would be of the order of 10 bars/deg [Lachenbruch, 1980]. In actual
fault zones, permeability and compressibility vary and the pressure increase may be less.
The most important parameter controlling the pressure change is the permeability. The
analysis of Lachenbruch and Mase and Smith suggests that if permeability is less than 1018
m?, fluid pressurization is most likely to occur with a temperature rise of less than 200 °C,
and friction will drop significantly. Permeability in the crust varies over a very wide range,
more than a factor of 10°. Figure 3 shows the results for the samples taken from the
Cajon drilling site in California [Morrow and Byerlee, 1992], and the Nojima fault, Japan
[Ito et al., 1998]. Ito et al. [1998] show that permeability is very small near the middle of
the shear zone, where the grain size of rocks is small. Ito et al.'s results are at a pressure
of 500 bar (corresponding to a depth of 1.5 km), and suggest even smaller values in the
deeper seismogenic zone. Although the distribution of permeability can be complex, these
results suggest that pressure fluidization can play an important role, at least locally, in
reducing friction. A modest AT of 100 to 200° would likely increase the pore pressure
enough to significantly reduce friction. Figure 2 shows that this can occur for earthquakes
with My =3 10 5. According to Chester and Chester [1998], the internal structure of the
Punchbowl fault, California, implies that earthquake ruptures were not only confined to the



ultracataclasite layer, but also largely localized to a thin prominent fracture surface. They
suggest that mechanisms that are consistent with extreme localization of slip, such as
thermal pressurization of pore fluids, are most compatible with their observations.

Since a fault zone is probably complex and heterogeneous in stress, fluid content,
permeability, porosity, and compressibility, no single process is likely to dominate. In
other words, we do not necessarily expect a single continuous layer of melting and
pressurization; we envision, instead, a fault zone that consists of many microfaults
(subfaults) where different mechanisms are responsible for slip at different stress levels,
producing complex rupture patterns as observed.

Earthquake Energy Budget

We consider the energy budget for each subfault. The energy budget of
earthquakes has been extensively studied by many investigators [e.g. Knopoff, 1958;
Dahlen, 1977; Kostrov, 1974; Savage and Walsh; 1978]. Following these studies, and
referring to Orowan [1960] and Savage and Wood [1971], here we consider a simple
stress-release model. The simplest case is shown in Figure 4a which shows the stress on
the fault plane as a function of slip. An earthquake is viewed as a stress release process on
a surface S where, at the initiation of an earthquake, the initial (before an earthquake) shear
stress on the fault plane o, drops to a constant dynamic friction o;. If the condition for
instability is satisfied [Brace and Byerlee, 1966; Scholz, 1990], rapid fault slip motion
begins and eventually stops. At the end, the stress on the fault plane is o; (final stress) and
the average ship (offset) is D. For the example shown in Figure 4a, 0; =0,. The difference
Ao, =0,-0, is the static stress drop, and the difference Ac,=0,-0; is the driving stress of
fault motion and is usually called the dynamic stress drop or effective tectonic stress
[Brune, 1970]. During this process, the potential energy (strain energy plus gravitational
energy) of the system, W, drops to W - AW where AW is the strain energy drop, and

seismic wave is radiated carrying energy Ez. Then the energy budget can be written as
AW = Ex+ Ep + Eg 5)
where E is the frictional energy loss given by E,=0; DS, and E;; is the fracture energy.

Knopoff [1958], Dahlen [1977] and Kostrov [1974] showed that AW = 6DS where
0 = (0, +0,)/2 is the average stress during faulting. From (5), we obtain

ER:(OO +G])DS/2 - O}DS - EG=(1/2)(2AO'd - AO’S)DS - EG



=Mo(2AG“ AO})/Z“ - EG (6)

where My=uDS is the seismic moment, and u is the rigidity. This is a simple but
fundamental relationship which does not involve major assumptions. As we will show
later, the fracture energy E; can be ignored for large shallow earthquakes, and (6) can be
written as

Er=M\(2A0,- AC)21 . (6

This relation can be derived with a simple analogous spring system, and can be shown to
be consistent with that derived from more rigorous relations for continnum. A similar
relation has been used in seismology [e.g. Savage and Wood, 1971], but this particular
form introduced here is useful because E; is expressed in terms of the specific physical
parameters Ao, and Ao, which directly characterize the stress release process on the fault
plane.

The variation of stress during faulting can be more complex than shown in Figure
4a. For example, the stress may increase in the beginning of the slip motion (curve (1) in
Figure 4a) because of loading caused by advancing rupture, or of a specific friction law
such as the state-rate dependent friction law [Dieterich, 1979a, 1979b]. In fact,
seismological inversion studies have shown this increase [Quin, 1990; Miyatake, 1992;
Mikumo and Miyatake, 1993; Beroza and Mikumo, 1996; Ide, 1997; Bouchon, 1997].
However, this increase is of short duration and the amount of slip during this stage is small
so that hittle energy is radiated. Thus, we will not include it in our energy budget.

Also, the friction may not be constant during faulting. It may drop drastically in the
beginning and later resume a somewhat larger value (curve (2) in Figure 4a), or it may
decrease gradually to a constant level (Figure 4b). The latter is called a slip-weakening
process. These models have been considered in Brune [1970], Heaton [1990], Kikuchi
and Fukao [1988], Kikuchi [1992], Kanamori {1994], Winslow and Ruff [1999], and
Thio [1996]. '

If the friction 1s not constant, the rupture dynamics is complicated, but for the

energy budget considered here, we formulate this problem referring to a simple case shown
in Figure 4b. The friction 0, gradually drops to a constant value o, until the slip

becomes D,. In general the final stress o, can be different from o ,,. Then, we define the
average friction 0, by



D
G, =-115'[)0',(u)du 7)

where u is the slip (offset) on the fault plane. Then, equation (6") can be written as

E, = M,(2A5, - Ad,)/2p (8)

where
AG,=0,-3, &)

Here, AG, defined by (9) can be called the average dynamic stress drop. If friction drops
rapidly, AG, is the same as Ao, but if friction drops very gradually to g;, then fault
motion becomes quasi-static with no energy radiation, and G, defined above would be

close to the average stress (0y+0;)/2. Then Ao, =(1/2)A0,, and Ez =0 from (8). We will
use A0, in this paper, but the following alternative interpretation is also useful.

We can interpret the slip weakening process in terms of the breakdown process at
the advancing front of an earthquake rupture. Then the total energy loss, &,DS can be

divided into two parts,

&,DS = S[cr WD+ jD' (0,60 cr,o)du] (10)

0
The first term can be interpreted as frictional energy (cross-hatched area in Figure 4b), and

the second term, the fracture energy (hatched area in Figure 4b). Then, equation (6") can
be written as

D‘
E, = M,(2A0, —Ao,)/zu—s_[ (0,0~ 0,)du (1)
0

where

Ao, =0,-0, (12)



Here, the definition of the dynamic stress drop is the same as the traditional one, but the

D,
fracture energy E; = Sj (0 (W)= 0 )du needs to be subtracted from the right-hand side
0

of (6') to obtain Ej.
Fracture Energy

The estimates of fracture energy for earthquakes vary over a wide range. The
specific fracture energy G* (fracture energy per unit area) ranges from 1 to 10* J/m?2
[Kostrov and Das, 1988]. The largest values are derived from seismic data on the
assumption that rupture is arrested by a barrier [Akd, 1979] and may not be representative
of the average fracture energy of earthquakes. Husseini [1977] estimated G* to be on the
order of 105 J/m2. Scholz [1990] quotes a range 10¢ to 107 J/m2.

The fracture energy can be related to the rupture velocity. For simplicity, we use a
Mode II (longitudinal shear) crack model in the following, but we can qualitatively
develop a similar argument for other crack geometries.

We take a Cartesian coordinate system (x, y, z), and consider an infinitely long
crack extending in z direction. The crack growth isin x direction. Let 2¢ be the width of
the crack in x direction. The crack is under uniform stress ¢, and friction g;, both in z
direction. In actual faulting, o; is likely to vary during faulting, but here we assume it to
be constant. Then,

AW=(0,+0;)DS/2=(0,-0; )DS/2+0; DS =AW+, DS (13)

where
AW ,=(0y-0; )DS/2=nc(0p-0; )Y 21 (14)
In the above, the relations S=2¢ and (g,-0; )=2uD/nc (Knopoff, 1958) are used.

The static energy release rate (specific fracture energy) G* is given by
G*=K2/2ﬂ=7tc(0’0—0’,)2/2/1 (15)

where K = (0, — 0, )(7ic)'/? is the stress intensity factor [Dmowska and Rice, 1986;
Lawn, 1993; Freund, 1998]. From (14) and (15),

d(aW,)=2G*dc (16)



Following Kostrov [1966], Eshelby [1969], and Freund [1972], the energy release
rate, G, for a crack growing at a rupture speed V is given approximately by

G=G*g(V) a7
where g(V) is a universal function of V. For a Mode III crack, it is given by

gW)=[(B-V)/(B+V)]1~ (18)
where 8 is S-wave velocity.
Then, the fracture energy is

Eo = [GdS=2[ G"g(V)dc = g(v) [ d(aW) = g(V)AW, (19)

which becomes small compared with the strain energy involved as V increases to the
limiting velocity B, because g(V) approaches 0 in this limit. For most large shallow
earthquakes, it is generally established that the rupture velocity is about 75 to 85 % of S,
[Heaton, 1990] and we can neglect E.

