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The Determination of Lithospheric Rheology and Long-Term
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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 axis is approximately perpendicular to the strike of the
island arc, 2-D finite-element modeling can be used to examine the deformation over time of the
island-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 is the
ability to include erosion/deposition loading and the creation of strike-slip faults, based on a
dynamically-applied fracture criterion.  The criterion for acceptability is how well a model matches
observed present-day topography, gravity, and seismicity patterns. Results given below are for
models that satisfy this criterion.
         The long-term effective elastic thickness is 10 km in the inner arc, increasing to about 50 km
near the trench.  The effective elastic thickness in the inner arc is therefore much smaller than the
about 30 km short-term elastic thickness estimated from seismological data.  The viscosity of the
lower crust is on the order of 1022  Pa s 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 a lack of seismogenic potential -- a low probability for large
earthquakes in that region, not just a long 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 thickness is 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) earthquakes in the Nankai Trough region, but none that large in the off-Sanriku region.
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Chapter 1: Introduction

For at least 5 million years,  Japan has experienced compressional tectonics with a high rate
of deformation, especially in northeast Japan (Hashimoto, 1991;  Matsuda et al., 1967).  The
compressional deformation is characterized by folding of the upper crust (Matsuda et al., 1967;
Sato, 1994).    The flexural 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 a damped 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 is related to the interplate coupling;  Fourth, the effect of the Quaternary
volcanic front, and the formation of the inland sea in southwest Japan;  Finally, how do the surface
processes, erosion and deposition, affect the lithosphere deformation?

The unique geological settings, along with a wealth of available seismicity, gravity,
topographic, heat flow, and crustal motion data, provide the constraints which allow a test of the
hypothesis that the large-scale 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 along the interface between the
subducting plate and the overriding oceanic plate.

Due to the large variation of observed heat flow and the corresponding changes in
lithospheric rheology from the inner to the outer arc,  an analytical solution based on simple beam
theory cannot be used to model the undulative deformation.   Hence a numerical analysis
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 suffices to 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 this writing, the paper comprising Chapter 3 has been accepted, while the papers comprising
Chapters 2 and 4 are under review.  Because the papers are on a common theme, there is only a
single reference list at the end, as well 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
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allow the simulation of stick-slip behavior of faults with different stress-drop ratios, and we have
added the capability of including the effects of erosion/deposition and time-dependent loading.
These allow 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 critical requirement we apply in our modeling is that it should be consistent with the
observed relationship between topography and gravity as well as providing a plausible explanation
for the observed seismicity patterns.  Our starting model is based on geophysical data in northeast
Japan.   To evaluate the gravity observations,  we use the gravity residual anomaly, (GRA), which
is  defined here as the Bouguer gravity anomaly with an Airy isostatic correction as well as a
correction for the dense subducting plate.  (Without the slab correction, this is the same as what
Sugimura and 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 is the 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 area is also 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 analysis is extended to southwest Japan.  During the latest Cenozoic
period (4-6 Ma),  the Philippine Sea plate subducted under the southwest Japan island-arc plate in 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 a wavelength 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 Nankai Trough region, but none that
large in the off-Sanriku region.  Based on our modeling for the subduction beneath northeast
Japan,  strong interplate coupling appears to be correlated with the potential 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 as well as the potential for great
earthquakes.

Two novel features of the modeling used in this study warrant special emphasis:  First, this
is the 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 alternative to
observed recurrence cycles as a method to predict the potential occurrence of large-magnitude
interplate earthquakes.
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Chapter 2:  Compressional Deformation of Island Arc Lithosphere
in northeast Japan Resulting From Long-Term

Subduction-Related Tectonic Forces:
Finite Element Modeling

2.1  Introduction

For at least the past 5 million years,  subduction of the western Pacific plate has been
steady in a direction 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 axis lying in a WNW direction,  along
the direction of subduction (Hashimoto, 1991; Matsuda et al., 1967).  Sugimura and Uyeda (1973)
suggest that the present-day topography is due mainly to the compressional activities during this
period.  In this 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 Sea coast.  The central Backbone range runs about north-south through the
region.  The Quaternary volcanic front is located in approximately the middle of the Backbone
range (Fig. 2.1).

