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Shaosong Huang

(ABSTRACT)

Northeast Japan experienced an approximately constant, compressional deformation
during the last 5 million years resulting from the steady subduction of the Pacific plate. Because
the direction of the maximum compression axisis approximately perpendicular to the strike of the
isand arc, 2-D finite-element modeling can be used to examine the deformation over time of the
isand-arc lithosphere. The model geometry is based on geophysical and geological data, and each
model run requires an assumed rheology and interplate coupling. Novel to our modeling isthe
ability to include erosion/deposition loading and the creation of strike-dlip faults, based on a
dynamically-applied fracture criterion. The criterion for acceptability is how well amodel matches
observed present-day topography, gravity, and seismicity patterns. Results given below are for
models that satisfy this criterion.

The long-term effective elastic thicknessis 10 km in the inner arc, increasing to about 50 km
near the trench. The effective eagtic thicknessin the inner arc is therefore much smaller than the
about 30 km short-term el astic thickness estimated from seismological data. The viscosity of the
lower crust is on the order of 1022 Pas or less.

The strength of interplate coupling off Sanriku is about two to four times greater than off
Miyagi, and there is about twice as strong a coupling at greater depths. The relative strength of
coupling correlates well with the observed interplate seismicity. Hence the inferred weaker
coupling off Miyagi indicates alack of seismogenic potential -- alow probability for large
earthquakes in that region, not just along return cycle.

The same modeling procedure was also applied to southwest Japan. The viscosity of the
lower crust is not more than 1021 Pa s, and the elastic thicknessis about 10 km. The calculated
strength of interplate coupling for southwest Japan is about 1.5 times greater than for the off-
Sanriku region in northeast Japan, which correlates well with the fact that there have been great
(M>8) earthquakesin the Nankal Trough region, but none that large in the off-Sanriku region.



Acknowledgments

First of al, I would like to express my thanksto my parents for their support and
encouragement throughout these years. They pushed meto excel. A specia thanksto my wife,
Ying, for her support and assistance during my graduate study in Blacksburg. She sacrificed her
own beloved career in medicine to follow me to study abroad. | can not image how hard it isto
give up one's career and to resume another. She helped mein many ways during the dissertation
preparation: typing manuscripts, proofing, and preparing figures on the Macintosh.

| would like to thanks Dr. Kenneth A. Eriksson for his recognition of my academic
potential when | wasin China. He and Dr. Susan Eriksson gave me a good orientation to graduate
study here, and provided much assistance to help me adapt to the environment in Blacksburg.

On the scholastic side of life, | wish to express my sincere thanksto Dr. J. Arthur Snoke,
my academic co-advisor, for his constant encouragement, generous help and careful guidance. |
have learned from him novel approaches for implementing geophysical processes on to the
computer. | would like to thank him for teaching me logical thinking in the English language.
This dissertation profits greatly from hisadvice, and | am indebted to him for his continuous
support throughout my stay in Blacksburg.

| owe agreat dea to Dr. I. Selwyn Sacks, my co-advisor, for theinitialization of the
dissertation project, for providing me the opportunity to work at the Department of Terrestrial
Magnetism of the Carnegie Institution of Washington as a predoctoral fellow, and his thorough
guidance on the research project. | am especially appreciative of his thoughtful responsesto my
research questions. | am also grateful to him for his detailed and critical review of the dissertation.
He has such a sharp mind!

| am grateful to Drs. Edwin S. Robinson, Kenneth A. Eriksson and Richard D. Law for
their useful discussionsin many different fields during my graduate study and their careful review
of the dissertation.

| wish to thank Drs. A. Hasegawa and T. Matsuzawa for discussion and advice in the
geophysics of Japan, and Drs. H. J. Melosh, and M. H. Wallace for help and suggestions in
finite-element modeling. Dr. H. J. Melosh kindly provided the finite-element code, TECTON for
use in the dissertation study. Martin Chapman and Matt Sibol provided generous support in
seismicity studies. | would like to thank follow graduate students in the Department of Geological
Sciences for help in various aspects, especially Jun Lu, Eric Gardner, and Jane Gardner. 1t would
have been much more difficult for me to adapt to study and living in Blacksburg without their
helps. | also want to thank fellow students Bill Domoracki and Sam Peavy for discussionsin
geophysics.

This research was partially supported by 1994 and 1995 student research grants from the
Geological Society of Americaand a1994 Sigma Xi research grant. Computation facilities were
provided by the Department of Geological Sciences, Virginia Polytechnic Institute and State
University, and the Department of Terrestrial Magnetism, Carnegie Institution of Washington.
During my studies in Blacksburg, financia support was received from the Department of
Geological Sciencesin the form of atwo-year teaching assistantship, and atwo-year research
assistantship from the Virginia Tech Seismological Observatory.



1

2

3

Table of Contents

INTEOAUCTION .o e 1

Compressional deformation of island arc lithosphere in northeast Japan
resulting from long-term subduction-related tectonic forces: finite

element MOdeliNg ... ..o 3
2.1 INErOTUCTION. .. 3
2.1.1 TECLONIC SEILING. . cuieeeitiiee e 3
2.1.2 Lithospheric folding.......cccoviiiiiiii e 4
2.1.3 APPrOaChES. ... .o 4
2.2 GeophysiCal data..........oouiuiuiiii e 5
2.3 Finite element Modeling.........ccoovuiiuiiiiiiiii e 5
2.3.1 Modeling preliminaries........cc.viiiiiiie e 6
2.3.2 SHCK-SIP faUITING. ... 6
2.3.3 Erosion and deposition.........cocuviuiiiiiiiieieieeee e 7
2.4 APPHICALION. ... 7
2.4.1 Thestarting MOdel..........ccciiiiiii e 7
2.4.2 TheMOEl ... 8
2.4.3 Boundary CONAITIONS ........viieiireii i 9
2.4.4 MOOEl QISCUSSION ...t 10
2.5 RESUITS. . 11
2.5.1 Stress, topography, gravity, and fault slip..........ccooeeviiiiiiiieiinnnn, 11
2.5.2 Comparison with observed data..............cccoviiiiiiiiiiiiiiee, 11
2.5.3 DISCUSSION ...ttt 12
2.6 CONCIUSIONS. ... e 13

Topography and seismic effects of long term coupling between the

subducting plate and the overriding plate in northeast Japan.............. 30
G 70 A I 014 o T [ 1o o ) o PP 30
32 COUPIING et 30
3.3 Basic Modeling CONCEPLS. ...ccuiiniieiei e eas 31
3.3.1 Modeling approaCh ....... ..o 31
3.3.2 Stick-slip faulting........coveiii 32
3.3.3 Erosion and deposition.........ccuuvuniiiiieiieieieeeeee e e 32
3.4 Geophysical datain northeast japan............ccoeveiviiiiiiiiiiicincceeas 32
3.4.1 EarthqQuakes.........coooiiiiiii 32
3.4.2 Gravity and topograpny.......ccc.veeiiiiiiiiee e 33
3.4.3 Heat flow and the Curiedepth...........ccooiiiiiiii 33
3.5 Implementation of coupling in finite element modeling...........ccccccuveeennee. 34
3.6 MOUEIING. ..t 34



3.6.1 Modeling preliminaries.........ccocieiiiiiiiiee e 35

3.6.2 Boundary CONAitioNS........ccovuiiiiiiiiiie i 36
3.6.3  FAUITING. ..t 36
3.7 RESUITS. . 37
B.7. 1 REQION Lo 37
3.7.2 REOION 2. 38
3.8 DISCUSSIONS. . ettt ettt et ettt e et e 38
3.8.1 Interplate seismicity and coupling...........ccoevviiiiiiieiiiiiiieineciee, 38
3.8.2 Asasmic front and seismicity intheouter arc..............oooeoviviiienene. 39
3.8.3 Intraplate SEISMICITY.....ovuiiiieiieiee e 39
3.9 CONCIUSIONS. ..t 40

4 Large scale deformation of island arc lithosphere beneath southwest

Japan in the latest Cenozoic: finite element modeling....................... 57
I I 011 o o 11 T 1 o] o 57
4.2 GeoPhySICal QAL .....oeveeee e 58
4.2.1 Topography, gravity, and heat flow.............ccoooiiiiiiiiin. 58

4.2.2 Interplate SeISMICITY ....ocuuieeieiiiie e 59

4.3 Finite element MOdeling.........coouviiiiiiiiii e 59
4.3.1 Modeling preliminaries........cccoouiiiiiiiici e 59

4.3.2 MOUEI ... 59

4.3.3 Boundary CONAitioNS........c.ovuiiiiiiiiieieie e 60

4.3.3 TIMENISIONY ..ot 61

A RESUITS ...ttt 61
4.4.1 Effect of [OWer-Crust VISCOSITY .....ouvivieiiie i veeeas 61

4.4.2 Varying the depth dependence of coupling..........ccccoeeeviiiiiiiiinnnnnn.. 61

4.4.3 Varying the coupling magnitude ..............cooiiiiiiiiniiiiiinecieees 62

4.4.3 SUMMAIY ettt et ettt e et r et e e aaeeanes 62

A5 DISCUSSIONS. ...ttt ettt et a e e e eens 62
4.5.1 Topography and gravity intheouter-arc Jope ..........ccovvvviviiinnnnn. 62

4.5.2 Topography and gravity inthe outer-arc Jope ..........coovvvvieineninnnnns 62

4.5.3 Interplate seismicity and coupling...........cccccoviviiiiiiiiniiieeeeenn, 63

4.6 CONCIUSIONS. ... e e eeenas 63
Bib I Ogr AP Y ..o 73
Appendix A: Calculation of gravity anomaly from a deformed FEM grid.78
Appendix B: Failure Criterion .........ocoiviiiiiiii e 78
Appendix C: Implementation of erosion and deposition ........................ 79
Appendix D: Nonlinear VISCOSITY.....c.viuiiiiii i 80
Y - 83



List of tables

Table 2.1: Material propertiesof themodel ... 8
Table 3.1: Material properties of the model for both the southern region and the
NOFtNEIN FEOION. .. .. 35
Table 4.1: Material propertiesof themodel ... 60
Table 4.2: Viscosity of the lower Crust.........cc.ccovviiiiiiiiiiiineeen 60

Table D.1: Steady-state flow-law parameters for granite, granulite, and dunite... 82

Vi



Figure 2.1:
Figure 2.2:

Figure 2.3:
Figure 2.4:

Figure 2.5:
Figure 2.6:

Figure 2.7:
Figure 2.8:
Figure 2.9:

Figure 2.10:
Figure 2.11:
Figure 2.12:
Figure 2.13:
Figure 2.14:
Figure 2.15:

Figure 2.16:

Figure 3.1:
Figure 3.2:

Figure 3.3:

Figure 3.4:
Figure 3.5:
Figure 3.6:

Figure 3.7:
Figure 3.8:
Figure 3.9:

Figure 3.10:
Figure 3.11:

Figure 3.12:
Figure 3.13:
Figure 3.14:

List of figures

Map of the study areain northeast Honshu, Japan. ....................
Amount of uplift / subsidence during the Quaternary period in
NOIrtheast Japan.........cc.coiiiiiiiii e 15