Link between Microscopic and Macroscopic Processes

Our fault model consists of many faults (microfaults or subfaults) each one of
which radiates seismic energy following the stress release process described above. We
cannot distinguish every fault, but what we observe seismologically is the total energy
radiated from all of them. Using equation (8), the total energy is given by

Ey =Y E, =M, (245, —AC,)/24 = M4, - Ac,)/ 21 (20)

where the average dynamic stress drop, AG,, and the average static stress drop, Ag,, are

the macroscopic parameters defined by

AT, = T M, AT, I M, 1)

and

Ao, =T M, A0, | M, (22)



Here subscript i denotes the i-th subfault. Equations 21 and 22 show that the macroscopic
stress drops AG, and Ag, are given as weighted averages of the stress drops for each
subfault. The weight is the seismic moment of each subfault.

With this interpretation, we can tie the microscopic processes occurring on a fault
plane to the macroscopic parameters, such as M, and E;, measurable with seismological
methods. This is similar to the treatise in the kinetic theory of gas, in which macroscopic
thermodynamic parameters like temperature and pressure are tied to the kinetic energy of
molecules.

Since the rupture pattern on a fault plane is so complex that we cannot use a simple
stress pattern shown in Figure 4 to represent the entire faulting. However, we can use the
static and dynamic stress drops defined by (21) and (22) to represent the overall state of
stress during seismic rupture.

Interpretation

We use the macroscopic seismic parameters, M, and E,, which are now tied to
microscopic processes through equations 20, 21 and 22 for interpreting seismic data.
Specifically, we use the ratio é=Eg/M,. This ratio, €, multiplied by 1 was introduced in
seismology in the 1960's as "apparent stress” [Aki, 1966; Wyss and Brune; 1968, Wyss,
1970a, 1970b]. It is usually expressed as a product of the efficiency 77 and the average
stress 0 = (0, + 0,)/ 2, neither of which can be directly determined seismologically.
Nevertheless, the apparent stress, combined with static stress drop, provided useful
information for the state of stress in different regions. Wyss [1970a] showed that the
apparent stress of earthquakes on ridges do not differ much from those in trenches. The
difficulty with the apparent stress was in difficulty in accurately computing the radiated
energy. Although this difficulty still exists [e.g. Singh and Ordaz, 1994], the accuracy of
energy estimates has improved [Choy and Boatwright, 1995], and we revive the use of é.
In this paper, using equation 20, the relationship is cast in terms of the static and dynamic
stress drops as follows.

¢=E,/M,= (4G, - A0,)/2u (23)

The quantity € can be interpreted as a non-dimensional radiated energy scaled with My, the
static size of the earthquake, and is called the scaled energy.



Qualitatively, if the friction drops rapidly, fault motion would be accelerated
rapidly, and more energy will be radiated for a given My, and results in large € . In
contrast, if the friction drops gradually, the fault motion is accelerated slowly thereby
radiating less energy than the case for sudden drop in friction; this would result in small e.
Thus, € which can be determined with the conventional seismological method can be used
to infer the rupture behavior.

We can state the above behavior more quantitatively as follows. As shown in
Figure 4a, if the friction drops rapidly, AG, is comparable, or larger than Ag,, and e
given by equation 23 is of the order of Ac,/2u. In contrast, if friction drops gradually, G,
defined by (7) approaches the average stress (0y+0;)/2; then AG,= (1/2)Ac,, and e = 0.

Figure 5a shows the observed relation between Ez and M, , and Figure 5b shows e
as a function of M,,. Although the determination of M, can be made accurately, the
determination of E; is still subject to large uncertainties. The values of E estimated for the
same earthquake by different investigators often differ by more than a factor of 10 [Singh
and Ordaz, 1994; Mayeda and Walter, 1996]. In particular, the values determined from
teleseismic data tend to be consistently smaller than those determined from regional data.
This difficulty is mainly due to the complex propagation effects. Because of these
uncertainties, the relation between E, and M, has not been given close attention.

Figures 5a and 5b include two data sets. The data for large earthquakes (Mw 2 3.5)
are obtained in southern California using broad-band seismic data. The results obtained by
Kanamori et al. [1993] have been slightly revised and updated using more recent data from
TriNet, a broad-band seismic network in southern California [Mori et al. 1998]. Inthese
studies, broad-band data at relatively short distances were used, and the propagation and
site effects were removed empirically. The results of a recent study by Mayeda and Walter
[1996] who used coda waves to determine the radiated energy agree with those of
Kanamori et al. [1993] within a factor of 2, with Mayeda and Walter's values being slightly
larger. With the recent deployment of a large number of broad-band instruments in
southern California (TriNet, Mori et al.[1998]), the propagation and site effects can be
calibrated more accurately with many high-quality data at short distances. The new
calibration data suggest that the results obtained earlier with TERRAscope are probably
accurate within a factor of 3.

The data for smaller earthquakes in Figures 5a and 5b were obtained by
Abercrombie [1995] using the down-hole (2.5 km deep) seismic data recorded in the Cajon
drilling site in southern California [Zoback and Lachenbruch, 1992}. A distinct advantage
of using down-hole data is that they are free from the complex free-surface effects and the
large attenuation near the recording site. These are the main factors that cause the large



uncertainties in the results obtained with surface instruments, especially for small
earthquakes. Although only one station was available, the data set covers a fairly large
azimuthal range (approximately 150°) so that the effects of radiation pattern and directivity
were averaged out. Most events are within relatively short distances, 25 km, and the wave
forms exhibit clean impulsive characters. Thus, these observations are considered among
the most reliable for small earthquakes.

Large (M 24.5)Earthquakes

Figure 5b shows that the values of € is about 5x10 to 2x10+ for large
earthquakes. If the static stress drop Ag, is 10 to 100 bars, this result indicates (equation
8) that the dynamic stress drop, AG,, is 20 to 110 bars for large earthquakes, comparable
to, or slightly larger than, the static stress drop Ag,.

Our interpretation is that, for large earthquakes, melting and fluid pressurization
reduce dynamic friction thereby causing rapid brittle failure resulting in a relatively large €.
Since both Ao, and AG, are of the order of 100 bars, and the friction is low, the entire
process must be occurring at a stress level comparable to the static and dynamic stress
drops, about 100 bars (Figure 4a). This is consistent with the result of Beroza and Zoback
[1993] and Zoback and Beroza [1993] who found from the diversity of aftershock
mechanisms that ;hc friction during the 1969 Loma Prieta, California, earthquake was very
low. Also Spudich [1992] and Spudich et al. [1998] inferred from the rotation of slip
vectors that the absolute stress during faulting of several earthquakes is comparable to
stress drops. The assumption in these studies is that the slip direction is subparallel to the
frictional stress on the fault plane.

Small (M,,<2) Earthquakes

A striking feature seen in Figures 5b is that the ratio, €, for small earthquakes is
approximately 10 to 100 times smaller than that for large earthquakes, i. . small
earthquakes appear to be less efficient in wave radiation than large earthquakes. Even if we
allow for the potentially large uncertainties in energy estimation, this difference appears to
be too large to be attributed to experimental errors, and probably reflects the real difference
in the rupture dynamics between small and large earthquakes. The transition occurs
between Mw = 2.5 and 5. Although Figures 5a and 5b show the results only from the two
specific data sets, many other studies show a similar transition over this magnitude range
[e.g. Thatcher and Hanks, 1973; Fletcher and Boatwright, 1991; Boatwright et al., 1991;
Mayeda and Walter, 1996; Thio, 1996; Zhu, 1998]. Itis interesting to note that figure 7 of



Thatcher and Hanks [1973] showing the relation between M, and M,, if combined with
their figure 10 (Ex vs. M), could be interpreted as showing this transition.

Referring to equations 7 and 9, we interpret this result in terms of a gradual drop in
friction. Because the thermal energy involved is not large enough to reduce friction, the
stress change can be gradual as shown in Figure 4b. This means that fracture energy, Eg,
defined by the second term of equation 10 is high for small earthquakes. As mentioned
earlier, the fracture energy for large earthquakes is considered to be small but, for small
earthquakes, there is no direct evidence for small fracture energy, i.e. small earthquakes
could be significantly less brittle than large earthquakes.

McGarr [1999] suggests, on the basis of the data for the apparent stress, that the
upper bound of efficiency of earthquakes is about 0.06. Our conclusion on small
earthquakes is qualitatively consistent with McGarr's [1999]. However, our conclusion
suggests that the efficiency for large earthquakes (e.g. Mw > 6) could be considerably
higher than that for small earthquakes. ‘

Models for Small and Large Earthquakes

Using the results obtained above, we present here a schematic model contrasting
small and large earthquakes.

First we assume that g is the same everywhere along a fault zone. Then, Figure 6
illustrates representative stress variations for small and large earthquakes. We assume that
the stress on the fault plane drops linearly from o until the slip reaches a critical value, D,
where the stress is equal to a constant frictional stress 0;,. The stress eventually drops to
almost O if slip exceeds Dy when melting or pressurization reduces friction. Figure Sb
shows that this transition occurs at Mw =3 to 6, which suggests that Dy =3 to 100 cm
(equation 2).