Northeast Japan experienced extensional deformation from 25 Ma to 14 Ma with 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 Ma and 8 Ma and with weak compression
between 8 Ma and 4 Ma.  Compressional 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 folds is parallel to the arc. The reconstructed Quaternary stress field
from these faults indicates that the maximum principal axis was horizontal and normal to the Japan
trench axis,  and the minimum principal stress axis was oriented vertically (Sato, 1986, 1994).
Focal mechanisms yielded similar results (Wesnousky et al. 1982; Yamazaki et al., 1985).  The
outer arc region, especially the Kitakami range, was uplifted in the late Cenozoic,  which resulted
in low relief erosion surfaces, and raised marine terraces (Sugimura and Uyeda, 1973).  The
amount of uplift of the Kitakami range is about 750 m during the Quaternary (Fig. 2.2).  In the
western coastal region,  subsidence is remarkable;  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 beneath 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
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of the upper crust was inferred from gravity data,  the seismic velocity model (fig. 4 in Segawa and
Tomoda, 1976) and estimates of uplift/subsidence inferred from observations (Matsuda, et al.,
1967).  Due to the large variation of observed heat flow and the corresponding changes in
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
Weissel, 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
a horizontal force of 2.0x1013  N/m.  Lambeck (1983a, b) applied viscoelastic rheology,
sedimentary loading and a horizontal tectonic force to achieve folding of the continental lithosphere
in central Australia to 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 Pacific 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

The finite 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 is that it should be consistent with the observed relationship between topography and
gravity.

Our starting model 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.
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2.2  Geophysical data

There are two shallow seismic zones striking slightly east of north in northeast Japan: one
in the middle of Honshu Island,  and the other in the western coastal area (Fig. 2.3).  There is also
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 is almost 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 sea) taken from Kono and Furuse (1989).  The
gravity data and topographic/bathymetric data were projected along a transect,  20 km wide from
137oE 39.75oN to 145oE 39.5oN (Fig. 2.1).  The free-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 al., 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 slab produces a positive gravity signature,
causing a tilting of the Bouguer gravity anomaly toward the west.  Figure 2.5 shows the gravity
signature due to the denser subducting Pacific slab beneath northeast Japan.  The maximum gravity
signature (300 mGal) is near the Japan trench.

The gravity residual anomaly (∆gres), is obtained from the following equation:

∆gres = ∆gb - ∆gs - ∆gi

Where ∆gb is the Bouguer gravity anomaly,  ∆gs the gravity correction from the denser subducting
slab,  and ∆gi the isostatic correction assuming Airy compensation.  The gravity residual anomaly
indicates whether the region is in 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 along a transect 100 km
wide from 137oE 39.75oN to 145oE 39.5oN (Fig. 2.1).  Heat flow data show high scatter, but
the average is about 100 mWm-2 in the inner arc, and decreases to 40 mWm-2 in the outer arc. The
heat flow at the volcanic front is about 150 mWm-2 (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,  a 2-D plane-strain finite-element analysis suffices to define the
mechanical behavior of the lithosphere assuming a realistic rheology and boundary conditions.
The exact plane-strain element in TECTON (Melosh and Raefsky, 1980;  Wallace and Melosh,
1994),  is used to analyze the response of the northeast Japan lithosphere to the subduction of the
western Pacific plate during the past 5 million years. We modified the code to allow the simulation
of stick-slip 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 us to
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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  Modeling Preliminaries
We discuss here relevant concepts related to gravity and rheology.

Gravity residual anomaly:  A critical requirement is that our models match the observed
gravity field, in particular the non-isostatic-equilibrium residuals.   To evaluate the gravity
observations,  we use the gravity residual anomaly, (GRA), which is  defined here as the Bouguer
gravity anomaly with an Airy isostatic correction as well 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 a lithospheric 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:  Material properties of the lithosphere are critically important in the analysis of the
long-term lithospheric deformation.  Several lithospheric rheologies have been explored to explain
flexural behavior: elastic, viscoelastic, and plastic (Turcotte and Schubert, 1982; Watts, 1992;
Wessel et al., 1980; Martinod and Davy, 1992, 1994; Lambeck 1983a,b; Zuber, 1987).   There is,
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 a linear visco-elastic rheology.