Shallow seismicity in northeastern japan from 1975t0 1982 ............ 16
Profiles of (a) gravity residual, (b) topography, and (c) heat flow

Innortheast Honshu . ... 17
Gravitational effect of adenser subductingdab ....................... 18

Schematic diagramsto illustrate Bouguer gravity, isostatic gravity,
and gravity residual of a mountain in two end-member cases.............. 19

A Stick-SlipFaulting TeSt ... 20
Starting model for finite-element analysis. ...l 21
The FEM grid and material properties and boundary conditions ......... 22
Horizonta stressand PTF at 1.8 ma, just beforefaulting ............ 23
Orientation of thefaultsinthemode .................... ... ..., 24
Horizontal stress averaged along the plate thickness versustime......... 25
Calculated topography and gravity residual of themode!.............. 26
Three modelsfor comparisoninFigure2.15 ........................ 27
Comparison of topography (left) and gravity residual (right)
with observations among three types of viscosity structures. ............ 28
A schematic rheological structure of the lithosphere in northeast
Japan derived from the finite element modeling ...................... 29
Study areain northeast Honshu, Japan ..o, 41
Aftershock areafor the shallow (60 km) interplate earthquakes with
magnitude 7 or greater in the period from 1962 to 1983.................... 42
A schematic cross section to illustrate coupling between the
downgoing oceanic plate and the overriding continental plate.............. 43
Cross sections of shallow earthquakes (<60 km) ...........cceevvvvnnnnnn. 44
Topography and gravity in northeast Japaninregion 1, 2 and 3........... 45
Depth dependence of coupling between the subducting and
OVerriding Plates ..o 46
Zooming in on the model inregion L.......ccccooovvviiiiiiiiiiiniceceie, a7
Finite element model for region 2..........ccoooviiiiiiiii i, 48
Horizontal stress (a) and PTF (b) just before faultsinitiate. ............... 49
Zooming in on the model inregion 2............cceiviiiiiineeeeiinnne. 50
Effect of coupling strengthinregion 1 ............cocooviiiiiiiiiinennne. 51

The effect of coupling ratio on topography and gravity in region 1......52
Effect of C on topography (left) and gravity (right) inregion 2. ...... 53

Effect of C, on topography (left) and gravity (right) inregion 2: ....... 54

Vii



Figure 3.15: Overlaying of PTF and intraplate seismicity at 5 ma.............cc........ 55
Figure 3.16: Schematic profilesin northeast Japan showing coupling and its

relationship to topography, gravity and SeISMICITY..........cceevviiriiiiiiiiiiieeeeeeeeeeeins 56
Figure 4.1: Study areaof southwest Japan. ...........ccoeiviiiiiiiiiiieeeaes 64
Figure 4.2: Topography and gravity residual anomaly profilesalong A-A' (a,b) , and

B-B' (c,d) in southwest japan...........ccooeeiiiiniiiiii s 65
Figure 4.3: Thegravitational effect of the dense subducting Philippine plate. ......... 66
Figure 4.4: Heat flow insouthwest Japan. ............cooiiiiiiiiiiiiii e 67
Figure 4.5: Interplate earthquakesin 1944 and 1946 ............ccccoovveeiiiiiiinnnnnnn. 68
Figure 4.6: Finitedement model: (a) The boundary conditions and the materia

properties. (b) The mesh in the outer arc region.............cccevvvvvvnnnnn. 69
Figure 4.7: Effect of lower crust viscosity on topography (left panel) and

gravity residual anomaly (right panel).........c..cccceiveviiiiciii e, 70
Figure 4.8: Effect of C, on topography (left) and gravity (right) in southwest

JAP AN, e 71
Figure 4.9: Effect of C, on topography (left) and gravity (right) in southwest

JA AN 72

viii



Chapter 1: Introduction

For at least 5 million years, Japan has experienced compressional tectonics with ahigh rate
of deformation, especially in northeast Japan (Hashimoto, 1991; Matsudaet a., 1967). The
compressional deformation is characterized by folding of the upper crust (Matsuda et a., 1967,
Sato, 1994). Theflexural response of lithosphere under vertical loading and subduction-related
tectonic forces may explain the undulative deformation in Japan.  The flexure of the oceanic plate
in subduction zones is of the form of adamped sinusoid oscillation (Turcotte and Schubert, 1982).
The model explains the upwarping of the oceanic plate adjacent to the trench. We expect that
similar upwarping will occur on the continental side due to the long-term compressional
subduction-related forces.

In this dissertation, the following questions are addressed about the compressional
lithospheric deformation in Japan: First, the rheological structure of the island arc lithosphere;
Second, how does the subduction-related force system, i.e., interplate coupling, control
lithosphere deformation? Third, the nature of interplate thrust earthquakes, and how the interplate
and intraplate seismicity isrelated to the interplate coupling; Fourth, the effect of the Quaternary
volcanic front, and the formation of the inland seain southwest Japan; Finally, how do the surface
processes, erosion and deposition, affect the lithosphere deformation?

The unique geological settings, along with awealth of available seismicity, gravity,
topographic, heat flow, and crustal motion data, provide the constraints which allow atest of the
hypothesis that the large-scal e features of topography, gravity and seismicity in northeast and
southwest Japan result from tectonic compression, and, in the context of that model, allow the
determination of the lithosphere rheology and long-term coupling aong the interface between the
subducting plate and the overriding oceanic plate.

Due to the large variation of observed heat flow and the corresponding changesin
lithospheric rheology from the inner to the outer arc, an analytical solution based on ssmple beam
theory cannot be used to model the undulative deformation. Hence anumerical anaysis
procedure, finite element modeling, is employed. Because the steady subduction of the study areas
is approximately perpendicular to the strike of the present mountain system, it sufficesto use a 2-
D model in the analysis of the nature of the compressional deformation.

Chapters 2, 3 and 4 are papers which have been submitted to the journal Tectonophysics.
As of thiswriting, the paper comprising Chapter 3 has been accepted, while the papers comprising
Chapters 2 and 4 are under review. Because the papers are on acommon theme, thereisonly a
single reference list at the end, aswell as a single Acknowledgment section. Aside from that,
along with the single abstract, the format is as used in Tectonophysics. There are four appendices
to describe some details of finite element modeling and viscosity estimate.

Chapter 2 focuses on the Kitakami range and off-Sanriku region, of northeast Japan. The
Kitakami range has a positive isostatic gravity anomaly, which indicates that the region is out of
isostatic equilibrium. The finite element modeling code TECTON (Melosh and Raefsky, 1980;
Wallace and Melosh, 1994) was adapted to analyze the deformation of folding and faulting of
island arc lithosphere resulting from long-term compressional forces and slab drag using
appropriate rheologies, lithospheric thickness and faulting systems. The code was modified to



allow the simulation of stick-dlip behavior of faults with different stress-drop ratios, and we have
added the capability of including the effects of erosion/deposition and time-dependent |oading.
These alow the monitoring of the long-term deformation of island-arc lithosphere with forces from
the subduction of the Pacific plate as well as the surface processes of erosion and deposition.

A critica requirement we apply in our modeling isthat it should be consistent with the
observed relationship between topography and gravity aswell as providing a plausible explanation
for the observed seismicity patterns. Our starting model is based on geophysical datain northeast
Japan. To evauate the gravity observations, we use the gravity residual anomaly, (GRA), which
is defined here as the Bouguer gravity anomaly with an Airy isostatic correction aswell asa
correction for the dense subducting plate. (Without the slab correction, thisis the same as what
Sugimuraand Uyeda (1973) call the Airy isostatic anomaly.) The gravity residual anomaly is
hence a measure of departure from isostatic equilibrium. Comparing the computed topography and
GRA with the observed values |leads to changes of parameters of viscosity, and the degree of
interplate coupling. we show that viscosity structure, interplate coupling, and erosion/deposition
are three major factors affecting lithosphere deformation in northeast Japan. The focus of Chapter
2 isthe determination of the viscosity structure in northeast Japan.

The characteristics of topography, gravity, intraplate and interplate seismicity is not
uniform along the strike of the Japan trench. we consider three regions: off Sanriku to the north
(Region 1), off Miyagi (Region 2), and off Fukushima (Region 3) to the south. There are more
large (M>7.5) thrust earthquakes off the Pacific coast in region 1 (off Sanriku) than in region 2
(off Miyagi and off Fukushima) of northeast Japan. The aftershock areaisalso larger in region 1.
Region 1 has the highest topography and GRA, while region 2 has the lowest elevation and GRA.
Chapter 3 focuses on the effects of interplate coupling on topography, gravity and seismicity
assuming the same rheological structure derived in Chapter 2.

In Chapter 4, the analysisis extended to southwest Japan. During the latest Cenozoic
period (4-6 Ma), the Philippine Sea plate subducted under the southwest Japan idand-arc platein a
direction nearly normal to the Nankai trough. The N-S compressional subduction forces resulted
in the formation of the nearly E-W striking warping with awavel ength of about 150-200 km. The
magnitude of the undulative deformation is greater than for northeast Japan. Moreover,
historically there have been great (M>8) earthquakes in the Nanka Trough region, but none that
large in the off-Sanriku region. Based on our modeling for the subduction beneath northeast
Japan, strong interplate coupling appearsto be correlated with the potentia for large interplate
earthquakes. we propose that the coupling for southwest Japan is even greater than for northeast
Japan. In Chapter 4 it is shown that a plausible viscosity structure and interplate coupling can
explain the undulative deformation and formation of the inland sea aswell as the potential for great
earthquakes.

Two novel features of the modeling used in this study warrant special emphasis. First, this
isthe first model which provides constraints on the long-term lithosphere rheology and interplate
coupling based on their effects on observed present-day topography, gravity, and seismicity
patterns. Second, the modeled constraints on interplate coupling are the first aternative to
observed recurrence cycles as amethod to predict the potential occurrence of large-magnitude
interplate earthquakes.



Chapter 2: Compressional Deformation of Island Arc Lithosphere
in northeast Japan Resulting From Long-Term
Subduction-Related Tectonic For ces:

Finite Element Modeling

2.1 Introduction

For at least the past 5 million years, subduction of the western Pacific plate has been
steady in adirection approximately perpendicular to the strike of the present mountain system of
northeast Japan. Throughout this period, northeast Japan has experienced compressional tectonics
with a high rate of deformation, the maximum compression axislying in aWNW direction, aong
the direction of subduction (Hashimoto, 1991; Matsuda et al., 1967). Sugimuraand Uyeda (1973)
suggest that the present-day topography is due mainly to the compressiona activities during this
period. Inthis paper we examine that hypothesis using finite-element modeling. In addition to
modeling the present-day topography, we model the present-day gravity and seismicity patterns.

2.1.1 Tectonic Setting

The northeast Japan Island arc is divided into two regions. an inner arc and an outer arc.
The outer arc includes the Kitakami region, while the inner arc extends from the central Backbone
range to the west Japan Seacoast. The central Backbone range runs about north-south through the
region. The Quaternary volcanic front islocated in approximately the middle of the Backbone
range (Fig. 2.1).