Welet Ds and D, be the total displacement for small and large earthquakes,
respectively. For small earthquakes, D <Ds <Dy , and for large earthquakes, D, >> Dy.

Then for large earthquakes,

l O,—0O
Ey=oW-E,~E,=D,5| 2% ¢ [Dr) Zo=FpfDe (24)
2 D, 2 |\ D,

Since D, >> Dy >D¢, and o, =0,

c= L, where Ao, =0, (25)
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In contrast, for small earthquakes,

O, +0 0o—0s( D,
E,=AW-E.-E;= DSS[_LE__&_GIO _L_.L"_(_C.H

2 s
(26)
G /I 3
2 Dy
Thus,
. Ao D
=—=|1-—%| where Ao.=0,-0C 27
[4 2# ( DS) £ 0 f0 ( )

In this case, Ag, (small earthquakes) < Ag, (large earthquakes), but the difference would
be small, about a factor of 2 or so. On the other hand, the scaled energy, €, can be very
different. If Dy is comparable to D, for small earthquakes, then € can be very small.
This is the reason why we have the large difference in € between large and small
earthquakes, even if the static stress drop is about the same. Actually, 0, may vary
considerably along a fault zone. If g is large for small earthquakes, then we can have Ao;
(small) = Ag, (large), yet e can be still very small for small earthquakes if D = D,.
Actually, a large g, for small earthquakes may not be unreasonable considering the
possibility of local stress concentration. In any case, the actual condition can be very
heterogeneous, but as a whole, some mechanism as illustrated in Figure 6 is probably
responsible for the difference between large and small earthquakes.

Implications

State of Stress

The results obtained for large earthquakes suggest that the average stress level along
mature faults where large earthquakes occur must be low because of the dominant thermal
effects such as frictional melting and fluid pressurization. Because of melting or
pressurization, a fault zone is self-organized into a low stress state. That is, even if the
stress was high in the early stage of fault evolution, it would eventually settle in a low
stress state after many large earthquakes. This state of stress is consistent with the

generally held view that the absence of heat flow anomaly along the San Andreas fault



suggests a shear strength of about 200 bars or less [Brune et al., 1969; Lachenbruch and
Sass, 1980].

The stress in the crust away from active mature faults can be high as has been
shown by many in-situ measurements of stress [McGarr, 1980; Brudy et al., 1997). The
stress difference is large, and a kbar type stress may be involved in small earthquakes, but
the events are in general so small that it is hard to determine the stress parameters
accurately. What is important, though, is that as long as the length of the fault is small, the
state of stress in the fanlt zone would not affect the regional stress drastically. However, as
the fault grows to some length (e.g. Japanese intra-plate earthquakes like Tango, Tottori,
Nobi etc), then some sort of self-organization occurs and the fault settles at a stress level
somewhat higher than that on more active plate boundaries.

This type of stress distribution has been suggested from seismic data [Figure 7,
Kanamori, 1980], and from stress orientations near major plate boundaries [Mount and
Suppe, 1987; Zoback et al., 1987).

Magnitude-Frequency Relationship for Mature Faults

One probable consequence of sudden reduction in friction when slip exceeds a
threshold value would be runaway rupture. In this context, an interesting observation 1s
the magnitude-frequency relationship for some mature plate boundaries such as the San
Andreas fault and some subduction zones. For example, the absence of events with
magnitude between 6.5 and 7.5 on the San Andreas fault in southern California, despite the
occurrence of magnitude 8 earthquake in 1957 (Fort Tejon earthquake) and the average
repeat time of about a few hundred years [Sieh, 1984], has been thought somewhat odd.
Figure 8a shows the magnitude-frequency relation taken from Wesnousky [1994].
Earthquakes with M from 6 to 7 appear to be fewer than expected for the conventional
magnitude-frequency relationship. A similar observation has been made for the Nankai
trough in Japan [Masataka Ando, 1999, personal communication] as shown in Figure 8b.
In this region, many earthquakes with M > 8 are documented well (Figure 9), but almost
no earthquakes with 7 < M < 8 have occurred there since 1900. These observations can be
interpreted in terms of the runaway process discussed above. As the magnitude exceeds a
threshold value, about 6.5 for the San Andreas and 7 for the Nankai trough, the friction
drops and fault slip cannot stop until it reaches some limit imposed by the regional
seismogenic structure or loading geometry. This is a runaway situation caused by dynamic
effects of faulting.

If the specific fracture energy, G*, is constant, the Griffith type cracks are
inherently unstable, i.e. if the crack length exceeds a threshold, the crack will runaway.



So, in this sense all earthquakes, small and large, can get into runaway rupture. However,
G* is not constant in real fault zones, and the place where G* is large acts as a barrier to
stop rupture propagation [Aki, 1979]. Then the question is what is the probability of some
barriers stopping the rupture. The easiest way to look at this situation is to use the stress
intensity factor K which is given by (0, — 0 ,)(n)"/? for a Mode III crack [e.g. Dmowska
and Rice, 1986] where ! is the crack length. As the fault grows,! and D increase. When
D exceeds Dy, friction, g, drops (see Figure 6). The combined effect of the decreasing o;
and increasing / increases K. Since the crack extension force is proportional to K2, the
fault rupture becomes harder to stop and runaway rupture is more likely to occur.

The magnitude-frequency relationship is usually understood as a manifestation of
heterogeneity of fault structure [Scholz and Aviles, 1986; Okubo and Aki, 1987; Aviles et
al., 1987]. In addition to this static feature, slip-controlled dynamic runaway process could
be an important element that determines the earthquake statistics for mature faults.

Seismic Breakaway Phase

In a series of papers, Ellsworth and Beroza [1995, 1998] and Beroza and Ellsworth
[1996) showed that the moment rate of many earthquakes is initially low but after some
time it grows rapidly. They called this sudden increase in the moment rate a breakaway
phase. The breakaway phase could be a manifestation of the slip-controlled runaway
rupture. However, our model has a highly heterogeneous distribution of strength and
would not explain the scaling relation proposed by Ellsworth and Beroza [1995, 1998] and
Beroza and Ellsworth [1996]. Similar observations, on various time scales, have been
made by Umeda [1990, 1992}, and Kikuchi [1997].

Slip Behavior of a Plate Boundary

The thermally-controlled model discussed above is inherently non-linear in the
sense that slip controls the slip behavior. In such a non-linear system, it is possible that an
infinitesimally small perturbation in the initial condition may lead to a significantly different
behavior. In this context, the historical sequence along the Nankai trough is interesting.
Figure 9 shows the sequence determined by a series of studies of Imamura [1928], Ando
[1975], and Ishibashi [1998]. An interesting event is the one in 1605. This event caused
widespread tsunami along the Japanese coast, but no significant evidence for shaking has
been documented [Ishibashi, 1981]. Although the evidence is qualitative, the historical
data for this region are generally considered reliable. This evidence suggests that the 1605
earthquake was a tsunami earthquake in the sense defined by Kanamori [1972]. We
suggest that the general style of earthquakes along a plate boundary (i.e. brittle ordinary



carthquake, slow tsunami earthquake, or creep) is determined by the properties of the
boundary (e.g. age of the subducting plate, sediment structure, roughness of the
subducting plate, convergence rate etc, [Ruff and Kanamori, 1983; Uyeda and Kanamori,
1979; Scholz and Campos, 1995]), but considerable perturbation from the average
behavior could occur because of the non-linear nature of thermally-controlled mechanism.
A slow tsunami earthquake could occasionally occur at a plate boundary where ordinary
earthquakes regularly occur. This is a speculative interpretation, and the possibility that the
1605 earthquake was caused by some other mechanisms remains, but considering the
significant thermal effects on fluid-filled subduction boundary, this interpretation is
plausible. Yamashita [1998] showed that fluid migration in a porous fault zone with
spatially heterogeneous fracture strength can produce irregular event sequences. Although
Yamashita's model is for a quasi-static case, and is not directly applicable to dynamic
rupture propagation, a similar model would produce variable dynamic rupture patterns.

Ground Motion from Large Earthquakes

The effect of a pulse-like near-field ground motion on large structures is becoming
an important engineering problem [Heaton, 1990; Heaton et al., 1995; Hall et al., 1995].
However, very few recordings of near-field ground motion from large earthquakes exist.
In modeling studies, the records from small earthquakes are used to estimate ground
motions from hypothetical large earthquakes. This is a reasonable approach but the
possibility exists that the slip velocity during very large earthquakes could be significantly
larger than that for small earthquakes because of reduction of friction caused by large
displacement.