2.3.2  Stick-slip faulting

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

A description of the slippery-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) is the ratio of the observed maximum differential stress to the
maximum differential stress predicted by the Mohr-Coulomb criterion.  The fault slips whenever
the PTF is greater that 1.0.  With the original code,  numerical instabilities can occur when a locked
fault is released and slips.  A restoring force at those slippery nodes was used to control the
amount of fault slipping in TECTON.  When the fault is unlocked (slips),  a large 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 slips,  the error can be ignored.  However,  in the case of multiple unlocking,  the
error will build up significantly and affect numerical stability.  We avoid this numerical instability
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by setting the Winkler force at the time step of the fault's unlocking to be zero. The displacement at
the slippery node will then not cause a large restoring force.

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

Using our modified slippery 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 at 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 use in TECTON the scheme of
erosion and deposition developed by Sato and Matsu'ura  (1993).  Erosion and deposition cause
modification of surface topography as well as loading and unloading on the lithosphere.  Erosion is
treated as a set of upward forces acting at the top of the plate, while sedimentation is treated as a
downward force.  An empirical observation is that in Japan the rate of erosion for the mountainous
regions is in 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 heat flow, as well 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 al., 1992).  Rydelek and Sacks
(1988, 1990) found that an elastic lithosphere of 30 km, and a viscoelastic asthenosphere with a
viscosity of 1019 Pa s, 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 major 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
stress at  a fixed strain rate, the results give only an approximate starting point and require further
refining by numerical modeling.
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Aeromagnetic data provide additional constraints on the properties of the lithosphere. The
spectral 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 is taken to define the isotherm of 450oC in the inner arc
(Okubo et  al., 1989, 1991).   The effective elastic thickness of the continental lithosphere has been
correlated with the depth of the 450oC isotherm (Watts, 1992).  The Curie depth is about 10 km in
the inner 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
5 to 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.  The right (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 al. (1992). The coupled interface is about 50 km deep beneath the coast line.
The initial bathymetry is assumed to be 1 km in the Japan Sea and 2.5 km at the trench.

Table 2.1. Material properties of the model
________________________________________________________________________
No. E (Pa s) Density (kg/m3) Viscosity (Pa s) Poison's ratio
1 6.5x1010 2400 elastic 0.25
2 5.5x1010 2400 elastic 0.25
3 4.5x1010 2400 elastic 0.25
4 5.5x1010 2400 elastic 0.25
5 6.5x1010 2500 elastic 0.25
6 5.5x1010 2500 elastic 0.25
7 4.5x1010 2500 elastic 0.25
8 5.5x1010 2500 elastic 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 elastic 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 elastic 0.25
17 5.5x1010 3000 2.5x1024 0.25
________________________________________________________________________
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The finite element grid is 800 km long and has 1843 nodes and 1592 elements.  The upper
layer is elastic,  while the lower layers are linearly viscoelastic (Fig. 2.9a, b).  Material properties
are listed in Table 2.1. Slight differences in Young’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 a tomography analysis (Zhao et al., 1994), Young’s modulus is made lower
in the volcanic front region.  The density below the inner arc plate is 2.8 g/cm3 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).  Density increases with depth.  Gravitational body forces are included in the model.  Over a
long-term time scale, i.e., millions of years,  the gravitational stress field approaches hydrostatic,
because the differential stress will diminish by viscous creep.

2.4.3  Boundary conditions

Surface Loads: The coastal plain of Japan sea is 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 along the strike of the volcanic front (Sugimura and Uyeda, 1973),  are treated as  a time-
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: The left (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 is taken to be on the order of 1019  Pa s. For
long-term geological processes, the asthenosphere can be treated as a fluid.  Thus, the application
of a Winkler force is 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 slab 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 earthquakes, e.g., the 1968 Tokachi-Oki quake, show tight
coupling to about 50 km depth (Hasegawa et al.,  1985).  Thus, we suggest there is an 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 a factor of two
between 10 km and 50 km to simulate the compressional push from the subducting Pacific plate.
The slab drag force along the boundary also increases by a factor of two. The average horizontal
displacement increment is 1 mm/year,  and the average vertical force is 3.75x1010  N/m.
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2.4.4   Model Discussion

2.4.4.1  Faulting

As the forces increase, 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 stresses to the failure level, we
allow the fault to slip 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 area at 1.8 Ma. (Fig. 2.10 a,b).  In each
zone, either of the two fault planes is likely to slip.  We insert slippery nodes into the model in
these regions.  The dip of the fault is inferred 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
Senya thrust fault dipping to the east is at the west side of the range, and the Morioka thrust fault
dipping to the west is located 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 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.  To test the effect
of a viscosity gradient on the PTF, we did a model 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 2x1022  Pa s.  The results
are shown in the insert in Fig. 2.8b. Comparing the insert with the outlined region for the original
model,  one sees that this viscosity gradient reduces the magnitude of the PTF in both the deep and
near-surface zones.