Northeast Japan experienced extensional deformation from 25 Mato 14 Mawith the
opening of the Japan Sea. The extension of the Japan Sea stopped at about 14 Ma. A neutral
stress regime prevailed with weak extension between 13 Maand 8 Ma and with weak compression
between 8 Maand 4 Ma. Compressiona deformation has dominated since 4 Ma (Sato, 1994,
Hashimoto, 1991). The compressional deformation is characterized by reverse faulting and
folding of the late Cenozoic strata in the subsidence areas (Matsuda et al., 1967; Sato, 1994). The
strike of reverse faults and foldsis paralld to the arc. The reconstructed Quaternary stressfield
from these faults indicates that the maximum principal axiswas horizontal and normal to the Japan
trench axis, and the minimum principal stress axiswas oriented vertically (Sato, 1986, 1994).
Focal mechanismsyielded similar results (Wesnousky et al. 1982; Yamazaki et a., 1985). The
outer arc region, especialy the Kitakami range, was uplifted in the late Cenozoic, which resulted
in low relief erosion surfaces, and raised marine terraces (Sugimuraand Uyeda, 1973). The
amount of uplift of the Kitakami range is about 750 m during the Quaternary (Fig. 2.2). Inthe
western coastal region, subsidenceisremarkable; the sedimentation rate in Akita basin has been
620 meters per million years (Sato, 1994).

Rydelek and Sacks (1990) proposed that the subparallel shallow seismic concentration
zones striking nearly N-S benesth the central and western coastal areas of northeast Japan may be
due to the buckling of the lithosphere driven by the tectonic compression. The undulating structure



of the upper crust was inferred from gravity data, the seismic velocity model (fig. 4 in Segawaand
Tomoda, 1976) and estimates of uplift/subsidence inferred from observations (Matsuda, et al.,
1967). Dueto thelarge variation of observed heat flow and the corresponding changesin
lithospheric rheology from the inner to the outer arc, an analytical solution of simple beam theory
cannot be used.

2.1.2 Lithospheric folding

The flexural response of lithosphere under vertical loading and horizontal tectonic forces
has been used as a mechanism for the formation of intracratonic and foreland basins (Karner and
Weissal, 1990; Lambeck 1983 a, b). Buckling, a periodic undulation, is an end-member of
flexural lithospheric deformation processes (McAdoo and Sandwell, 1985; Stephenson, et al.,
1990, 1991; Wallace and Melosh, 1994). Karner and Weissel (1990) demonstrated that the
folding of a 10-15 km elastic lithosphere can be achieved, after the introduction of sea mount
loading, by the amplification of selected wavelengths of earlier lithospheric deformation driven by
ahorizontal force of 2.0x1013 N/m. Lambeck (19833, b) applied viscoel astic rheology,
sedimentary loading and a horizontal tectonic force to achieve folding of the continental lithosphere
in central Australiato explain the formation of the intracratonic basins for the last 900 Ma. Erosion
and deposition further enhance vertical warping and lower the buckling force (Lambeck, 1983a, b;
Karner and Weissel, 1990).

Turcotte and Schubert (1982) modeled the flexure of the oceanic plate in subduction zones.
Their model predicts that the deflection will be of the form of a damped sinusoid oscillation, and it
matches the bathymetry well. The model explains the upwarping of the oceanic plate adjacent to the
trench. We expect that similar upwarping will occur on the continental side. Formally, the model of
Turcotte and Schubert (1982) does not produce an undulative deformation on the overriding plate
since the shape of the deformed plate is that of a critically damped sinusoid.

However, in northeast Japan, the deformation is strongly influenced by the long-term
horizontal compression from the Pecific plate, sedimentation loading in the west Japan Sea coast
area, volcanic loading in the central region, and the lateral variation of the lithospheric thickness
and rheology.

2.1.3 Approaches

Thefinite element modeling code TECTON (Melosh and Raefsky, 1980; Wallace and
Melosh, 1994) has been adapted to analyze the deformation of folding and faulting of island arc
lithosphere resulting from long-term compressional forces and slab drag using appropriate
rheologies, lithospheric thickness and faulting systems. A critical requirement we apply in our
modeling isthat it should be consistent with the observed relationship between topography and
gravity.

Our starting modél is based on geophysical data in northeast Japan. Our final model allows
us to explain the major features of the topography, gravity and seismicity in the region.



2.2 Geophysical data

There are two shallow seismic zones striking sightly east of north in northeast Japan: one
in the middle of Honshu Island, and the other in the western coastal area (Fig. 2.3). Thereisalso
an aseismic front, defined usually as the boundary between the landward aseismic region and the
seaward seismic region, in the mantle wedge between the subducting plate and the crust. The
aseismic front isamost parallel to the volcanic front, striking nearly north-south in northeast
Japan. There are few earthquakes in the area between the volcanic front and the aseismic front, but
many between the aseismic front and the Japan trench.

Figure 2.4 shows profiles of gravity, topography and heat flow in northeast Japan. The
gravity data are Bouguer (on land) and free-air (at seq) taken from Kono and Furuse (1989). The
gravity data and topographic/bathymetric data were projected along atransect, 20 km wide from
1370E 39.750N to 1450E 39.50N (Fig. 2.1). Thefree-air gravity anomalies were converted to
Bouguer gravity anomalies. Airy isostatic gravity was computed from the topography and
bathymetric data assuming a crustal thickness of 30 km at the coast (Zhao et a., 1994; Research
Group for Explosion Seismology, 1973), and a density of 2.67 g/cm3 for the crust and 3.3 g/cm3
for the upper mantle. The denser subducting pacific dab produces a positive gravity signature,
causing atilting of the Bouguer gravity anomaly toward the west. Figure 2.5 shows the gravity
signature due to the denser subducting Pacific dab beneath northeast Japan. The maximum gravity

signature (300 mGal) is near the Japan trench.
The gravity resdua anomaly (Dgres), is obtained from the following equation:

Dgres = Dab - Dgs - Dg

Where Dgp is the Bouguer gravity anomaly, Dgs the gravity correction from the denser subducting
dlab, and Dg the isostatic correction assuming Airy compensation. The gravity residual anomaly
indicates whether the region isin or out of isostatic equilibrium (Fig. 2.6). Figure 2.4 shows that
the Kitakami range has a maximum positive gravity residual anomaly of 75 mGal .

Heat flow data come from Pollack et al. (1993), and are projected aong atransect 100 km
wide from 1370E 39.750N to 1450E 39.50N (Fig. 2.1). Heat flow data show high scatter, but
the average is about 100 mMWm-2 in theinner arc, and decreases to 40 mWm™2 in the outer arc. The
heat flow at the volcanic front is about 150 mMWm2 (Fig. 2.5c¢).

2.3 Finite element modeling

Because the strike of folds and faults in northeast Japan is approximately perpendicular to
the direction of subduction, a2-D plane-strain finite-element analysis suffices to define the
mechanical behavior of the lithosphere assuming aredistic rheology and boundary conditions.
The exact plane-strain element in TECTON (Melosh and Raefsky, 1980; Wallace and Melosh,
1994), isused to analyze the response of the northeast Japan lithosphere to the subduction of the
western Pecific plate during the past 5 million years. We modified the code to alow the smulation
of stick-dlip behavior of faults with different stress drop ratios, and we added the capability of
including the effects of erosion/deposition and of time-dependent loading. These allow usto



monitor the long term deformation of island-arc lithosphere with forces from the subduction of the
Pacific plate as well as the surface processes of erosion and deposition.

2.3.1 Moddling Preliminaries
We discuss here relevant concepts related to gravity and rheology.

Gravity residual anomaly: A critica requirement is that our models match the observed
gravity field, in particular the non-isostatic-equilibrium residuals. To evauate the gravity
observations, we use the gravity residual anomaly, (GRA), whichis defined here as the Bouguer
gravity anomaly with an Airy isostatic correction aswell as a correction for the dense subducting
plate. The gravity residual anomaly is hence a measure of departure from isostatic equilibrium.
Mountain ranges in isostatic equilibrium have a negative Bouguer gravity signature, and a zero
gravity residual anomaly. However, if the mountain is part of alithospheric fold (e.g., supported
by compressive forces), the upwarping upper mantle with its larger density would cause a more
positive Bouguer anomaly and a positive gravity residual anomaly (Fig. 2.6). Appendix A shows
how to calculate the gravity residual anomaly from a deformed finite element grid.

Rheology: Materia properties of the lithosphere are critically important in the analysis of the
long-term lithospheric deformation. Severa lithospheric rheologies have been explored to explain
flexural behavior: elastic, viscoelastic, and plastic (Turcotte and Schubert, 1982; Watts, 1992;
Wessdl et a., 1980; Martinod and Davy, 1992, 1994; Lambeck 1983a,b; Zuber, 1987). Thereis,
however, no consensus on the most appropriate rheology for the long-term time scale. In our
modeling the stress changes are over a very wide period range because we include earthquake
induced faulting. Hence we use alinear visco-elastic rheology.

2.3.2 Sick-dip faulting

Repeated earthquake faulting must be incorporated in our modeling becauseit can
contribute to the growth of geological structure over thelong term (King et al., 1988). The
location of faults and the amount of slipping are controlled by the stressfield and the Mohr-
Coulomb criterion.

A description of the dippery-node method to simulate faulting was given by Melosh and
Williams (1989). Mohr-Coulomb failure criterion is used to determine when fault slips (Appendix
B). The proximity to failure (PTF) istheratio of the observed maximum differential stressto the
maximum differential stress predicted by the Mohr-Coulomb criterion. The fault dlips whenever
the PTF is greater that 1.0. With the original code, numerical instabilities can occur when alocked
fault isreleased and dips. A restoring force at those slippery nodes was used to control the
amount of fault dippingin TECTON. When the fault is unlocked (dips), alarge artificial
restoring force is generated. A reasonably small Winkler force has been introduced to minimize
numerical error, following Melosh and William (1989). If the fault is only unlocked once and
continuously dlips, the error can beignored. However, in the case of multiple unlocking, the
error will build up significantly and affect numerical stability. We avoid this numerical instability



by setting the Winkler force at the time step of the fault's unlocking to be zero. The displacement at
the dlippery node will then not cause alarge restoring force.

For the modified slippery node method, the fault first slips when the PTF exceeds 1.0.
Thefault dipsfor only one time step resulting in a stress drop ratio, which can arbitrarily be
chosen to vary from 0% to 100%, and then islocked to again allow stress build-up on the fault
plane. Assoon asthe PTF exceeds 1.0 again, the fault will be unlocked (slips). The process
repeats for the total model run time.

Using our modified dippery node approach we are able to reproduce the analytic solution
from Turcotte and Schubert (1982, pp 359-360, equation 8-53) as shown in Figure 2.7.