Conclusion

The thermal budget during seismic slip suggests that frictional melting and fluid
pressurization can play a key role in rupture dynamics of large earthquakes. In a simple
model of faulting under frictional stress oy, the temperature increases with 0; and the
earthquake magnitude, My,. If the slip plane is thin and heat transfer is mainly by
diffusion, the thickness of the heated zone, w, is of the order of a few mm for a seismic
time scale of about 10 sec. Then, even for a modest o}, the temperature rise, AT, would

exceed 1000° for earthquakes with My, =5 to 7, and melting is likely to occur, and reduce

friction during faulting. Another important process is fluid pressurization. If fluid exists in
a fault zone, a modest AT of 100 to 200° would likely increase the pore pressure enough to

significantly reduce friction for earthquakes with My, =3 to 5. The microscopic state of
stress caused by local melting and pressurization can be tied to macroscopic seismic



parameters such as, My, and E; , by averaging the stresses in the microscopic states.
Since the thermal process is important only for large earthquakes, the dynamics of small
and large earthquakes can be very different. This difference is reflected in the observed
relation between the ratio € =E; /M, and My, . The available seismic data show that € for
large earthquakes is 10 to 100 times larger than for small earthquakes. According to this
model, mature fault zones such as the San Andreas are at relatively moderate stress levels,
but the stress in the plate interior can be high. The fault dynamics described here suggests
that once slip exceeds a threshold, runaway rupture could occur. This could explain the
anomalous magnitude-frequency relationship observed for some mature faults. Since the
thermal state is controlled by the amount of slip, the slip behavior is controlled by the slip
itself. This would produce a non-linear behavior, and under certain circumstances, the slip
behavior at the same location may vary from event to event. Another important implication
is that slip velocity during a large earthquake could be faster than what one would
extrapolate from smaller earthquakes.
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Figure caption

Figure 1.

Static stress drop of earthquakes [Modified from Abercrombie and Leary, 1993].
Figure 2.

Temperature rise, AT, in a fault zone as a function of magnitude, M,,, with the
frictional stress, ¢y, as a parameter. The static stress drop Ag;, is assumed to be 100 bars.
The upper and lower figures correspond to the cases of w (thickness of the heated zone)=1
mm and 1 cm, respectively.

Figure 3

Permeability near a fault zone. a) Nojima fault, Japan [Ito et al. 1998]. b) Cajon
Pass, California [Morrow and Byerlee, 1992].

Figure 4. .

Illustration of simple stress release patterns during faulting. a) Simple case. b) Slip-
weakening model. Hatched and cross-hatched areas indicate the fracture energy and
frictional energy loss, respectively.

Figure 5.

a). Relation between the radiated energy E; and the seismic moment M,. The data
for large earthquakes (solid circle) are from southern California [updated from Kanamori et
al. 1993], and those for small earthquakes (open triangles) are taken from Abercrombie
[1995]. b) The scaled energy, é=E; /M,, computed as a function of M,,. Note that the
values of & for small earthquakes are 10 to 100 times smaller than those for large
earthquakes.

Figure 6.

Schematic stress release patterns for small (left) and large earthquakes (right).
Hatched, cross-hatched, and dotted areas represent the fracture energy, frictional energy
loss and radiated energy, respectively.

Figure 7.

Schematic diagram showing the magnitude of the stresses in Earth's crust
[Modified from Kanamori, 1980].

Figure 8.

a). Magnitude-frequency relationship for the San Andreas fault, California
[Wesnousky, 1994]. b). The same for the Nankai trough, Japan [Masataka Ando, written
communication, 1999].

Figure 9.
Large earthquakes along the Nankai trough, Japan [Ishibashi and Satake, 1998].
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Thermal Pressurization, Fluidization and Melting of Fault Gouge
During Seismic Slip Recorded in the Rock from Nojima Fault.

Kenshiro Otsuki, Nobuaki Monzawa and Toshiro Nagase
Graduate School of Science, Tohoku University

1. Occurrence

At the 1995 Hyogo-ken Nanbu earthquake, the surface fault about 10 km long appeared along the
northwestern coast of Awaji island near Kobe City. Along this fault at Hirabayashi village, we found very
interesting fault rock in which the detail of physical processes during seismic slip is recorded. This fault
rock about 20 cm wide are composed of thinly laminated fault gouge and pseudotachylyte layers, and
sandwiched by altered cataclastic granite on the southeast and Pliocene to Quaternary mud stone on the
northwest. The seismic slip at the Hyogo-ken Nanbu earthquake occurred in the thin and soft fault clay
layer between the laminated fault rock and Pliocene to Quaternary mud stone. Smectite, kaolinite and
laumontite are detected by XRD analysis not only from cataclastic granite but also the laminated fault
rock. Laumontite is stable in the temperature range from 110C to 160°C, which is correlated to the depth
of 3-5 km by the temperature measurement for NIED bore hole (Kitashima et al., 1998) at Hirabayashi.
This suggests that the fault rock concerned was formed not at the ground surface at the 1995 Hyogo-ken
Nanbu earthquake (Enomoto and Zheng, 1998), but at a 3-5 km depth at an ancient time, and has been
uplifted associated with the lower temperature alteration.

The laminated fault rock is composed of very thinly (thinner than few mm) alternating layers of very
fine grained gouge and pseudotachylyte. These layers are in erode-eroded relationship, suggesting each
layer to correspond to one seismic event, and 11 events are identified within a 15 mm wide thin section.
Fault gouge and pseudotachylyte coexist sometimes in one layer, and the former grades into the latter
through a sintered zone, suggesting the melting after comminution of rock. The solid grains in the fault
gouge and pseudotachylyte are mainly quartz, K-feldspar, and fragments of old pseudotachylyte. The bulk
chemical compositions of gouge and pseudotacylyte are nearly same as the host granite. Therefore, the
root of them are granite, and their direct origin is old pseudotachylyte and/or fault gouge.

2. Characteristics of pseudotacylyte and temperature attained by frictional heating
Pseudotachylyte is a mixture of glass matrix and many solid grains smaller than 100 4« m. By TEM and
XRD analysis the diffraction hallow and the broad peak at 26 about 24 ° (0.36 nm), both of which are
proper to aluminosilicate glass, are observed. The increase in degree of melting is reflected in the EPMA
back scatter images, namely solid grains become rounded and the volume fraction of glass matrix
increases. For the layer of the highest melting, the volume fraction of solid grains is only 9 %, and the



cumulative size frequency shows a power law in the size range from 3 to 20 4 m with 2.74 power value
and associated with the cut-off in the smaller size range within the limit of resolution. we classified the
pseudotachylyte layers tentatively into 6 based on the texture in EPMA back scatter images. Vesicles
about 1 1 m diameter are found and they arrange with a preferred orientation, suggesting viscous flow of
melt and degassing of interstitial fluid. Within the pseudotacylyte layers, very complicated fold structures
are developed, suggesting turbulent flow. Shear parallel to the layer is suggested also by the rotated snow
ball structures whose core is the fragments of old pseudotachylyte softened by high temperature. Melt
sometimes intruded into old layers.

The volume fraction of solid grains can be measured by layer-by-layer XRD analysis (Fig.1). X-axis
is the peak height of pseudotachylyte glass, and Y-axis denotes the peak heights of quartz, K-feldspar and
plagioclase. As the peak height of glass increases, the peak heights of these minerals linearly decrease.
However, when the peak heights of K-feldspar and plagioclase become zero, about 40 % of quartz grains
survives, suggesting the non-equilibrium melting. This can be testified by plotting the chemical
composition of the pseudotachylyte glass on the Si0,-NaAlSi,;0,-KAISi,O, diagram for the equilibrium
melting of hydrous granite at 1 kb. All of the pseudotacylytes of different degree of melting are scattered
around the granite melt at minimum temperature of 720°C, suggesting that the minimum temperature of
pseudotachylyte melt was 720°C. It is sure that the maximum temperature was higher than 900 or 1000C,
because mullite was detected in a pseudotacylyte layer of the highest degree of melting (degree of
melting: 6).
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Plastically deformed grain margin which was softened by the temperature very close to the
breakdown temperature of the mineral species concerned is useful to estimate the temperature during the
non-equilibrium melting. For example, the breakdown temperature of K-feldspar is 1150°C, and that of
plagioclase varies from 1100°C to 1550°C corresponding to its anorthite component. The K-feldspar



grains with plastically deformed margin are found in the pseudotachylyte layers of the degree of melting
3 to 6. The plagioclase grains with plastically deformed margin are contained in the layers of the degree
of melting S and 6. The maximum anorthite component among them is about 30 %, suggesting 1200°C.
The breakdown temperatures of zircon and quartz are 1695°C and 1730°C, respectively, and the
plastically deformed margin cannot have been found yet for these minerals.

As already noted, the fragments of old pseudotachylyte are contained in pseudotachylyte layers.
They are sometimes plastically deformed to be elongated. The softening (10““Pas) and working (10°Pas)
temperature of aluminosilicate glass are 900C and 1200°C , respectively (Bansal and Doremus, 1986).
The pseudotachylyte fragments in the layers of the degree of melting 1 are not elongated. Those in the
layers of the degree of melting 2 to 4 are more elongated as the degree of melting becomes higher, and
finally they are assimilated into the melt to be disappeared in the layers of the melting degree S and 6.
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L 1 1 k] 1 } 1 1 1 - ] 1 1 )
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Fig 2 Temperature markers (above) and temperature range estimated for pseudotachylyte layers of degree of
melting from 1 to 6.