In a 3-D medium, if a fault slips and reduces the local stress to zero, stress is still
transmitted around the fault, so that in the greater region, stress is reduced by an amount less than
the total stress drop. We approximate this situation by allowing only a partial stress drop:  30% in
the examples cited below.  (The exact value was found to be non-critical.)   Figure 2.9 shows the
geometry  of the faults that 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 material 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 a model run. The first period has 100 time steps with
a step size of 0.15 year.  (A small 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 steps is 5200, resulting in a total 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 models in
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 slip

 For the model with a 10 km effective elastic thickness in the inner arc (Fig. 2.9),  the
horizontal stress averaged over the plate thickness is plotted with respect to time in figure 2.12.
Before the fault first slips, the horizontal stress at the inner arc is about 125 MPa.  As the fault
slips, the horizontal stress drops.  The horizontal stress decreases with time, and levels out at about
30 MPa after 2 Ma.

Lithosphere beneath the Kitakami Range upwarped during the past  5 Ma leading to an
elevation of about 1000 m (Fig. 2.13a).  Displacement shown here is the 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 residual
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 greatly reduced by erosion.  Equal volumes of eroded material
were deposited in the western coastal and the outer-arc trench slope.

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

2.5.2  Comparison with observed data

Our criterion is to fit both the topography and gravity data.  Figure 2.15 shows
comparisons for a range of models of crustal rheology (see fig. 2.14) with observed data.  The
model-data differences are in the crustal viscosity structure.  For model A,  the upper 5 km is
purely elastic, and the viscosity below 5 km is 1019  Pa s,  so the effective elastic thickness is 5 km.
For model B,  the upper 5 km is elastic,  and the viscosity is 1024  Pa s from 5 km to 10 km,  so the
effective elastic thickness is 10 km.  For model C,  the upper 10 km is purely elastic, and the
viscosity is 1022  Pa s from 10 km to 20 km,  so the effective elastic thickness is 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 thickness in model B best fits the gravity anomaly residual. The misfit in the elevation of the
volcanic front may be due to a slight over-estimate of the Backbone boundary fault slip. 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 a lower crust  with a viscosity of 1022  Pa s or less.

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 a viscosity of 1022  Pa s or less.  As discussed above, based on
thermal considerations there is probably no discontinuity in viscosity but rather a gradual transition
over a few 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 is not a measure of interplate seismic efficiency,
which depends in addition on fault rheology.  For a more comprehensive analysis of coupling,  see
Chapter 3 (Huang et al., 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 alluvial fan is 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) as well as a balance
between erosion and deposition is probably reasonable, but deposition is necessarily more
complicated.  Sediment can be deposited in large quantities in a relatively shallow depression if 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 the long-term  interaction between the subducting plate and the overriding plate.

2.6  Conclusions

A simple 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
is found 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 is on the order of 1022  Pa s or less (Fig. 2.15).

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



            

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.

15



138˚E 139˚E 140˚E 141˚E 142˚E 143˚E
38˚N

39˚N

40˚N

41˚N

Magnitude 

0 - 2 2 - 4 4 - 6 6 - 8

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 ±10 km along the
profile for the gravity and topography, and ±100 km 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 300 mGal. VF denotes the volcanic front.
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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 20 km long and 2 km
thick. The fault is 7.5 km 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 5 m. 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 5 m 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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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.
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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 5 km elastic upper crust and a lower crust (5–10 km) with a viscosity of 1019 Pa s; (B)
topography and gravity residual anomaly for a 5 km elastic upper crust and a lower crust (5–
10 km) with a viscosity of 1024 Pa s; (C) topography and gravity residual anomaly for a 10 km
elastic upper crust and a lower crust (10–20 km) with a viscosity of 1022 Pa s. 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 10 km (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 1022 Pa s 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 a tectonic 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
five million years.  As a result, compressional deformation dominates during this period (Sato,
1994; Matsuda et al., 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 Abukuma range,  while the inner 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 is along the eastern coast, and it is taken to be the landward limit of the seismicity from the
mantle wedge apex above the subducting plate (Yoshii, 1979).  We consider three regions: off
Sanriku to the north (Region 1),  off Miyagi (Region 2),  and off Fukushima (Region 3)  to the
south.   (See Fig. 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 area is also
larger in region 1 (Fig. 3.2).   The lower 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 focuses on a
quantitative analysis of differences in 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.   (See Fig. 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 is strong.  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.  In 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'ura also
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 deepest extent of
large, interplate, thrust-type earthquakes (M>7),   which is shallower than about 50 km in
northeast Japan (Hasegawa et al., 1983, 1994).   It has long been recognized that there is a shallow
earthquake-free zone parallel to the Japan trench axis extending from the axis to some depth
(Byrne et al., 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 al., 1988).  From a recent 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 a brief overview.