2.3.3 Erosion and deposition

Tests show that the expected amount of rearrangement of surface mass by erosion and
deposition has a significant effect on the displacement field and stress state of the deformable
lithosphere. Ohmori (1978) showed that the erosion rate of mountain range in Japan is about 0.3
mm/year a an elevation of 1000 m. Therefore, in 5 Ma, about 1.5 km of material would be
removed from the Backbone range and the Kitakami range. Obviously, the effect of erosion and
deposition must be modeled. We modified and implemented for usein TECTON the scheme of
erosion and deposition developed by Sato and Matsu'ura (1993). Erosion and deposition cause
modification of surface topography aswell as loading and unloading on the lithosphere. Erosionis
treated as a set of upward forces acting at the top of the plate, while sedimentation istreated as a
downward force. Anempirical observation isthat in Japan the rate of erosion for the mountainous
regionsisin proportion to the square of the land height (Ohmori, 1978). See Appendix C for
details of implementation of erosion and deposition in finite element modeling.

2.4 Application

2.4.1 The starting model

Our finite element models are based on observed estimates of the crustal thickness, the
Curie depth, and hesat flow, aswell as on other estimates of the viscosity structure in northeast
Japan.

The thickness of the continental crust in northeast Japan is about 30 km beneath the land
area (Research group for explosion seismology, 1977; Zhao et a., 1992). Rydelek and Sacks
(1988, 1990) found that an elastic lithosphere of 30 km, and a viscoel astic asthenosphere with a
viscosity of 1019 Pas, satisfied deformation data in northeast Japan.

Rock rheology depends on temperature: as rocks get hotter, their viscosity decreases. We
therefore use surface heat flow as the magjor determinant for viscosity structure. We constructed a
strength profile of the lithosphere based on heat-flow data and experimentally-based rheology laws
(Byerlee, 1967; Carter and Tsenn, 1987; Wilks and Carter, 1990). Sea Appendix D for details.
The depth of the brittle-ductile transition is about 5 km at the inner arc and increases to about 50
km at the east of the outer arc (Fig. 2.8). Because viscosity depends on strain rates or differential
stressat afixed strain rate, the results give only an approximate starting point and require further
refining by numerical modeling.



Aeromagnetic data provide additional constraints on the properties of the lithosphere. The
gpectral analysis of aeromagnetic data has been used to estimate the Curie depth, the depth at
which the crustal temperature reaches the Curie point of the dominant magnetic minerals (Okubo
and Matsunaga, 1994). The Curie depth istaken to define the isotherm of 4500C in theinner arc
(Okubo et al., 1989, 1991). The effective elastic thickness of the continental lithosphere has been
correlated with the depth of the 4500C isotherm (Watts, 1992). The Curie depth is about 10 kmin
theinner arc, 30 km at the aseismic front, and increases to about 50 km near the Japan trench
(Fig. 2.8).

In summary, we estimate that the elastic thickness of northeast Japan increases from about
5to 10 km at the inner arc to about 30 km at the outer arc.

2.4.2 The model

We determine the viscosity structure by varying the model (Fig. 2.8) to find the best fit to
the observations. Theright (east) boundary is the interface between the subducting slab and the
overriding plate. The shape of the interface is based on the results of Suyehiro and Nishizawa
(1994) and Umino et a. (1992). The coupled interface is about 50 km deep beneath the coast line.
Theinitial bathymetry is assumed to be 1 km in the Japan Seaand 2.5 km at the trench.

Table 2.1. Material properties of the model

No. E (Pas) Density (kg/m3) Viscosity (Pas) Poison'sratio
1 6.5x1010 2400 eadtic 0.25
2 5.5x1010 2400 eadtic 0.25
3 4.5x1010 2400 eagtic 0.25
4 5.5x1010 2400 eadtic 0.25
5 6.5x1010 2500 eadtic 0.25
6 5.5x1010 2500 eagtic 0.25
7 4.5x1010 2500 eadtic 0.25
8 5.5x1010 2500 eadtic 0.25
9 6.5x1010 2600 1.0x1022 0.25
10 5.5x1010 2600 1.0x1022 0.25
11 4.5x1010 2600 1.0x1022 0.25
12 5.5x1010 2600 eagtic 0.25
13 6.5x1010 2800 1.0x1022 0.25
14 5.5x1010 2800 1.0x1022 0.25
15 4.5x1010 2800 1.0x1022 0.25
16 5.5x1010 2800 eadtic 0.25
17 5.5x1010 3000 2.5x1024 0.25




Thefinite element grid is 800 km long and has 1843 nodes and 1592 elements. The upper
layer iselastic, whilethelower layersarelinearly viscodastic (Fig. 2.9, b). Materia properties
arelisted in Table 2.1. Slight differencesin Y oung’s modulus and density are included in the
model for the oceanic Japan sea crust and the land crust. Because of the high heat flow and low
seismic velocity from atomography analysis (Zhao et al., 1994), Y oung’'s modulus is made lower
in the volcanic front region. The density below the inner arc plateis 2.8 g/lcm3 corresponding to its
lower seismic velocity. The density below the Japan sea and the outer arc is 3.0 g/cm3 (see Table
2.1). Dengity increases with depth. Gravitational body forces are included in the model. Over a
long-term time scale, i.e., millions of years, the gravitational stressfield approaches hydrostatic,
because the differential stresswill diminish by viscous creep.

2.4.3 Boundary conditions

Surface L oads: The coastal plain of Japan seais underlain by thick Neogene sedimentary and
volcanic rocks (Hashimoto, 1991; Takami, 1988). Those rocks are treated as a surface load.
Erupted volcanic rocks at the volcanic front, having an eruption rate of 25 km3 per million years
per km aong the strike of the volcanic front (Sugimuraand Uyeda, 1973), aretreated as atime-
dependent surface load. Thus, surface loads of sea water, sediments at the west coast, and the
volcanic rocks near the volcanoes are applied on the upper surface.

Tectonic Loads: Theleft (west) edge of the model is constrained to move in the vertical
direction only, and vertical Winkler restoring forces are applied to the bottom of the mesh to
simulate isostasy (Wallace and Melosh, 1994; Williams, 1990). Based on the result of Rydelek
and Sacks (1990), the viscosity of asthenosphere istaken to be on the order of 1019 Pa s. For
long-term geological processes, the asthenosphere can be treated as afluid. Thus, the application
of aWinkler forceis necessary to simulate the restoring forces. For the right (east) edge, we take
into account coupling between the subducting Pacific plate and the overriding plate.

The state of coupling along the interplate boundary is affected by the force system acting on
the overriding plate. High pore pressure in the subducted sediments may cause weak coupling at
depths shallower than approximately 10 km. Suyehiro and Nishizawa (1994), from observations
of shallow dab interface seismicity, suggest that the coupling between the subducting Pacific plate
and the overlying plate starts at a depth greater than 10 km.

The vertical forces due to the oblique slab drag are specified. Horizontal compressive
forces are implemented as displacement increments (Melosh and Williams, 1989; Williams, 1990,
Wallace and Melosh, 1994). Large earthgquakes, e.g., the 1968 Tokachi-Oki quake, show tight
coupling to about 50 km depth (Hasegawa et al., 1985). Thus, we suggest thereisan increase in
coupling between the subducting and overriding plates between 10 and 50 km (Fig. 2.9b). The
horizontal displacement increment applied at the interplate boundary increases by afactor of two
between 10 km and 50 km to simulate the compressional push from the subducting Pacific plate.
The dab drag force aong the boundary also increases by afactor of two. The average horizontal
displacement increment is 1 mm/year, and the average vertical forceis 3.75x10%° N/m.



2.4.4 Moded Discussion
2.4.4.1 Faulting

Astheforcesincrease, we examine the grid to locate regions where the PTF exceeds 1.0
resulting in faulting. To parameterize the failure criterion, we used 1.05 kbar for the cohesion
strength and 0.53 for the coefficient of internal friction (Handin, 1969). To save computational
time, after calculating the number of time steps required to build up stressesto the failure level, we
allow the fault to dip every multiple of this number.

There are two clear high horizontal, compressive stress concentration zones. one in the
western coastal area, and the other near the volcanic front areaat 1.8 Ma. (Fig. 2.10 a,b). In each
zone, either of the two fault planesislikely to dip. We insert slippery nodes into the model in
theseregions. Thedip of thefault isinferred from the observed active faults which are exposed at
the earth's surface. Faults are located on both sides of the middle part of the Backbone range: the
Senyathrust fault dipping to the east is at the west side of the range, and the Morioka thrust fault
dipping to the west islocated at the east side of the range. The 1896 Rikuu earthquake activated
the Senya fault and the intermediate Kawafune fault (Fig. 2.1). On the western coastal plain, there
are thrust faults dipping to the east, e.g., the Kitayuri Thrust (see Fig. 5.5 of Hashimoto, 1991).

In Figure 2.10b there is ahighly compressive PTF region at about 575 km from the | eft-
hand side and 20 km deep, and a near surface, highly tensional PTF region at about 600 km. These
are artifacts of the model resulting from our simplified viscosity structure: the assumed abrupt
change of viscosity from theinner arc to the outer arc as well as a sudden change of dope at 585
km and 22 km deep. Because the processes are thermally activated, the true model should have a
more gradual transition in viscosity which would lower the stress concentration. To test the effect
of aviscosity gradient on the PTF, we did amodel run in which the viscosity of the deep zone (at
575 km, 20 km deep) in the wedge was set to the intermediate value of 2x102 Pas. Theresults
are shown inthe insert in Fig. 2.8b. Comparing the insert with the outlined region for the original
model, one seesthat this viscosity gradient reduces the magnitude of the PTF in both the deep and
near-surface zones.

In a3-D medium, if afault dlips and reduces the local stressto zero, stressis till
transmitted around the fault, so that in the greater region, stressis reduced by an amount less than
the total stress drop. We approximate this situation by allowing only apartial stressdrop: 30% in
the examples cited below. (The exact value was found to be non-critical.) Figure 2.9 showsthe
geometry of the faultsthat are introduced in the grid based on the above considerations.

2.4.4.2 Erosion and deposition

We model erosion and deposition by two constraints. erosion/deposition is directly
proportional to the square of height/depth (Ohmori, 1978), and the volume of deposited materia is
matched to the erosion. The erosion rate in the model presented here is the rate obtained by
Ohmori (1978): 0.3 mm/year for a height or depth of 1000 m. The erosional and depositional rates
are taken to be the same on land and in the coastal area.
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2.4.4.3 Time history

The size of the time step varies during amodel run. Thefirst period has 100 time steps with
astep sizeof 0.15year. (A smal time step for the initial stage helps stabilize the solution.) The
second period has 2000 steps each 600 years long, while the last 3100 steps have a step size of
1200 year. The total number of time stepsis 5200, resulting in atotal model run duration of about
5.0 Ma

2.5 Results

We show results for three models with different viscosity structures under the same
conditions of coupling, erosion and deposition, and loading. After presenting one of the modelsin
detail (Model B), we compare the computed topography and gravity residual anomalies from each
of the three models with the observed values.

2.5.1 Stress, topography, gravity, and fault dlip

For the moddl with a 10 km effective elastic thicknessin theinner arc (Fig. 2.9), the
horizontal stress averaged over the plate thicknessis plotted with respect to timein figure 2.12.
Before the fault first dips, the horizontal stress at the inner arc is about 125 MPa. Asthe fault
dips, the horizontal stressdrops. The horizontal stress decreases with time, and levels out at about
30 MPaafter 2 Ma.