The temperature estimations above are synthesized in Fig.2. From these data, we can conclude that
the minimum temperature of the pseudotachylyte is just higher than 720°C and the maximum
temperature is about 1200°C or little higher. The purpose of the temperature estimation is of course to
answer to the question whether the melting promotes or restrains seismic slip. The viscosity of silicate

melt depends mainly on temperature, SiO, content and H,O content. The temperature of the layers of



degree of melting 1, 2, 3, 4, 5 and 6 is assumed as 800, 900, 1000, 1100, 1200 and 1300°C from the
temperature estimation shown in Fig.2. The SiO, content of the pseudotachylyte glass is within the range
from 61 to 63 %. This is nearly equal to those of sample LG-24 and WG-1 by Spray (1993), then we can
use his temperature-viscosity relationship for the melt matrix with a modification below. The ignition loss
of the EPMA analysis for the pseudotachylyte glass from Hirabayashi attains to about 7 to 8 %, but the
H,0 content when it was melting is essentially unknown. Then we assume it as 4 % on the basis of H;O
solubility in a granite minimum melt at 800°C and 1kb (Dingwell et al., 1984) and high-silica rhyolite at
850°C and 1 kb (Silver et al.,, 1989). On the other hand, the H,O content of the two samples of Spray
(1993) is 2.0 and 2.5 wt %. The increase in the H;O content from 1.5 % or 2.0 % to 4 % decreases the
viscosity of rhyolite melt at 850°C and 2 kb to about 1/100 (Shaw, 1963) . The 4 % H,O content assumed
is of course overestimated for the pseudotachylyte of high degree of melting, because H,O solubility
decreases as temperature increases.

Viscosity of granular material (melt + solid grains) depends strongly on the volume fraction of solid
grains. Regarding to the viscosity-volume fraction relationship for monodisperse spherical granular
materials, several formulations have been proposed. Among them, the equation below can well explain
the well-controlled experiments (Frith et al., 1996),

m AN |
Lon-L K=312, ¢ =0647 ————(l
N ( ¢ ] ’ ®

where 7, /n, is the ratio between suspension viscosity and the viscosity of interstitial fluid, and ¢ and
¢’ are a given volume fraction of solid grains and the maximum volume fraction attainable, respectively.
When the equation (1) is applied to the pseudotachylite, two difficulties arise. In addition to the fact that
grains in the pseudotachylyte are not spherical, the size frequency is fractal associated with cut-off in the
range of small size. Therefore both ¢ and ¢° cannot be estimated precisely. Based on the very rough
measurement of ¢, ¢/¢° is assumed as 0.8, 0.65, 0.65, 0.35, 0.2 and 0.1 for the layers of degree of
melting 1, 2, 3, 4, 5 and 6, respectively.

From the temperature, melt viscosity and volume fraction of solid grains estimated and assumed above,
the viscosity of pseudotachylyte containing solid grains are calculated to be 1.5x10° 1x10%, 2000, 60, 10
and 1.5 Pas for the layers of degree of melting 1, 2, 3, 4, S and 6, respectively. When we assume the
thickness of melt layer and the seismic slip velocity to be 1 mm and 1nVs, shear resistance is calculated to
be 1500, 10, 2, 0.06, 0.01 and 0.0015 MPa for the layer of degree of melting 1, 2, 3, 4, 5 and 6. As a result,
we can conclude that seismic slip is su‘rely restrained at the initial stage of melting, but after getting over
this mechanical barrier, seismic slip is promoted. This conclusion is consistent with the frictional melting
experiment by Tsutsumi and Shimamoto (1997).



3. Texture of fault gouge and its fluidization

The gouge layers are composed of very fine (sub-um to 600 u m) grains mainly of quartz, K-feldspar,
plagioclase and the fragments old pseudotachylyte. The cumulative size frequency is well fitted to a
fractal distribution, and the fractal dimension is very large (2.3), suggesting very large input energy
density. The gouge layers are very homogenous and lack any structures of shear localization. It is very
strange, because stick-slip experiments for simulated gouge layers are commonly associated with shear
localization on Reidel shear. It is sometimes found the droplets flying into gouge. These characteristic
phenomena suggest that the state of dynamic granular flow was not grain friction controlled but
fluidization, in which grains fly about and collide each other with a mean free path like gaseous
molecules. Fluidization will be realized when the volume fraction of grains is decreased beyond the
maximum volume fraction attainable. The decrease in volume fraction of grains in a gouge layer is
attributed to the expansion of interstitial fluid by frictional heating and/or dilatation due to comminution
of gouge.

Another characteristic texture of the gouge layers in the laminated fault rock is that the counter parts
of fragmented grains are rarely found. Suppose that we are observing a thin section of fault gouge by
photo-microscope, where 7 grains with radius - are seenand n, of » are identified to be fragmented
counterparts. The identification probability P(r) is defined as ’

"f(')ac 1
n(r) v.1,

P(r)= ®

where v, is the relative velocity between the fragmented counterparts and ¢, is the survival time
interval (a reciprocal of fragmentation rate). When fluidized, v, is much faster than that in non-fluidized
state, and ¢, is much longer than that in non-fluidized state, because the collision velocity of about 100
m/s is needed for 0.1 mm quartz grains to be fragmented. As a result, P(r) for the fluidized state is
expected to be much smaller than that for the non-fluidized state. P(r) for the gouge layers in the
laminated fault rock from Hirabayashi is, in fact, more than two order smaller than that for the non
fluidized granitic cataclasite from other place. This surely verifies the gouge in the Hirabayashi fault rock
to have been fluidized.

According to the experimental and theoretical knowledge in the fields of physics and technology,
viscosity of fluidized granular materials follows the equation (1). Just before the gouge is molten (about
7207), the interstitial water attains super-critical phase at which viscosity of the fluid is smaller than 10
Pas at 1 kb. Even if the volume fraction ¢ of solid grains attains to 0.9 of its critical value ¢°, viscosity
of fluidized gouge is not larger than the 1 Pas. Therefore the shear resistance is smaller than the order of
1000 Pa when the thickness of gouge layer and slip velocity are assumed to be 1 mm and 1m/s,
respectively. This suggests the nearly complete stress drop at the fluidization.



4. Fundamental physical processes deciphered and their implication to earthquake

Melting and fluidization of fault gouge are of course preceded by thermal pressurization in which
gouge layer is heated up and interstitial fluid is expanded by frictional heating. This process is well
studied by Mase and Smith (1987). After the seismic nucleation, seismic slip proceeds from thermal
pressurization to melting of fault gouge trough fluidization of gouge (Fig.3), all of which are positive
feedback processes governing different deformation phases. In the phase of thermal pressurization, pore
pressure increased by frictional heating decreases the effective normal stress on fault plain and it
accelerates the seismic slip. Bulk mechanical properties in this phase are governed by friction among

grains and fracturing of granular material.
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Fig.3 Elementary processes during seismic slip. kand 8 are permeability and compressibility of
wall rock, ¢ is volume fraction of solid grains of gouge layer. o,  is the effective normal
stress on the fault plane. T, is melting temperature of gouge.

When the porosity and permeability of wall rock are smaller than the critical values, the thermal
pressurization works so effectively that volume fraction of solid grains in gouge layer becomes smaller
than the critical value ¢° (0.647 when monodisperse spherical granular materials) by thermal expansion
of interstitial fluid. At this moment, fluidization, another positive feedback mechanism, starts. Frictional
resistance becomes very small, then an abrupt and nearly complete decrease in shear resistance is
expected at the transition from thermal pressurization to fluidization. The heat generation rate in this
phase is due to the grain collision and is very small. Then the fluidization is thought to be unstable phase
and is easily turned back to the phase of thermal pressurization, because leaking rate of interstitial fluid
from gouge layer is tend to exceed the thermal expansion rate of fluid.

Anyway, soon or later, gouge is molten by heat produced by grain to grain collision. When the
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Seismogenic Zone Drilling and Monitoring of OD21/I0DP
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ABSTRACT

A new scientific drill ship equipped with riser capability that allows deep drilling beneath ocean
floors will be constructed by Japan. This new opportunity after more than 30 years of successful
scientific deep sea drilling programs (DSDP/IPOD/ODP) will mark a major step forward in better
understanding of the earth's complex system inter-linking life and dynamics of the environment and
deep interior. The first target agreed upon by scientists internationally is the seismogenic zone. The
new drill ship will drill through the seismogenic part of the subduction plate boundary to collect
samples, make in-situ measurements, and set up observatory to understand earthquake mechanics

and physico-chemical processes operating in this environment.

Introduction

New exciting scientific objectives to be pursued by the proposed drill ship have been discussed both
within Japan and internationally. In particular, the CONCORD meeting held in Tokyo in 1997
attracted more than 150 scientists from around the globe to discuss scientific foci together with
technological requirements. Among diverse but key questions to be addressed centered around the
drill ship, "a comprehensive study of an active seismogenic zone within a seismogenic zone within a

subduction zone system" was unanimously selected as the first experiment.

It is well known fact that major earthquakes occur in subduction zones and that actual faultings
occur beneath the sea. Until the '70's investigations of these seismogenic zones were mainly made by
teleseismic observations. Marine geological and geophysical (MG&G) survey technology was not
quite advanced enough to image the seismogenic zone due to its complex heterogeneity and large
depth. However, recent MG & G results are beginning to reveal the complexities of seismogenic
zone in far more detail.than before. This is an important but sometimes not well recognized aspect of
drilling science. One cannot go and drill into a spot without knowing what to expect. Once the
drilling provides the ground truth, then immediately a much wider area should become "illuminated”

through extrapolation using existing remotely sensed data.