3.3.1 Modeling approach

Because the strike of folds and faults in northeast Japan is approximately perpendicular to
the direction of subduction,  a 2-D plane-strain finite element analysis suffices to define the
mechanical behavior of the lithosphere assuming a realistic rheology and boundary conditions.  We
have adapted the finite element code TECTON (Melosh and Raefsky, 1980; Wallace and Melosh,
1994) to analyze the deformation of folding and faulting of island 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 simulation of stick-slip faulting,  erosion and
deposition as well as time-dependent loading.  This allows us to monitor the long term deformation
of the island-arc lithosphere with forces resulting from the subduction of the Pacific plate as well 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,  as well 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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Several 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 a linear 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-slip 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 al., 1988).  A
description of the slippery-node method to simulate faulting was given by Melosh and Williams
(1989).  The location of faults and the amount of slipping are controlled by the stress field and the
Mohr-Coulomb criterion.  The proximity to failure (PTF ) is the ratio of the observed maximum
differential stress to the maximum differential stress predicted by the Mohr-Coulomb criterion.
The fault slips whenever the PTF is greater than 1.0.  TECTON was modified to model stick-slip
faulting, and to minimize numerical errors resulting from large displacements associated with
slipping.

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 ranges in Japan is in
proportion to the square of land height and is about 0.3 mm/year at the elevation of 1000 m.
Therefore, in 5 Ma about 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 has low
topography,  a low GRA, and weak seismicity;  and region 3 has moderately high topography,  a
moderate GRA and weak seismicity.

3.4.1  Earthquakes

Interplate 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 area is also larger in region 1 than  in regions 2 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 profiles for 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  is nearly parallel to the volcanic front.   There is a
prism-like region bounded by the ground surface, the aseismic front (AF) and the upper boundary
of the subducting plate in region 1 (Fig. 3.4a).   However,  such a prism-like distribution is
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 39.75oN/137oE to 39.5oN/145oE (Fig. 3.1).   It has long 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 range is about  750 m  (Fig. 3.5a, b).

Region 2 : There is no mountain range in the outer arc,  but the GRA is about +30 mGal in the
eastern coastal area (Fig. 3.5c, d).  Thus, the outer arc region is still not in a state of isostatic
equilibrium.  The volcanic front does not have a high GRA.  The older (Cretaceous) volcanoes in
the inner arc have a positive GRA (+30 mGal).  Note the lateral change of gravity along the strike
of the island arc in the western coastal area (Fig. 3.5d).  The GRA along profile CC'  differs from
that along BB' ,  which may be due to the geological complexity in the adjacent Japan sea.
Moreover,  there is also a complex and wide distribution of faults in the western coastal area.  We
therefore focus on the effects of different assumed coupling on the observables in the outer arc,
and we do not try to match the detailed structure off the west coast.

Region 3 :  The average elevation of the Abukuma range is slightly less than the Kitakami range,
and the width of the Abukuma range is much less than the Kitakami range.  The GRA is smaller in
the Abukuma range (Fig. 3.5e, 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 al.,
1993).  Heat flow is high (about 100 mWm-2) in the inner arc and low (about 40 mWm-2) in the
outer arc.  The Curie depth is about 10 km in 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 is implemented as a boundary condition,  and represents a long-term force
system,  acting along 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 is implemented 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,  C0 ,  and the Coupling ratio,  Cr.