Lithosphere beneath the Kitakami Range upwarped during the past 5 Maleading to an
elevation of about 1000 m (Fig. 2.134). Displacement shown hereisthe vertical displacement.
The amount of erosion at the Kitakami range is about one-third of the total displacement. The
average rate of uplifting of the Kitakami range is 0.2 mm/year. The predicted gravity residud
anomaly at the Kitakami range is about 70 mGal (Fig. 2.13b). The west coastal area has been a
subsidence center during the past 5 Ma.

Figure 2.13 shows the effect of erosion and deposition. The elevations of the volcanic
front and the Kitakami range are gresatly reduced by erosion. Equal volumes of eroded material
were deposited in the western coastal and the outer-arc trench slope.

The dip rate of the faults can also be obtained from the analysis. From our calculation, the
dip rate of the west fault at the central Backbone range is about 0.2 mm/year.

2.5.2 Comparison with observed data

Our criterionisto fit both the topography and gravity data. Figure 2.15 shows
comparisons for arange of models of crustal rheology (seefig. 2.14) with observed data. The
model-data differences are in the crustal viscosity structure. For model A, the upper 5kmis
purely elastic, and the viscosity below 5 kmis 1019 Pas, so the effective elastic thicknessis 5 km.
For model B, the upper 5 kmiseélastic, and the viscosity is 1024 Pasfrom 5 km to 10 km, so the
effective eastic thicknessis 10 km. For model C, the upper 10 km is purely elastic, and the
viscosity is 1022 Pasfrom 10 km to 20 km, so the effective elastic thicknessiis greater than 10
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km. The Japan Sea plate has a different composition and rheology structure; we focus in this study
on only the lithospheric deformation from the west coast to the Japan trench. All three models with
effective elastic thicknesses of 5, 10 or 10-20 km can be made to fit the topography data, but the
10 km thicknessin model B best fits the gravity anomaly residual. The misfit in the elevation of the
volcanic front may be due to adight over-estimate of the Backbone boundary fault dip. However,
the elevation of the volcanic front is quite variable, as can be seen from figure 2.1, and the
calculated height matches quite well in the adjacent regions. The upper bound of the viscosity for
the lower crust (10-20 km) is about 1022 Pa s (Fig. 2.15). We conclude that the upper crust has an
elastic thickness of about 10 km overlying alower crust with aviscosity of 1022 Pas or |ess.

2.5.3 Discussion

Based on the model fits between the calculated and observed topography and gravity
residual anomaly, we conclude that the upper crust has an elastic thickness of about 10 km
overlying a lower crust with aviscosity of 1022 Pasor less. Asdiscussed above, based on
thermal considerationsthere is probably no discontinuity in viscosity but rather agradual transition
over afew kilometers.

The thickening of the high viscosity zone trenchward of the volcanoes as well as the
increased coupling at the interface has a significant effect on the amount of warping and the stress
concentration at the volcanic front. In particular, increasing coupling with depth enhances the
uplift of the Kitakami range. These mountains are still uplifting at the present time (Fig. 2.2 and
Sugimura and Uyeda, 1973). Note that coupling is defined here as the interaction between the
subducting plate and the overriding plate. It isnot ameasure of interplate seismic efficiency,
which dependsin addition on fault rheology. For a more comprehensive analysis of coupling, see
Chapter 3 (Huang et a., 1996).

Matsuda et al. (1980) reported that the maximum vertical displacement along the 1896
Rikku earthquake faults was about 3.5 m. No strike-slip component was observed. They argued
that at least one event similar to the 1896 event had occurred in Holocene period because the
vertical displacement observed on the present alluvia fanis greater than 3.5 m. They estimated
that the average rate of vertical displacement during the last 23,000 year is about 0.2-0.3 mm/year,
the same result obtained from our modeling.

Erosion/deposition alters significantly the topography and gravity (Fig. 2.13). Having an
erosion rate proportional to the square of elevation change (Ohmori, 1978) aswell as abaance
between erosion and deposition is probably reasonable, but deposition is necessarily more
complicated. Sediment can be deposited in large quantitiesin arelatively shalow depressionif it is
in proximity to an eroding source. In our modeling, the sediment distribution is therefore rather
approximate. Even so, with an erosion rate of 0.32 mm/year, as suggested by Ohmori (1978), the
calculated topography and gravity at 5.0 Ma agree well with the observed topography and gravity
(Fig. 2.13).

The short-term interaction between the subducting Pacific plate and the overriding plate can
be inferred from present-day seismic activity along the interface. However, long-term coupling
along the interplate boundary must be inferred from the gravity and topography data. Gravity and
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topography depend upon the stress level in the overriding plate, which in turn provides constraints
on thelong-term interaction between the subducting plate and the overriding plate.

2.6 Conclusions

A smple elastic/viscoelastic model, subjected to stresses from the subducting oceanic plate,
and allowing for faults, volcanic flux, erosion and deposition, is able to reproduce the topography,
gravity and seismicity of the Tohoku region in northeast Japan.

From our modeling, the long-term (million of years) effective elastic thickness of the crust
isfound to be about 10 km in the inner arc increasing to about 50 km nearer the Japan trench. The
lateral change of the effective elastic thickness is an important factor controlling the lithospheric
deformation. The viscosity of the lower crust ison the order of 1022 Pasor less (Fig. 2.15).

In genera, the main factors controlling the deformation of the northeast Japan lithosphere
for thelast 5 million years are: 1) viscosity structure; 2) coupling at the interplate interface; and 3)
erosion and deposition.
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Pacific Ocean

Figure 2.1: Map of the study area in northeast Japan. The central mountain (the Backbone
range) runs about N-S. The volcanic front is located approximately in the middle of the
Backbone Range. The solid triangles are the active volcanoes. The solid dots represent
other Quaternary volcanoes. The thick dashed line indicates the volcanic front. The solid
lines are the active faults. The Senya fault and the Morioka fault are located at the west
and east sides of the central Backbone range, respectively. The Senya thrust fault and the
Kawafune fault were activated during the 1896 Rikuu earthquake. Locations of faults and
volcanoes come from the Research Group for Active Faults of Japan (1991). Bathymetry
contour intervals are 1,000 m, and elevation contour intervals are 250 m. The inset shows the
location of Japan. The study area is outlined by heavy lines, and the thin line indicates the
location of the geophysical cross section (Fig. 4).
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Figure 2.2: Amount of uplift/subsidence during the Quaternary period in northeast Japan
(Sugimura and Uyeda, 1973). The Kitakami range (a), and the Backbone range (b) are two
major uplift regions. Subsidence occurs in the western coastal area, e.g., the Akita basin (c)
and the Niigata basin (d). The dash-dot line is the volcanic front.
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Figure 2.3: Shallow seismicity (<40,km) in northeastern Japan from 1975 to 1982 (after
Rydelek and Sacks, 1990). There are two shallow seismicity concentration zones (indicated
by thick dashed lines) striking about N-S in northeast Japan: one in the middle of the island,
and the other in the western coastal area. The western coastal area has a diffuse distribution
of seismicity due to the numerous faults (see Fig. 1). The solid line is the volcanic front.
Triangles denote locations of active volcanoes. The dashed line denotes the aseismic front.
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Figure 2.4: Profiles of (a) gravity residual anomaly, (b) topography, and (c) heat flow in
northeast Japan. See Figure 2.1 for the location. The projection width is +10km along the
profile for the gravity and topography, and +100km for the heat flow. The heat flow data
are taken from Pollack, et al. (1993). The gravity residual anomaly comes from Bouguer
gravity after correction for the dense subducting plate, and the isostatic gravity assuming
an Airy isostatic compensation. The shaded areas highlight topography and gravity in the
Kitakami range. VF is the Quaternary volcanic front.
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Figure 2.5: The gravitational effect of a dense subducting plate. (a) Geometry of the sub-
ducting Pacific plate inferred from seismic studies (Zhao et al., 1994). (b) The gravity
signature from the subducting plate. The subducting Pacific plate has a higher density than
the overriding plate, which yields a westward tilting positive gravity anomaly. The gravity
effect at the trench is about 300mGal. VF denotes the volcanic front.
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a) Airy Isostatic Compensation
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b) Buckling
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Figure 2.6: Schematic diagrams to illustrate Bouguer gravity, isostatic gravity, and grav-
ity residual of a mountain in two end-member cases: a) Topography is Airy isostatically
compensated, giving a negative, and identical Bouguer gravity and isostatic gravity. The
gravity residual is therefore zero throughout the region. b) The crust folds due to horizontal
compression, so the Bouguer gravity and gravity residual are both positive.
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Figure 2.7: A stick-slip faulting test: a) The FEM grid. The plate is 20km long and 2km
thick. The fault is 7.5km from the left edge, and the fault plane is vertical. b) Displacement
before (solid line) and after (dashed) fault slipping. After 1000 years, friction along the fault
is overcome, and the fault slips. The amount of the first slip is 5m. This reproduced the
analytical solution by Turcotte and Schurbet (1980). The stress drop is 100%. After the slip,
the fault is immediately locked. After another 1000 years (at 2000 years), stress has built up
to the level allowing fault slipping again. The faults slips 5m again, thus the accumulated
slip between the left wall and the right wall is 10 m after 2000 years.
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Figure 2.8: Starting model for the finite element analysis: the depth of brittle/ductile tran-
sition (dashed line), the Curie depth (solid line), crustal thickness (dashed-dot line), as well
as viscosity of the mantle. The Curie depth is taken to be the isotherm of 450°C in the inner
arc (Okubo et al., 1989, 1991), and this is assumed to be the effective elastic thickness of
the continental lithosphere (Watts, 1992). The depth of the brittle-ductile transition comes
from the lithospheric strength profile derived from heat flow data and the laboratory-based
flow laws.
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Figure 2.9: a) The FEM grid. b) Material properties and boundary conditions (see text and
table 2.1).
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Figure 2.10: a) Horizontal stress at 1.8 Ma, just before faulting. b) Proximity to failure
(PTF) at the same time. The horizontal stress and PTF are both highest at the western
coast and near the volcanic front (indicated by arrows). The insert in Fig. 8b shows the
effect on the PTF of using an intermediate value for the viscosity in the deeper parts of the
wedge. See text for further details.
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Figure 2.11: Orientation of the faults in the model. All faults cut through the plate. Fault
dips are determined from the faults exposed on the earth surface. The arrow shows the
reference point for the measure of the average horizontal stress shown in Figure 2.10.