Scientific Rationale
We share many of our scientific objectives with those attempted or planned on the continents. The



objectives are "an improved understanding of the physical and chemical processes responsible for

earthquakes, and seismic hazard reduction for the very destructive great earthquakes that occur on

these faults" (Seismogenic Zone Detailed Planning Group Report, 1999). This group of international

scientists specifically addressed following questions:

1. What controls the earthquake cycle of elastic strain build-up and sudden rupture: stress, pore
pressure and chemical changes?

2. Are there changes with time, of stress, pore pressure, pore fluid chemistry or other parameters
that define times of increasing probability of great earthquakes?

3. What controls the parts of subduction thrusts that are seismic and aseismic, especially the
seaward updip and landward downdip limits?

4. What is the nature of asperities on the megathrust faults that are inferred to be stronger and
generate large earthquake slip compared to areas that may have significant aseismic creep?

5. What is the nature of "tsunami earthquakes?" Why do some large slip events have most stress
release in the seismic motion of great earthquakes, whereas others have slower slip that generates

only moderate earthquakes but large tsunamis?

Some questions are pertinent to the realm of plate subduction boundary, but any significant
contribution in answering these questions will undoubtedly have broad application to earthquakes in

general.

OD21 Drill Ship

What makes the proposed OD21 drill ship different from the éxisting drilling vessel JOIDES
Resolution is that it is equipped with a riser for mud circulation and with a blow-out prevention
device. This method conventionally used in the oil field will, in essence, enable deeper drilling. The
proposed vessel will be capable of drilling in up to 2,500 m water depth using riser and drilling
7,000 m below the seafloor. The ship is scheduled to become available for international scientific
community as part of IODP (Integrated Ocean Drilling Program) from 2006. IODP is planned to
operate more than two drilling platforms to bring about new directions in drilling science. After
gaining initial experiences, the ship is to be further advanced to enable drilling in 4,000 m water
depths with riser. The OD21 drill ship has started its construction in FY 1999 and is expected to start
its shakedown operations in 2003/04.

Subduction Seismogenic Zone
Already the JOIDES Resolution made a number of drillings in subduction zones. In particular, the
drillings in the Barbados and the Japan Trench and instrumenting the holes can be considered as

steps towards reaching the seismogenic zone. In the Barbados Ridge, where Caribbean and North



American plates are bordered, drilling were made into different zones of fluid condition that were
seismically estimated and were instrumented with long-term pressure and temperature sensors. In the
Japan Trench, where the Pacific plate is subducting beneath northeast Japan, two holes were
instrumented with strain, tilt, seismic and temperature sensors. Technical successes of and the results
from these experiments indicate that we are steadily stepping forward to be ready for the

seismogenic zone drilling.

Careful consideration of the requirements for site selection is probably the most important aspect in

the initial stage of the drilling project. The requirements listed by the DPG are abridged here:

1. A subduction zone where the tectonics, structure, thermal regime, and earthquakes are very well
studied and well known. Previous shallow drilling of the subduction thrust and on the continental
slope in the area of the proposed deep site would be essential. The region should be structurally
simple with an inferred decollement that is fairly stable in position and depth with time.

2. Shallow plate dip and shallow trench such that the subduction thrust fault can be reached by
OD21 drilling in a reasonable time, i.e. less than 5 km penetration. This appears to require sites
where young oceanic plates are being subducted. It is recognized that young plates also usually
means high thrust temperatures.

3. Accretionary prism sediments or other formation that it is expected to be readily penetrated by the
OD21 drilling. A low temperature gradient is desirable.

4. The subduction thrust should be accessible to non-riser drilling seaward from the main deep riser
site that penetrates the seismogenic zone.

5. A recent great earthquake within the seismogenic zone that has been well studied is needed to
characterize the seismogenic zone.

6. The subduction thrust should be well imaged by multichannel seismic data, especially in the area
of the seismogenic zone to be drilled.

7. The locked part of the seismogenic zone should be defined

Case of Nankai Trough

In the vicinity of Japan, the Nankai Trough and Japan Trench areas are two contrasting seismogenic
zones capable of generating M-8 class earthquakes. The former is considered to be 100 % locked in
between the major events, which recur at about 120 years interval. The recurrence time is not well
established in the Japan Trench. The background activity is much higher than in the Nankai Trough,
however the seismic coupling (plate motion accommodated by earthquakes) is only about 1/4.
Tectonic backgrounds are different between these areas. But, we do not yet know what makes this

contrast.



Of the two zones, OD21 drilling vessel will not be able to reach the Japan Trench seismogenic zone.
The likely target is in the Nankai Trough. But where? In order to select the best location, many
investigations are ongoing including 3-D seismic surveys. The present understanding from MG&G
investigations will be shown. The drilling proposal will have to be composed soon for careful peer
reviews, however it is almost certain that drilling proposal in the Nankai Trough will be based on

these site survey data.

Summary

With the construction of a riser-equipped drilling vessel by Japan, a new opportunity arises to
directly reach, sample, and monitor the subduction seismogenic zone from 2006. The first target is
likely to be selected in the Nankai Trough area that satisfies the scientific requirements for
addressing key questions for understanding earthquake cycle processes. Before actual drilling, many
studies must be carried out based on careful planning. These include site surveys, geological
sampling of exhumed subduction zones, and development of borehole tools for high temperature

environment, which are already under way. Target sites should be proposed within a few years' time.



Geological and Geophysical Drilling at the Nojima Fault:
Fault Trace of the 1995 Hyogoken-Nanbu Earthquake, M7.2

MASATAKA ANDO

The Nojima Fault Zone Probe and Disaster Prevention Research Institute, Kyoto University, Kyoto
611-0011, Japan

ABSTRACT

The Nojima Fault-zone Probe was designed to
study the properties and recovery processes of the
Nojima fault which moved during the Hyogo-ken
Nanbu earthquake (Ms7.2) of January 17, 1995 (JST, 9
hours +UT). Three holes, 500 m, 800 m and 1800 m
deep, were drilled into or near the fault zone. The 800
m bLole was drlled in November 1995, and in
December 1996 the last hole reached its final depth of
1760 m. The significant results are: (1) Geological and
geophysical reconstruction of the structure and
evolution of the Nojima fault was obtained; (2) The
. maximum compression axis was found to be
perpendicular to the fault, about 45° to the regional
compression stress axis; (3) Micro-carthquakes (m= -2
to +1) were induced by water injections 1 to 3 km from
the injection points in the 1800 m hole; (4) The fault
zone was measured to be 30 m wide from microscopic
studies. 3-component seismometers, crustal
deformation instruments, thermometer etc.
instalied in the holes.
Key words: Hyogo-ken Nanbu earthquake, Nojima
Fault, drilling, water injection

were

INTRODUCTION

The Hyogoien Nanbu ecarthquake (Ms 7.2)
occurred at 5:42 on January 17 (JST), 1995 along the
coast of Kobe and Awaji Island (Fig. 1). The

A: 800m Borehole
B: 1800m Borehole
C: S00m Barehole

Awaji Island

135.0

* s
Fig. 1 Map showing the Nojima fault (thick solid
line) associated with the 1995 Hyogo-ken Nanbu
earthquake on Awajl Island. The thick dashed line
represents the geologic boundary between the
Osaka series (Quaternary) and granite basement
which moved slightly with a
maximum vertical slip of 40 cm in 1995.

(Cretaceous),

hypocenter was located beneath the Awaji straight and
the rupture propagated bilaterally towards Kobe and
Awaji Island (e.g. Ide er al. 1996; Hashimoto ef al.
1996). Fault traces appeared on Awaji Island, but not in
the Kobe city (Nakata et al 1995). The present
program of intensive studies of the Nojima fault started



three months after the earthquake. It consists of both a
deep drilling plan of 500 m, 800 m, and 1800 m depth
holes, and a plan for geophysical and geological
investigations at the surface. This project was called the
"Nojima Fault-zone Probe” and consisted of about 60
scientists and technicians with 14 universities (Table 1).
In addition, the project cooperated with two national
institutes, Geological Survey of Japan (Ito et al. 2000),
and National Research Institute for Earth Sciences and
Disaster Prevention (Tkeda et al. 2000), which engaged
their own drilling programs of the Nojima fault and
nearby active faults. The three groups collaborated
throughout the study in exchanging information and
data on site selection, drilling logs and techniques etc.