C0  is a measure of the strength of the coupling and is  defined as the coupling at the median
depth of the coupled interface (Fig. 3.6).  C0  is a normalized quantity of forces acting on the
interface, which is taken as 1 for the forces to match the observed topography and gravity of
profile AA' in region 1.  Notice that C0  is not a measure of seismic efficiency,  such as the seismic
coupling factor used in Sato (1988).

Cr is used 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 a linear geometry for the interface, and coupling
starts from some minimum depth.  From Figure 3.6,

Cr =  C2  / C1
and

C2  - C0 = C0 - C1 ,

where C2   is the coupling magnitude at  h2, the bottom of the coupled zone,  and C1  the coupling
magnitude at  h1, the top of the coupled zone.

Thus, if Cr=1,  the coupling equals C0  over the interface. If Cr >1, coupling increases
with depth. If Cr<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 al. (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.



35

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 regions is
0.3 mm/year for a height or depth of 1000 m.  This is the rate obtained by Ohmori.

The size of the time step varies during a model run. The first period has 100 time steps with
a step size of 0.15 year.  A small 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 steps is 5200, resulting in a total model duration of about 5.0
Ma (4,920,015 years).

Table 3.1. Material properties of the model for both the southern region and the northern region
________________________________________________________________________
No. E (Pa s) Density (kg/m3) Viscosity (Pa s) Poison's ratio
1 6.5x1010 2500 elastic 0.25
2 5.5x1010 2400 elastic 0.25
3 4.5x1010 2400 elastic 0.25
4 5.5x1010 2400 elastic 0.25
5 6.5x1010 2600 elastic 0.25
6 5.5x1010 2500 elastic 0.25
7 4.5x1010 2500 elastic 0.25
8 5.5x1010 2500 elastic 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 elastic 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 elastic 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 a finite element 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 similarities in 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 thickness in 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 regions is the existence of older
(Quaternary),  extinct volcanoes in 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 is therefore slightly 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 conditions is given in Chapter 2.  Surface loads of
sea water,  sediments at the west coast, and the volcanic rocks given near the volcanoes are applied
to the upper surface (Fig. 3.7).  The left (west) edge of the model is constrained to move in a
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 due to
the oblique slab 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 (Cr=1/1.5), uniform coupling (Cr=1), 1.5-fold increasing
coupling (Cr=1.5), and two-fold increasing coupling (Cr=2).  The coupling magnitude C0   is
given as: C0 =1, C0 =0.5, and C0 =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 Sugimura and Uyeda, 1973).  The coastal plain of
the Japan sea is underlain by thick Neogene sedimentary and volcanic rocks, especially 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,  are included as  a time-dependent
surface load. There is a wide area of Pre-Quaternary volcanic arc between the western coast and the
Quaternary volcanic arc. This is also treated as surface loading (Fig. 3.8b).

The tectonic loading is as in region 1.  For this region we consider three cases of depth
dependence for coupling along the interplate interface: uniform coupling (Cr=1), and two cases of
increasing coupling (Cr=1.2 and Cr=2).  We also consider three cases of coupling magnitude:
C0 =1 (a horizontal velocity of 1 mm/year,  and an equivalent average vertical force of 3.75x1010

N/m),  C0 =0.5 (a horizontal velocity of 0.5 mm/year and a average vertical force of  1.875x1010

N/m,  and C0 =0.25 (a horizontal 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

As discussed in Chapter, there are two  high horizontal stress concentration zones: one  on
the western coastal area and the other near the volcanic front area at 1.8- Ma.  In each zone, either
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of the two fault planes is likely to slip.  We insert slippery nodes into the model in these regions.
The dip of the fault is inferred from the observed active faults which are exposed at the earth's
surface (Matsuda et al, 1980).   Figure 3.7 shows the geometry  of the faults that are introduced in
the grid.

3.6.3.2 Region 2

As the 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 Ma we can identify three well-defined high horizontal stress concentration zones:
one  in the western coastal area,  another below the extinct volcanoes between the west coast and
the volcanic front,  and the other near the volcanic front area for a model in which Cr=1.2 and
C0 =0.25 (Fig. 3.9).  As in our modeling for region 1, we insert slippery nodes into the model in
these zones at that time (Fig. 3.10).  The dip of the fault is inferred 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 as we did in region 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 this thesis.