24



150
First Failure
< 100 -
al
=
N
v
(p)]
o))
=
N 50
0 T T T T T

0 1 2 3 4 5

Time (Ma)

Figure 2.12: Horizontal stress averaged along the plate thickness versus time at the location
between the western coast and the volcanic front shown by the arrow in Figure 2.11. The

sawtouth pattern is caused by the sticky-slip faulting.
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Figure 2.13: Calculated topography and gravity residual anomaly of the model in Figure
2.7 as well as model B of Figure 2.12. a) topography after 5.0 Ma. The dashed line is
the accumulated displacement. The solid line indicates resulting surface topography after
erosion/deposition. b) gravity residual anomaly after 5.0 Ma. Dark-gray shading indicates
previous sedimentary loading. Medium-gray shading denotes the amount of erosion. Light-
gray shading represents the amount of sedimentation.
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Figure 2.15: Comparison of topography (left) and gravity residual anomaly (right) with
observations among three viscosity structures: (A) topography and gravity residual anomaly
for a 5km elastic upper crust and a lower crust (5-10km) with a viscosity of 10* Pas; (B)
topography and gravity residual anomaly for a 5 km elastic upper crust and a lower crust (5—
10km) with a viscosity of 10?* Pas; (C) topography and gravity residual anomaly for a 10 km
elastic upper crust and a lower crust (10-20km) with a viscosity of 10?2 Pas. The dashed
line is the observed value. The solid line is the calculated value. Comparisons were focused
on the region from the western coast to the Japan trench, distances 400 km to 700 km.
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Figure 2.16: A schematic rheological structure of the lithosphere in northeast Japan derived
from the finite element modeling. The interface between the subducting plate and the
overriding plate is decoupled for the upper 10km (dashed line). Increasing the coupling with
depth by a factor of two plays an important role in the building of the Kitakami range. The
effective elastic thickness is 10,km in the inner arc and increases to 50 km near the trench.
The lower crust in the inner arc has a viscosity of 10?2 Pas or less.
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Chapter 3: Topographic and Seismic Effects of
Long-Term Coupling Between the Subducting
and Overriding Plates Beneath Northeast Japan

3.1. Introduction

Northeast Japan is in atectonic setting in which the motion of the subducting Pacific plate
has been in a direction approximately perpendicular to the strike of the Island for at least the past
fivemillion years. Asaresult, compressiona deformation dominates during this period (Sato,
1994; Matsudaet a., 1967; Hashimoto, 1991). Northeast Japan is moveing landward at 0.93
cm/yr along an azimuth of 320 degrees (table 1 in Scholz and Campos, 1995).

The volcanic front divides the northeast Japan island arc into two regions striking near N-S:
an inner arc in the west and an outer arc in the east (Fig. 3.1). The outer arc includes the Kitakami
range and the Abukumarange, whiletheinner arc extends from the central Backbone range to the
Japan Sea coast. The central Backbone range runs approximately north-south through the region,
and includes the Quaternary volcanic front. The western coast and the adjacent Japan sea have
numerous Quaternary thrust faults, all subparallel to the strike of the Japan trench. The aseismic
front isaong the eastern coast, and it is taken to be the landward limit of the seismicity from the
mantle wedge apex above the subducting plate (Y oshii, 1979). We consider three regions: off
Sanriku to the north (Region 1), off Miyagi (Region 2), and off Fukushima (Region 3) to the
south. (SeeFig. 3.1.)

Interplate and intraplate earthquakes define the geometry of the subducting plate. It has
been observed that the occurrence of the interplate thrust-type earthquakes are not uniform along
the strike of the Japan trench. There are more great (M>7.5) thrust earthquakes off the Pacific
coast in region 1 (off Sanriku) than in region 2 (off Miyagi and off Fukushima) of northeast Japan
(Hasegawa et al., 1983, 1985, 1994; Kawakatsu and Seno, 1983). The aftershock areais also
larger inregion 1 (Fig. 3.2). Thelower bound of the seismogenic thrust zone is at a depth of
about 50-60 km beneath northeast Japan (Fig. 3.2).

The number and size of interplate thrust-type earthquakes presumably depend on the
strength of coupling between the subducting and overriding plates. This paper focuseson a
guantitative analysis of differencesin the degree of coupling in the different zones.

3.2. Coupling

Coupling is defined here as the interaction between the subducting and overriding plates.
The external tectonic forces can be resolved at the interplate interface into horizontal and vertical
components. (SeeFig. 3.3.)

Finite element modeling of short-term (decades) coupling in the Japan Island has been done
by Shimazaki (1974), Hashimoto (1981, 1984, 1985), and Sato (1988). Shimazaki (1974) used
the finite element method to analyze relationships between the strength of coupling and pre-seismic
crustal movements in Hokaido Japan during the period from 1900 to 1955. Shimazaki concluded
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that at depths shallower than 23 km there is effectively no coupling, and from 23-90 km the
coupling isstrong. Sato (1988) modeled 3-D fields of stress and displacement in the southern and
northern regions of northeast Japan for the past 60 years assuming three different modes of
coupling: uniform, increasing with depth, and decreasing with depth. 1n Sato's model, the depth
range for coupling is from the trench axis to the depth directly beneath the aseismic front, and a
normalized coupling factor (seismic coupling factor) is used to define the strength. In a series of
papers on kinematic dislocation models (Matsu'ura and Sato, 1989; Sato and Matsu'ura, 1988,
1992, 1993), the drag force from the subducting oceanic plate was implemented as an increase of
displacement discontinuity along the intraplate interface, and a"coupling degree" was specified to
take into account the strength of coupling between the two plates. Sato and Matsu'uraalso
considered the effect of erosion/deposition, as well as accretion of oceanic sediments, in their
analyses of both short-term and long-term crustal deformation in northeast and southwest Japan.

We assume that the lower boundary of the coupled zone is defined by the deegpest extent of
large, interplate, thrust-type earthquakes (M>7), which is shallower than about 50 km in
northeast Japan (Hasegawaet al., 1983, 1994). It haslong been recognized that there is a shallow
earthquake-free zone paralldl to the Japan trench axis extending from the axis to some depth
(Byrne et a., 1988; Kawakatsu and Seno, 1983). This aseismic zone has been explained as
resulting from high fluid pressure and water subducted with the Pacific plate (Huene et al., 1989,
1994; Wang, 1980; Byrne et a., 1988). From arecent study using a network of ocean bottom
seismometers, Suyehiro and Nishizawa (1994) found that the earthquake-free zone ends at a depth
of about 10 km. Thus, interplate earthquakes appear to be confined to the depth range 10-50 km
(Fig. 3.2).

3.3. Basic modeling concepts
These concepts are described in detail in Chapter 2. Here we give only abrief overview.
3.3.1 Modeling approach

Because the strike of folds and faults in northeast Japan is approximately perpendicular to
the direction of subduction, a2-D plane-strain finite element analysis suffices to define the
mechanical behavior of the lithosphere assuming aredlistic rheology and boundary conditions. We
have adapted the finite element code TECTON (Melosh and Raefsky, 1980; Wallace and Méelosh,
1994) to analyze the deformation of folding and faulting of iand arc lithosphere resulting from
long-term compressional forces and slab drag using an appropriate rheological structure and faults.
We modified TECTON (v5.2) to incorporate a ssimulation of stick-dip faulting, erosion and
deposition as well as time-dependent loading. This alows us to monitor the long term deformation
of the idand-arc lithosphere with forces resulting from the subduction of the Pacific plate aswell as
from the surface processes of erosion and deposition. A critical requirement we apply in our
modeling is consistency with observed, present-day topography and gravity.

A starting model was built based on the published estimates of crustal thickness, Curie
depth, viscosity from heat flow analysis, aswell as other estimates of viscosity structure (Zhao et
al., 1994, Okuba, et al., 1989, 1991, 1994; Rydelek and Sacks, 1988, 1990; Huang et al., 1996).
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Severa lithospheric rheologies have been explored to explain flexural behavior: elastic,
viscoelastic, and plastic (Turcotte and Schubert, 1982; Martinod and Davy, 1992; Lambeck 1983).
In our modeling, the stress changes are over a very wide period range because we include
earthquake induced faulting. We therefore assume alinear Maxwell visco-elastic rheology. We
vary the viscosity structure and the interplate coupling to optimize the model fit to the observed
topography, gravity, and seismicity patterns.

3.3.2 Stick-dlip faulting

Repeated earthquake faulting must be incorporated in our modeling because it can
contribute to the growth of geological structures over the long term (King et a., 1988). A
description of the dippery-node method to simulate faulting was given by Melosh and Williams
(1989). The location of faults and the amount of dipping are controlled by the stressfield and the
Mohr-Coulomb criterion. The proximity to failure (PTF ) istheratio of the observed maximum
differentia stress to the maximum differential stress predicted by the Mohr-Coulomb criterion.
The fault dips whenever the PTF is greater than 1.0. TECTON was modified to model stick-dlip
faulting, and to minimize numerical errors resulting from large displacements associated with

dlipping.
3.3.3 Erosion and deposition

Tests show that the expected amount of rearrangement of surface mass by erosion and
deposition has a significant effect on the displacement field and stress state of the deformable
lithosphere. Ohmori (1978) showed that the erosion rate of mountain rangesin Japanisin
proportion to the square of land height and is about 0.3 mm/year at the elevation of 1000 m.
Therefore, in 5 Maabout 1.5 km of material would be removed from the volcanic front and the
Kitakami range, so erosion and deposition must be modeled. We modified and implemented in
TECTON the scheme of erosion and deposition developed by T. Sato & M. Matsu'ura (1992,
1993). Erosion and deposition modify both the surface topography, and also the loading and
unloading of the lithosphere.

3.4 Geophysical Data in northeast Japan

There are sharp contrasts among the three regions of study (Fig. 3.1). Region 1 has high
topography, a high gravity residual anomaly (GRA), and active seismicity; region 2 haslow
topography, alow GRA, and weak seismicity; and region 3 has moderately high topography, a
moderate GRA and weak seismicity.
3.4.1 Earthquakes

Inter plate Earthquakes: The occurrence of large interplate earthquakes changes from the north
to south. 38°N is approximately the southern boundary for observed great (M>8) earthquakes
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(Hasegawa, et al., 1983). The aftershock areaisalso larger in region 1 than inregions2 or 3
(Fig. 3.2).

Intraplate Seismicity: Seismicity in the period from 5/1985 to 4/1995 with locations using at
least eight stations, is shown in two profilesfor region 1 and 2 (Fig. 3.4). Earthquakes can be
grouped into those shallower than 40 km in the western coastal and land areas, the deep
earthquakes in the mantle wedge apex, and the earthquakes in the upper and lower seismic planes
in the subducting plate. The aseismic front isnearly paralel to the volcanic front. Thereisa
prism-like region bounded by the ground surface, the aseismic front (AF) and the upper boundary
of the subducting plateinregion 1 (Fig. 3.4a). However, such aprism-like distributionis
physically smaller or perhaps even missing in region 2 (Fig. 3.4b).

3.4.2 Gravity and Topography
The characteristics of topography and GRA change with latitude.

Region 1: The gravity data are Bouguer (on land) and free-air (at sea) taken from Kono and
Furuse (1989). Gravity data and topographic/bathymetric data were projected along a transect
AA', 20 km wide from 39.750N/1370E to 39.50N/145°E (Fig. 3.1). It haslong been noted
that the Kitakami range has a pronounced positive Bouguer anomaly, which indicates that it is out
of isostatic equilibrium. The average GRA at the Kitakami range is about +75 mGal . The average
elevation of the Kitakami rangeisabout 750 m (Fig. 3.5a, b).