OBJECTIVES

The objectives of this project are divided mainly
in five items: (1) seismic reflection and refraction
surveys (Sato et al. 1998, Ohmura er al. 2000) and
geoclectric and geomagnetic surveys near and on the
Nojima fault (Murakami et al. 2000), (2) geophysical

Table 1 Participants* of the Nojima Fault Probe

Tohoku Univ.
Chiba Univ.

continuous monitorings such as seismicity (Nishigami
et al. 2000), crustal deformation (Ishii et al. 2000),
geochemical, geothermal (Yamano & Goto, 2000) and
geoclectro-geomagnetic measurements, (3) active
experiments were done in the 1800 m borehole such as
hydro-fracturing (Tsukahara er al, 2000) and
experiments of water injection into the fault gouge
(Shimazaki et al. 1997; Tadokoro et al. 2000s), and (4)
microscopic analyses of core samples near and on the
fault and flud

behavior in a shallow, brittle fault zone during

zone (Deformation mechanisms

coscismic and interseismic periods: results from
drilling cores penetrating the Nojima fault, Japan, H.
Tanaka, S. Hinoki, K. Kosaka, A. Lin, K. Takemura, A.
Murata, and T. Miyata), and (5) ACROSS (Accurately
Controlled Routinely Operated Seismic Source)
experiment for measuring high sensitivity seismic
velocity changes (Yamaoka et al, 2000). The above
observations and experiments will be carried out
continuously or intermittently for at least 10 years.
These experiments will reveal the mechanism of

healing and recovery processes of the fault zone.

Core stress memory (Deformation Rate Change Method)
Seismic reflection survey around the drilling site

Univ. of Tokyo Geochemistry near fault zone, Ground-water level change

Earthquake Res. Inst.

Physical properties and material science of fault zone

(Univ. of Tokyo) Geothermal, Crustal deformation observation using down-hole instruments,
Seismological observation

Shinshu Univ.

Hydrofracturing test, Gas geochemistry of fault zone

Kanazawa Univ. Thermal history of drilling site using chronological data

Seismic observation using down-hole seismometers and accelerometer,

Nagoya Univ. ACROSS (Accurately Controlled Routinely Operated Seismic Source)
Kyoto Univ. Material science of fault zone, Tectonic history,
Geochronology of drilling site
Disaster Prevention Res. Inst.
(Kyoto Univ.)  Ground water level change, Geoelectro-magnetic observation of fault zone and
surrounding rock, Physical properties of fault zone
Kobe Univ. Tectonic history of fault zone

Tokushima Univ. Structurel geology of drilling site
Kochi Univ.

Tectonic history of fault zone, Geoelectro-magnetism of fault zone and surrounding rock

Yamaguchi Univ.Stress measurements of core samples

Ehime Univ.

Material science of fault zone rock

National Res. Inst. for Earth Sciences and Disaster Prevention (NEID)

Collaboration in several subjects
Geological Survey of Japan (GSJ)
Collaboration in several subjects

*Only institutions’ names are listed.



DRILLING SITE

A perpendicular long seismic reflection survey
was undertaken across northern Awaji Island (Sato et al.
1998). The seismic reflection profile reveals the fault
geometry beneath the area. Sato er al (1998)
interpreted that Awaji Island uplifted by movement on
the Nojima fault and a fault beneath the western coast
of the Island. The basement of Awaji Island is bounded
by these active faults.

The Nojima fault lies on the western coast of
Awaji Island. The 1995 fault trace appeared mostly on
narrow terraces between the coast and mountain slopes
(Nakata et al. 1995). Because of the narrow area on the
Island, sites available for drilling experiments were
quite limited, but two inactive quarry sites were found
to be available. We selected the "Toshima site” and the
two national institutions (Geological Survey of Japan
and National Research Institute for Earth Science
Research and Disaster Prevention)
"Hirabayashi site”, 5 km to the north of the Toshima
site. The drilling site consists of granite, partly covered

chose the

by Neogene or Quaternary marine sediments. The
scientific attractions of this site were: (1) It is located
near a branching of the Nojima fault, from which a
geologic boundary fault splays to the southwest (Fig. 1).
Therefore, there was a chance of hitting two faults with
deep drilling, enabling a comparison of properties of
the two fault zones at depth; (2) A relatively flat area
was available for geophysical surveys, such as
resistivity, geoelectro-potential, and seismic reflection
surveys, (3) The depth of basement below the
sedimentary layers can be estimated from the drilling,
which enable us to estimate a total offset of the fault.

THREE BOREHOLES
This project was based on drilling three

boreholes, first a pilot hole of 500 m depth for
determining the dip-angle of the fault at depth, second

an instrumentation hole of 800 m depth for passive
observations of crustal deformation and earthquakes,
and third an experimental hole of 1800 m depth for
actively injecting water into the fault gouge and
hydrofracturing tests. The 500 m hole was drilled with
an inclination of 60°. In order to assure hitting the fault
zone and determining its exact location at a depth about
300 m. In order to install tiltmeter, which have small
inclination tolerances, the deviation of the drilling
center from the vertical was 3° for the 800 m hole. The
hole was cased with iron pipes from the surface to a
depth of 785 m,; the last 15 m above the bottom was left
uncased in order to install a capsule that contains a 3-
component seismometer, a8 3-component accelerometer,
a 3-component strainmeter, a 2-componet tiltmeter,
thermometer and pressure gauge. The strainmeter must
be cemented to the surrounding rock with a special
cement. The 1800 m hole was drilled 80 m away from
the 800 m hole. The 1800 m hole was drilled vertically
for the first 1200 m and then bent gradually with a
maximum inclination of 20° from the vertical to reach
the fault zome at depth. In the 1800 m hole,
seismometers were also installed at three levels
(Nishigami et al. 2000). The results of the hydro-
fracturing tests in the 1800 m hole indicate that the
maximum found to be
perpendicular to the fault, about 45° to the regional
compression stress axis (Tsukahara et al. 2000).
Yamamoto & Yabe (2000) made a deformation rate
analysis (DRA) of core samples from the 1800 m hole.
Also, a system to accurately monitoring seismic wave
velocities called ACROSS has been installed by a
group from Nagoya University (Yamaoka et al. 2000).
Signals from the ACROSS and boundary waves
traveling through the fault zone from earthquakes

occurring within or close to the fault below are of

compression axis was

particular interested to this project. An observation
vault was constructed near the drilling site. The concept
of the present project is summarized in Fig. 2 and Table
2.



ACROSS estimated by Quaternary vertical displacement

(ROEPDPRLKyotUniv.__) and avarage slip rate of the Nojima fault in
Awsji Island, Japan, A. Murata, K. Takemurs, T.

* Miyata, and A. Lin. From the core samples, the

Nojima fault zone was measured to be 30 m

ﬂ == 800mhole wide (Deformation mechanisms and fluid
500mhole Strainmeter behavior in a shallow, brittle fault zone during
oo Sltmeter coseismic and interseismic periods: results from
' Acceleometr | drilling cores penetrating the Nojima fault, Japan,
. Prowwe O%€° | H. Taneks, S. Hinoki, K. Kosaks, A. Lin, K.

Nojima fault ~1800nkole Takemura, A. Murata, and T. Miyata). Fig. 5
\m‘;‘;:: shows the three holes and the two faults and the

Fig.2 The concept of the Nojima Fault-zone Probe.
The three drill holes are shown in the figure. The
500 m hole is the pilot hole to determine the depth
and location of the Nojima fault for planning the
1800 m hole. The 800 m hole is the installation hole
for strainmeter, tiltmeter and seismometers. The
data from these sensors are telemetered to Disaster
Prevention Research Institute, Kyoto Univ. and
Earthquake Research Institute, the University of
Tokyo. The ACROSS station is located on granite
basement, 200 m from the Nojima Fault

Observatory.

Fig. 3 shows the drilling logs for the three holes.
Because of the fmgilc nature of the fault zone, drilling
heads of the 1800 m hole were recovered three times
when they hit the fault zone. The drilling schedule was
thus extended six months longer than initially planned.
Fig. 4 represents the vertical geological cross-section
reconstructed from the core samples of the 500 m hole
(Quatemary vertical displacement and avarage slip rate
of the Nojima fault in Awaji Island, Japan, A. Murata,
K. Takemura, T. Miyata, and A. Lin).
unconformities, one between the Osaka Group and the
Kobe Group and the other between the Kobe Group

Two

and the granite basement, are found in the cross section.

From this geological section, a Smm/fy dip-slip rate is

geological cross-sections approximately
fault,(Quaternary
displacement and avarage slip rate of the Nojima fault
in Awasji Island, Japan, A. Murata, K. Takemura, T.
Miyata, and A. Lin).