3.7  Results

3.7.1 Region 1

For a constant coupling ratio of 2 (Cr=2),  we examine the effect of coupling magnitude.
As the coupling magnitude increases,  topography and GRA increase (Fig. 3.11).   C0 =1 and
Cr=2 best fit the topography and gravity residual anomaly in northeast Japan.

For a constant coupling magnitude (C0 =1),  we compare the topography and gravity
signatures accumulated 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),  the topography and the GRA highs at the Kitakami range match the observed data very
well (Fig. 3.12a).  A 1.5-fold increasing coupling produce slightly 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
(Cr=1/1.5),   topography and GRA are a poor match the observed data (Fig. 3.12d).
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3.7.2  Region 2

For Cr=1.2, we examine the effect of different C0  on topography and gravity.  Figure
3.13 shows results for C0  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.

 C0 =1 is unacceptable because the predicted topography and GRA are both too high.  Both
C0 =0.5 and C0 =0.25 produce acceptable fits for topography and GRA.  C0 =0.25 produces a
slightly better match for topography and GRA near the outer arc region.

Next we hold C0  at 0.25 and assess the effect of different assumed Cr.   Figure 3.14
shows the topography and displacement of the plate under uniform coupling (Cr=1),  1.2-fold
increasing coupling (Cr=1.2),  and 2-fold increasing coupling (Cr=2).  Not much difference is
seen in the western coast area.  A 2-fold increasing coupling produces a slightly higher topography
and gravity residual in the outer arc region.  Both Cr=1.2 and Cr=1 result in quite acceptable
matches for the topography and gravity in the outer arc region.

From the above comparison,  Cr=1.2 and C0 =0.25 best fit the observed data.  Since our
model (including rheology and boundary conditions) is too simple to reproduce the complexity of
the geology in the western coast and the Japan sea,  our results predict the trend of the change in
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 sea is 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 C0  is large, the effect of Cr is more
obvious.  Having an increasing coupling with depth appears to be a critical 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 plate is related to both the rheology and the interplate
coupling.  After a discussion 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 fits to the data are found for C0  = 1 and Cr = 2 in region 1,
while C0 = 0.25 and Cr=1.2 in region 2.  As we mentioned above,  large interplate earthquakes
would appear to require strong coupling between the subducting and overriding plates.  Only
region 1 has large, 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,
an indicator of stress, is much smaller in the Abukuma range, 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 island arc (Yoshii, 1979).  Kawakatsu and Seno (1983) defined a seismic slip 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 slip 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 events in this
region using a recently 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 events in 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 also correlates with the coupling along the
interface between the subducting and overriding plates.  As discussed above, when the PTF is
greater than 1, there is slip on a fault 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 1 is a strongly coupled region (Cr=2, C0 =1).  A prism-like region  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 has weak coupling (Cr=1.2, C0 =0.25),  and the PTF is always below 1 in
the mantle wedge and most of the crust .  There is only 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.  In region 1,  the development of a prism of seismicity in the wedge is related
to the potential for large or great interplate earthquakes on the subduction interface; while a lack 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 (C0 )
and coupling ratio (Cr).  Satisfying the constraints from topography and gravity,  C0  in region 1 is
about 2-4 times greater than that in region 2, and Cr is about 1.5-2  times greater than Cr in region
2.  C0  and Cr for region 3 is inferred to be between the above two cases.

The coupling affects topography and gravity for the overriding lithosphere,  as well as its
strength,  seems to 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 zone is predicted for the outer
arc area in region 2.  Tight coupling yields high topography and gravity residual anomaly in the
east-coast area,  while loose coupling yields lower topography and gravity residual 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 Abukuma range,  and not much above that in
region 2. Thus,  the coupling stresses in 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 alternative explanation: that the weaker coupling in the
southern region indicates a lack of seismogenic potential which leads to a low probability for large
earthquakes in that region.



            

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 (<60 km) 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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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 50 km
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 AA’ in region 1. (b) Cross
section of the earthquakes along BB’ in region 2. The projection width is ±5 km 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
±10 km for the topography and gravity.

45



            

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. (b) The boundary
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. Cr=1.2, C0=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).

49



VF
Extinct
VolcanoesW. Coast

|

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) C0=1; (b) C0=0.5; (c) C0 =0.25.
Solid lines represent the computed values. Short-dashed lines show the observed values along
profile AA’ (Fig.1). Cr = 2 for all cases. Strong coupling, C0=1, best fits the observed
topography and GRA.
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