Region 2 : Thereisno mountain range in the outer arc, but the GRA isabout +30 mGal in the
eastern coastal area (Fig. 3.5¢, d). Thus, the outer arc region is still not in a state of isostatic
equilibrium. The volcanic front does not have ahigh GRA. The older (Cretaceous) volcanoesin
the inner arc have a positive GRA (+30 mGal). Notethe lateral change of gravity along the strike
of theidand arc in the western coastal area (Fig. 3.5d). The GRA along profile CC' differsfrom
that dong BB", which may be due to the geological complexity in the adjacent Japan sea.
Moreover, thereisaso acomplex and wide distribution of faultsin the western coastal area. We
therefore focus on the effects of different assumed coupling on the observablesin the outer arc,
and we do not try to match the detailed structure off the west coast.

Region 3 : Theaverage elevation of the Abukumarange is dightly less than the Kitakami range,
and the width of the Abukuma range is much less than the Kitakami range. The GRA issmallerin
the Abukumarange (Fig. 3.5¢, f).

3.4.3 Heat Flow and the Curie Depth
Heat flow data are similar in the three regions (Furukawa and Uyeda, 1989; Pollack et dl.,
1993). Heat flow is high (about 100 mWm-2) in the inner arc and low (about 40 mWn12) in the

outer arc. The Curie depth isabout 10 kmin the inner arc and increases to 30 km near the east
coast (Okubo, et al., 1989, 1991, 1994).
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3.5. Implementation of Coupling in Finite Element Modeling

Coupling isimplemented as a boundary condition, and represents along-term force
system, acting aong the interface between the subducting and overriding plates. Forces acting on
the interface can be resolved into horizontal and vertical components. The horizontal push from the
Pacific plate isimplemented as a displacement increment (Melosh and Williams, 1989; Wallace and
Melosh, 1994). The displacement increment is mathematically equivalent to the force on the
interface (Sato and Matsu'ura, 1992).

We use two scalar quantities to define the coupling strength between the subducting and
overriding plates. the Coupling magnitude, Cg, and the Couplingratio, C,.

Co isameasure of the strength of the coupling and is defined as the coupling at the median
depth of the coupled interface (Fig. 3.6). Cq isanormalized quantity of forces acting on the
interface, which istaken as 1 for the forces to match the observed topography and gravity of
profile AA"inregion 1. Noticethat Cg isnot ameasure of seismic efficiency, such asthe seismic
coupling factor used in Sato (1988).

C, isused to describe the depth dependence of the coupling along the interface. As shown
in Figure 3.6, the coupling can be either uniform over the depth range of the coupling zone or
change with depth. For simplicity, we assume alinear geometry for the interface, and coupling
starts from some minimum depth. From Figure 3.6,

Cr = C2 / C1
and
Co - Co=Cp- Cyq,

where C, isthe coupling magnitude a hy, the bottom of the coupled zone, and C the coupling
magnitude at h,, the top of the coupled zone.

Thus, if C;=1, the coupling equals Cy over theinterface. If C, >1, coupling increases
with depth. If C,<1, coupling decreases with depth.

3.6. Modeling

In northeast Japan, region 1 has the highest topography and GRA, while region 2 has the
lowest elevation and GRA. We accordingly model these two regions to study the extreme cases of
coupling in northeast Japan.

The finite-element modeling procedure, as well as the starting and final models for region
1, are described in detail by Huang et a. (1966). The procedures are essentially the same for
region 2. The two regions differ in some aspects of the model, the boundary conditions and the
inclusion of faulting. In this section we describe briefly the procedures and models, with an
emphasis on the differences for the two regions.



3.6.1 Modeling Preliminaries

We model erosion and deposition with two constraints. erosion/ deposition is directly
proportional to the square of height/depth (Ohmori, 1978), and the volume of deposited material
is matched to that of the erosion. The erosion rate in the model presented here for both regionsis
0.3 mm/year for aheight or depth of 2000 m. Thisisthe rate obtained by Ohmori.

The size of the time step varies during amodel run. The first period has 100 time steps with
astep sizeof 0.15year. A small time step for theinitial stage helps stabilize the solution. The
second period has 2000 steps, each 600 years long, while the last 3100 steps have a step size of
1200 year. The total number of time steps is 5200, resulting in atotal model duration of about 5.0
Ma (4,920,015 years).

Table 3.1. Materia properties of the model for both the southern region and the northern region

No. E (Pas) Density (kg/m3) Viscosity (Pas) Poison'sratio
1 6.5x1010 2500 eagtic 0.25
2 5.5x1010 2400 eadic 0.25
3 4.5x1010 2400 elagtic 0.25
4 5.5x1010 2400 eagtic 0.25
5 6.5x1010 2600 eadic 0.25
6 5.5x1010 2500 elagtic 0.25
7 4.5x1010 2500 elastic 0.25
8 5.5x1010 2500 eadic 0.25
9 6.5x1010 2700 1.0x1022 0.25
10 5.5x1010 2600 1.0x1022 0.25
11 4.5x1010 2600 1.0x1022 0.25
12 5.5x1010 2600 elagtic 0.25
13 6.5x1010 2900 1.0x1022 0.25
14 5.5x1010 2800 1.0x1022 0.25
15 4.5x1010 2800 1.0x1022 0.25
16 5.5x1010 2800 eagtic 0.25
17 5.5x1010 3000 2.5x1024 0.25

Figures 3.7 and 3.8 show the finite-element models for regions 1 and 2 respectively. (Fig.
7 only shows part of inner arc.) For both, we used afinite e ement grid which is 1000 km long
with 1843 nodes and 1592 elements. The models differ only in the area between the volcanic front
(VF) and the western coast. Based on the similaritiesin thermal properties, material properties are
the same for both regions and are given in Table 3.1. For region 1, Huang et al. (1996) find the
elastic thicknessin the inner arc to be 10 km, increasing to 40-50 km in the outer arc close to the
subducting plate. One major difference between the two regionsis the existence of older
(Quaternary), extinct volcanoesin the western coast area (Geological Survey of Japan, 1992).
The elastic thickness of the plate under the extinct volcanoes is assumed to be similar to that under
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the presently active volcanoes, and istherefore dightly thinner than the adjacent areas with no
volcanoes.

3.6.2 Boundary conditions
3.6.2.1 Region 1

A detailed discussion of the boundary conditionsis givenin Chapter 2. Surface loads of
seawater, sediments at the west coast, and the volcanic rocks given near the volcanoes are applied
to the upper surface (Fig. 3.7). Theleft (west) edge of the mode is constrained to moveina
vertical direction only, and vertical Winkler restoring forces are applied to the bottom of the mesh
to simulate isostasy. For the right (east) edge, we take into account coupling between the
subducting Pacific plate and the overriding plate.

Tight coupling exists only from 10 km to about 50 km depths. The vertical forces dueto
the oblique dab drag are specified; and the horizontal displacement increment is specified to
simulate horizontal push from the subducting plate. We considered four cases of coupling along
the interface: decreasing coupling (C;=1/1.5), uniform coupling (C,=1), 1.5-fold increasing
coupling (C;=1.5), and two-fold increasing coupling (C;=2). The coupling magnitude Cy is
given as. Co=1, Cp=0.5, and Cy=0.25 respectively for the three cases.

3.6.2.2 Region 2

The southern region has subsided about 1000 m during the Neogene (Fig. 3.5-6, Research
Group for Quaternary Tectonic Map, 1973; and Sugimuraand Uyeda, 1973). The coastal plain of
the Japan seais underlain by thick Neogene sedimentary and volcanic rocks, especidly in the
Niigata Basin (Tamaki, 1988). These rocks are treated as a surface load. Erupted volcanic rocks
at the volcanic front, having an eruption rate of 25 km3/km/ma, areincluded as atime-dependent
surface load. Thereisawide area of Pre-Quaternary volcanic arc between the western coast and the
Quaternary volcanic arc. Thisis also treated as surface loading (Fig. 3.8b).

Thetectonic loading isasinregion 1. For thisregion we consider three cases of depth
dependence for coupling aong the interplate interface: uniform coupling (Cr;=1), and two cases of
increasing coupling (C,=1.2 and C;=2). We also consider three cases of coupling magnitude:
Co=1 (ahorizonta velocity of 1 mm/year, and an equivalent average vertical force of 3.75x1010
N/m), Co=0.5 (ahorizontal velocity of 0.5 mm/year and a average vertical force of 1.875x1010
N/m, and Cy=0.25 (ahorizonta velocity of 0.25 mm/year and an average vertical force of
0.937x1010 N/m).

3.6.3 Faulting
3.6.3.1 Region 1

Asdiscussed in Chapter, there are two high horizontal stress concentration zones: one on
the western coastal area and the other near the volcanic front areaat 1.8- Ma. In each zone, either
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of the two fault planesislikely to dip. Weinsert dippery nodes into the model in these regions.
The dip of the fault isinferred from the observed active faults which are exposed at the earth's
surface (Matsuda et a, 1980). Figure 3.7 shows the geometry of the faults that are introduced in
the grid.

3.6.3.2 Region 2

Asthe stress increases, we examine the grid to locate regions where the failure threshold
(according to the Mohr-Coulomb criterion) is reached. To parameterize the failure criterion, we
used 1.05 kbar for the cohesion strength, and 0.53 for the coefficient of internal friction (Handin,
1969). By 3.0 Mawe can identify three well-defined high horizontal stress concentration zones:
one in the western coastal area, another below the extinct vol canoes between the west coast and
the volcanic front, and the other near the volcanic front areafor amodel in which C,=1.2 and
Co=0.25 (Fig. 3.9). Asinour modeling for region 1, we insert dlippery nodes into the model in
these zones at that time (Fig. 3.10). Thedip of the fault isinferred from the observed active faults
which are exposed at the earth's surface. On the western coastal plain there are many thrust faults
dipping to the east (Research Group for Active Faults of Japan, 1991), so an easterly dipping fault
was introduced. We postulate a 30% partial stress drop aswedid inregion 1.

In Figure 3.9b there is a highly compressive PTF region at about 575 km from the left-
hand side and 20 km deep, and a near surface, highly tensional PTF region at about 600 km. These
are artifacts of the model resulting from our simplified viscosity structure: the assumed abrupt
change of viscosity from the inner arc to the outer arc as well as a sudden change of slope at 585
km and 22 km deep. Because the processes are thermally activated, the true model should have a
more gradual transition in viscosity which would lower the stress concentration. We have shown
how a more gradual viscosity transition lowers the magnitude of the PTF in those zones (Huang et
al., 1996), and do not consider them further in thisthesis.

3.7 Results
3.7.1 Region 1

For a constant coupling ratio of 2 (C;=2), we examine the effect of coupling magnitude.
As the coupling magnitude increases, topography and GRA increase (Fig. 3.11). Cp=1and
Cr=2 best fit the topography and gravity residual anomaly in northeast Japan.