Fig. 6 shows geophysical sensors installed in

perpendicular to  the vertical

the three holes. From the 500 m hole all cores were
extracted and from the 800 m hole only core samples
for the 10 m above the bottom were extracted. Results
of logging tesr;s,
hydrofracturing experiment in the 1800 m hole are all
summarized in Tadokoro ef al. (20005).

lithological  profiles, and

ACROSS

The ACROSS (Accurately Controlled Routinely
Operated Seismic Source) system has been developed
by a group st Nagoya University in order to measure
slight changes in seismic velocity (Yamsaoka er al.
2000). The possibility of using the high sensitivity of
seismic velocity for detecting stress variation in the
earth's crust has long been discussed by seismologists.
Many field experiments were performed using several
kind of sources. In most of the experiments impulsive
seismic signals were used, which lead to eventual
failure of the medium around the source. To detect the
velocity change without destroying the site it is natural

to use vibrators which generate continuous sinusoidal



Table2 Objectives, core sample and observation

500 m
Objective Pilot hole to define the location of fault
Inclination 30° from vertical (dip angle of 60°) and drilled straightway
Core sample Al cores retrieved with a diameter of 65 mm
Casing
Long-term observation
Installing 3 electrodes in both sides of fault at depths 400-500 m to measure changes
in telluric current and resistivity, Ground water level change near the surface
800 m
Objective Passive observations
Inclination Vertical within an allowance of 3°
Core sample Only 15 m section at the bottom (785-800 m) retrieved
Long-term observation
3-component seismometers (velocity and acceleration), 3-component horizontal strainmeter,
2-component tiltmeter and water-pressure gauge, thermometer
Above are all installed in a capsule of 5 m length at the depth 795-800 m).
Signals are transmitted through armed 100-core cable to the surface.
The instrument capsule was mold with a special kind of cement to be coupled
with borehole wall.
Near the surface a discharge gage was installed in the hole.
1800 m
Objective Active experiments and passive observations
Inclination Vertical down to 1000 m, around the 1200 m depth gently bent and then straightway
with an inclination of 20°
Loggingtests  500-1250m: Resistivity, temperature, sonic wave, density, caliper and borehole televiewer
1250-1800m: Resistivity, temperature, sonic wave, density, caliper, borehole televiewer and
cement-bonding
Experiments 1) Hydrofracturing tests: several measurements at depths between 1100-1700 m

2) Water injection tests: injected twice after hydrofracturing tests,
jet-percolation pin-holes were made near the fault zone
3) Geomagnetic measurement: using a downhole magnetometer measurements were carried out
at depths shallower than 500 m within steal casing pipes.

Long-term observation

3-component seismometer (To=4.5 Hz, depth=1460 m), 2 vertical seismometers(depths 1568 and
1673 m), thermometer and a optical-fiber thermometer from the surface down to 1650 m depth

waves.

The ACROSS consists of such continuously
vibrating sources which generate precisely controlled
seismic signals. The source consists essentially of a
servo motor and an eccentric mass which is fixed to the
motor. The motor rotates the eccentric mass with the
rate which is referenced to the precise pulses given by
GPS. This produces centrifugal forces acting on the
surrounding ground. This system can be used to
monitor the long-term velocity changes associated with
healing of the fault plane. It will hopefully be able to

measure velocity changes of the order of 106 near the
ACROSS site.

WATER INJECTION EXPERIMENT

One of the major borehole experiments of the
present project was water injection into the fault zone
near the bottom of the 1800 m hole. Fig. 7 shows the
concept of the water injection experiment proposed by
Shimazaki et al. (1997). The idea shows that the
healing process of a fault zone can be measured by
monitoring its permeability derived from water
injections into the fault zone.

The hole was cased from the surface down to the
bottom at 1720 m. Between 14800 m and 1670 m
depths, the casing pipes were pin-holed by shots in
order to inject water into the surrounding rock. We
injected water twice. The first experiment lasted for 5
days, and the second for 10 days, 1 month after the first
experiment. In the first experiment, water was injected
for 2 days, and then stopped for 24 hours. Then water
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Fig. 3 Diagram showing drilling depths reached
versus: time for the three holes. The 1800m hole
drilling was stacked three times near or in the fault

zone of the Nojima fault.

injection was restarted, keeping the pressure at a
constant level for 2 days. In the second experiment,
water was injected for 10 days continuously.

At the start of each experiment, the water
pressure was increased to preset levels (2.8 to 4.7 MPa).
The injection pressure was controlled automatically
with a valve connected to the casing head at the surface.
The fluctuations of water pressure were kept within 5%.
The inflow rate of water was about 20 I/min throughout
the experiments. Excess water flowed out of the system

Fig. 4
from core samples of the 500 m hole. Two

Vertical geological cross-section derived

unconformities between the Osaka Group and the
Kobe Group and between the Kobe Group and the
granite basement are found in the cores. The
Nojima fault dips 83° to the southeast (Murata et al,
2000).

to keep the pressure level constant. The total water
volume injected during both phases reached 258 cubic
meters.

Subsurface ground water flow was monitored by
geoelectrical or geomagnetic methods (Hashimoto ef al.
2000). Seismicity changes caused by the water
injection were monitored by instailing seven temporary
stations surrounding the drilling site, and borehole
seismometers in the 800 m hole were used to monitor
seismicity changes (Tadokoro et al. 2000a). The noise

level at the seismometers was 5 x 1076 cm/s, low
enough to record nearby earthquakes of m=-2.
Most earthquakes are located 2 to 4 km below



NojimaFault

Fig. 5 Cross-section approximately perpendicular to
the fault for the three boreholes and the two faults
(Murata et al., 2000).

the surface, I to 3 km from the injection site. It should
be noticed that earthquakes possibly induced by the
injection spread away along the fault zone, instead of
being concentrated near the injection sites. Earthquakes
with S-P times at the bottom of the 800 m hole of about
0.3-0.5 s increased 4 to 5 days after the beginning of
each injection. This activation delay is similar to the
experiment in Matsushiro, Japan (Ohtake 1974).

The observation that microearthquakes can be
triggered by small increases in pore pressure indicates
that stress levels in the crust near the fault are almost at
equilibrium with the frictional strength The
concentration of hypocenters at KTB (Zoback & Harjes

cemented
Inhole diameter
97.6mm

inhole dismoter
78. 1 mm

Fig. 6 Diagram showing sensors installed in the

three boreholes

Immedately
afler evant

Long tme
after event

Fig. 7 Concept of the water injection experiment
proposed by Shimazaki ef al (1997). The idea shows
that the healing process of a fault zone can be
measured by monitoring its permeability derived

from water injections into the fault zone.



1997) differs from our case at Awaji. This suggests that
the differential stress (shear stress) at the Nojima fault
is extremely low. From hydrofracturing tests in the
1800 m hole (Tsukahara et al., 2000), the frictional
coefficient is estimated to be less than 0.3, under the
assumption of "Coulomb Failure Criterion” (Tadokoro
et al. 2000a). This frictional strength on the fault planes
where the carthquakes were triggered is extremely low,
compared to results from laboratory experiments, 0.6-
0.7 (Byerlee 1978) and an induced test at KTB, 0.6-0.7
(Zoback & Harjes 1997). Further considerations are
necessary to understand the mechanism of the
carthquake cycle on the fault.

CONCLUSIONS

The important results of the Nojima Fault-zone
Probe, a consortium program of 14 universities and 2
naticnal institutions, are: (1) Geological reconstruction
of the evolution of the Nojima fault was obtained; (2)
The maximum compressional axis was found to be
perpendicular to the fault, about 45°. to the regional
comprcssi’onal stress axis; (3) Micro-earthquakes (m= -
2 to +1) were induced by water injections 1 to 3 km
from the injection points in the 1800 m hole; (4) The
fault zone was measured to be as thin as 30 m from
microscopic studies. 3-component seismometer and
accelerometer, 2-component tiltmeter, 3-component
strainmeter were installed in 'the 800 m hole, and
seismometers were installed at three depth levels in the
1800 m hole.
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Outline of the Nojima Fault Scientific Drilling by NIED
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ABSTRACT

Three deep boreholes of 1,000 m to 1,800 m
were drilled by NIED (National Research Institute
for Earth Science and Disaster Prevention) in the
vicinity of the epicenter of the 1995
Hyogoken-Nanbu (Kobe) earthquake for scientific
research purposes. In particular, the Nojima-
Hirabayashi borehole was drilled to a depth of
1,800 m and crossed the fault zones below the
depth of 1,140 m. To investigate tectonic and
material characteristics near and in active faults,
we have been conducting an integrated study of
crustal stress, heat flow, and fracture and material
analyses on the cores.

A series of in-situ stress measurements by the
hydraulic fracturing method was conducted in these
boreholes. Measurement results revealed
characteristic stress states around the fault system.
The shear stress is very small at each site, and the
orientation of the maximum horizontal compression
was almost the same in the three boreholes,
perpendicular to the surface trace of the faults.
This result supports the finding that the magnitude
of the shear stress along the Rokko-Awaji fault
system was at a very low level after the
earthquake. Terrestrial heat flow was also studied
by using the temperature logging data and the
thermal conductivity of the cores retrieved from
the Nojima-Hirabayashi borehole. Amplifying the
results of the heat flow value, the cutoff depth of
aftershocks was estimated to be roughly 300 °
C in temperature. Furthermore, to characterize the
deformation and alteration of the fault fracture

zone, rock cores retrieved from the fracture zone

were studied for the relative density of
micro-fractures, mafic minerals and chemical
compositions. The core pieces were classified into
five types of fault rocks, and the asymmetric
distribution pattern of the fault rocks in the
fracture zones was clarified.

DRILLING, CORING AND LOGGING

We at the NIED drilled three boreholes in the
vicinity of the epicenter of the Hyogoken-Nanbu
carthquake, M=7.2, January 17, 1995. The main
purpose of these drillings was to evaluate
quantitatively the stress states, permeability, and
heat flow in the fault vicinity just after the
carthquake occurrence, while also investigating the
fault structure and the physical and chemical
properties of the fault rock. The earthquake
occurred along the NE-SW trending fault network,
the Rokko-Awaji fault system; and the Nojima
fault appeared on the surface in Awaji Island when
this rupture occurred (Katao et al., 1997). Figure 1
shows our borehole sites and the active fault
distribution. The drilling sites and the state of each
are outlined in Table 1. Each borehole is located at
a characteristic site in relation to this earthquake's
active fault system and aftershock distribution.
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