For a constant coupling magnitude (Cp=1), we compare the topography and gravity
signatures accumul ated over the past 5 million years with different states of coupling: increasing
coupling, uniform coupling and decreasing coupling. For a 2-fold increasing coupling with depth
(Cr=2), thetopography and the GRA highs at the Kitakami range match the observed data very
well (Fig. 3.12a). A 1.5-fold increasing coupling produce sightly lower topography and GRA at
the Kitakami range (Fig. 3.12b). Uniform coupling does not reproduce the characteristic
topography and GRA in the outer arc region (Fig. 3.12c). For a 1.5-fold decreasing coupling
(Cy=1/15), topography and GRA are apoor match the observed data (Fig. 3.12d).
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3.7.2 Region 2

For C;=1.2, we examine the effect of different Cy on topography and gravity. Figure
3.13 shows results for Co values of 1, 0.5, and 0.25. The left panels of figure 3.13 show the
result of topography, and the right panels show the calculated GRA. Topography and GRA for the
land area decrease as coupling magnitude decreases.

Co=1is unacceptable because the predicted topography and GRA are both too high. Both
Co=0.5 and Cy=0.25 produce acceptable fits for topography and GRA. Cy=0.25 produces a
dightly better match for topography and GRA near the outer arc region.

Next we hold Cq at 0.25 and assess the effect of different assumed C,. Figure 3.14
shows the topography and displacement of the plate under uniform coupling (C,=1), 1.2-fold
increasing coupling (C;=1.2), and 2-fold increasing coupling (C;=2). Not much differenceis
seen in the western coast area. A 2-fold increasing coupling produces adlightly higher topography
and gravity residual in the outer arc region. Both C,=1.2 and C,=1 result in quite acceptable
matches for the topography and gravity in the outer arc region.

From the above comparison, C,=1.2 and Cy=0.25 best fit the observed data. Since our
model (including rheology and boundary conditions) istoo simple to reproduce the complexity of
the geology in the western coast and the Japan sea, our results predict the trend of the changein
topography and gravity in the west, but do not match smaller scale details very well. Dealing with
the complications of the crustal deformation in the Japan seais beyond the scope of this study.

In summary, topography and gravity at the outer arc are very sensitive to the strength and
distribution of coupling along the interplate interface. When Cy islarge, the effect of C; is more
obvious. Having an increasing coupling with depth appearsto be acritical factor for the formation
of the Kitakami range in the outer arc region.

3.8. Discussion

We discuss first how the coupling inferred from our modeling correlates with interplate
seismicity. The seismicity of the overriding plateis related to both the rheology and the interplate
coupling. After adiscussion of the aseismic front, we discuss the interplate coupling for the two
regions.

3.8.1 Interplate Seismicity and Coupling

We have shown the effect of coupling on the formation of geological structure, e.g., the
Kitakami and Backbone ranges. Coupling along the interplate interface affects the topography and
gravity signature. Region 1 has a stronger coupling in terms of both a higher coupling magnitude
and a higher coupling ratio: Best fitsto the dataare found for Co =1 and C, = 2 inregion 1,
whileCp=0.25and C;=1.2inregion 2. Aswe mentioned above, large interplate earthquakes
would appear to require strong coupling between the subducting and overriding plates. Only
region 1 haslarge, shallow, interplate thrust earthquakes,.

We did not model region 3 (the Abukuma range and off Fukushima). From Figure 3.1,
the Abukuma range is much narrower and lower than the Kitakami range and has a different
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geological history (Geological Survey of Japan, 1968; Miyashiro, 1961). In addition, the GRA,
anindicator of stress, is much smaller in the Abukumarange, and is not much greater than that in
region 2. We infer from these observations that the coupling stresses in region 3 are below those of
regions 1 and 2. Figure 3.5 shows a comparison of topography and GRA for the three regions.

3.8.2 Aseismic Front and seismicity in the outer arc

The aseismic front has been defined as the seaward edge of the aseismic mantle wedge
beneath the idand arc (Y oshii, 1979). Kawakatsu and Seno (1983) defined a seismic dip front as
the landward limit of the thrust zone which defines the edge of the seismic coupling zone at the
thrust zone along the interface between the subducting and overriding plates. They found that the
seismic dip front is coincident with the aseismic front. Accurate depth determinations for shallow
events outside a seismic network are difficult, and in Figure 4 we used only well recorded events,
observed on more than 8 stations. However, Umino et al. (1995) have located eventsin this
region using arecently identified sP phase which gives better depth constraint, and found all
events on the interplate boundary. More recently, Umino (personal communication, March 1996)
has found sP-constrained eventsin the wedge region. Therefore, we accept that the seismicity
patterns shown in figure 3.4 are reliable.

3.8.3 Intraplate Seismicity

Intraplate seismicity in the overriding plate aso correlates with the coupling along the
interface between the subducting and overriding plates. As discussed above, when the PTFis
greater than 1, there is dip on afault and earthquakes occurs. We now discuss the PTF values and
the observed intraplate seismicity near the apex of the mantle wedge in northeast Japan (Fig. 3.15).

Region 1lisastrongly coupled region (C;=2, Cp=1). A prism-likeregion of high PTF
(PTF>1) develops in the mantle wedge of the outer arc region (Fig.3.15a). This high PTF region
is highly correlated with the observed distribution of small and large intraplate earthquakes in the
region between the earth's surface and the interplate interface (Fig. 3.15a).

Fig. 3.15b shows the overlay of seismicity and the potential fracture zone (PTF >1) in
region 2. The region hasweak coupling (C;=1.2, C¢=0.25), and the PTF isawaysbelow 1in
the mantle wedge and most of the crust . Thereisonly one shallow area near the surface (in the
distance range 650-800 km) which has a high PTF.

The seismic zone in the overriding plate may be used to infer the strength of coupling at the
interplate interface. Inregion 1, the development of aprism of seismicity in the wedgeisrelated
to the potential for large or great interplate earthquakes on the subduction interface; while alack of
intraplate seismicity in the wedge is related to there being only smaller earthquakes along the
subduction zone (Fig. 3.16).

The mechanics causing the variations of coupling is beyond the scope of this study.
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3.9. Conclusions

Two key parameters defining the state of interplate coupling are coupling magnitude (Cy)
and coupling ratio (Cy). Satisfying the constraints from topography and gravity, Co inregion 1is
about 2-4 times greater than that in region 2, and C, is about 1.5-2 times greater than C; in region
2. Cp and C; for region 3isinferred to be between the above two cases.

The coupling affects topography and gravity for the overriding lithosphere, aswell asits
strength, seemsto be correlated with the occurrence of large interplate earthquakes and the number
of microearthquakes. A prism-like seismogenic zone is predicted by our models in the crust and
mantle wedge apex of the northern area, but no such seismogenic zoneis predicted for the outer
arc areain region 2. Tight coupling yields high topography and gravity residual anomaly in the
east-coast area, while loose coupling yields lower topography and gravity residua anomaly in the
outer arc (Fig. 3.16).

In region 3, the Abukuma range is much narrower and lower than the Kitakami range. The
gravity residual anomaly, is much smaller in the Abukumarange, and not much above that in
region 2. Thus, the coupling stressesin region 3 are between those of regions 1 and 2.

The lack of great earthquakes in the southern region could be explained by long recurrence
times. Based on our analysis, we have an aternative explanation: that the weaker coupling in the
southern region indicates alack of seismogenic potential which leadsto alow probability for large
earthquakes in that region.
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Figure 3.1: Study area in northeast Honshu, Japan. The thick solid line represents the
volcanic front. The thick dashed line shows the aseismic front. Solid triangles indicate active
volcanoes. The solid circles show the other Quaternary volcanoes. Short solid lines are for
the Quaternary faults. AA’ and BB’ are for cross sections from the Japan sea to the Pacific
ocean. Profile AA’ is in region 1 (off Sanriku); and BB’ is in region 2 (off Fukushima).
Profile CC’ is about parallel to BB’. Profile DD’ is in region 3 (off Fukushima). Locations
of faults and volcanoes come from the Research Group for Active Faults of Japan (1991).
Bathymetry contour intervals are 1000 m, and elevation contour intervals are 250 m. The
inset shows the location of Japan, and the outline of the study region.
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Figure 3.2: Aftershock area for the shallow (<60km) interplate earthquakes with magni-
tude 7 or greater for the period from 1962 to 1983, as well as the 1993 western Hokkaido
earthquake. The contour lines show the depth to the upper seismic plane of the subducting
Pacific plate (after Hasegawa et al., 1985 and Tanioka et al., 1993). Three dashed lines
denote profile AA’, BB’ and DD’ in region 1, 2, 3, respectively. Note that the aftershock
area at latitudes 40°N and 38°N terminate at about 50 km depth.
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Depth (km)

Figure 3.3: A schematic cross section to illustrate coupling between the downgoing oceanic
plate and the overriding continental plate. The coupling extends down to about a 50km
depth beneath northeast Japan (Hasegawa et al., 1983, 1985, 1994). VF and AF indicate
the volcanic front and the aseismic front, respectively. The stars represent intraplate seis-
micity in the overriding plate. c in the subducting plate indicates the upper seismic plane
(compressional), and t represents the lower seismic zone (tensional). The large, thick arrow
denotes the subduction of the oceanic plate.
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Figure 3.4: (a) Cross section of shallow earthquakes (<60 km) in the overriding plate’s crust

and mantle wedge, and earthquakes in the subducting plate along A A’ in region 1. (b) Cross

section of the earthquakes along BB’ in region 2. The projection width is +5km along the
profile. Figure 3.1 shows the location of the profiles. VF denotes the volcanic front.
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Figure 3.5: Topography and GRA in northeast Japan. (a, b) profile of topogra-
phy/bathymetry and GRA in region 1 . (c, d) profile of topography/bathymetry and GRA
in region 2. The dashed line shows the GRA along profile CC’ (50 km south of BB’). (e, f)

profile of topography/bathymetry and GRA in region 3. The width for the projection are
+10km for the topography and gravity.
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Figure 3.6: Depth dependence of coupling between the subducting and overriding plates (see
text for details).
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Figure 3.7: Zooming in on the model in region 1. There is volcanic loading at the volcanic
front and sediment loading in the western coastal area. The model is similar to that for
region 2 (Fig. 8) except there are no extinct volcanoes in the inner arc. Faults are inserted
where the PTF determination indicates failure is likely.
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Figure 3.8: Finite element model for region 2. (a) The model grid.
conditions and the material properties of the model (see text for details).
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Figure 3.9: Horizontal stress (a) and PTF (b) just before faults initiate. C,=1.2, Cy=0.25
for the model. The horizontal stress and PTF are both highest at the western coast, below
the extinct volcanoes between the west coast and the volcanic front, and near the volcanic
front (indicated by arrows).
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Figure 3.10: Zooming in on the model to show the derived faults and their orientations in
region 2.
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Figure 3.11: Effect of coupling strength in region 1: (a) Co=1; (b) Cp=0.5; (c) Co =0.25.
Solid lines represent the computed values. Short-dashed lines show the observed values along

profile AA’ (Fig.1). C, = 2 for all cases. Strong coupling, Co=1, best fits the observed
topography and GRA.
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