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3-D Simulation of Steady Plate Subduction with Tectonic Erosion: Current
Crustal Uplift and Free-Air Gravity Anomaly in Northeast Japan

CHIHIRO HASHIMOTO,1 TOSHINORI SATo,2 and MITSUHIRO MATSU URA !

Abstract—Free-air gravity anomaly in plate subduction zones, characterized by island-arc high, trench low and
outer-rise gentle high, reflects the cumulative effects of long-term crustal uplift and subsidence. In northeast Japan
the island-arc high of observed free-air gravity anomaly takes its maximum about the eastern coastline. On the other
hand, the current vertical crustal motion estimated from geological and geomorphological observations shows a
gentle uplift in the land area and steep subsidence in the sea area with the neutral point near the eastern coastline.
Such a discrepancy in spatial patterns between the free-air gravity anomaly and current vertical crustal motion can
be ascribed to a change in the mode of crustal uplift and subsidence associated with the initiation of tectonic erosion
at the North American-Pacific plate interface. We developed a realistic 3-D simulation model of steady plate
subduction with tectonic erosion in northeast Japan on the basis of elastic/viscoelastic dislocation theory. Through
numerical simulations with this model we found that simple steady plate subduction brings about the crustal uplift
characterized by island-arc high with its maximum about the eastern coastline, while steady plate subduction with
tectonic erosion, which is represented by the landward retreat of the plate interface, brings about gentle uplift in the
land area and steep subsidence in the sea area with the neutral point near the eastern coastline. Therefore, if we
suppose that tectonic erosion started 3—4 million years ago after the long duration of simple steady plate subduction,
we can consistently explain both patterns of free-air gravity anomaly and current crustal uplift in northeast Japan.

Key words: Plate subduction, tectonic erosion, crustal uplift, free-air gravity anomaly, plate interfaces,
elastic dislocation theory.

1. Introduction

Free-air gravity anomaly in plate subduction zones is generally characterized by
island-arc high, trench low, and outer-rise gentle high. In northeast Japan we can observe
that the island-arc high of free-air gravity anomaly takes its maximum about the eastern
coastline (Tomopa and Fuimoto, 1982; SANDWELL and SMiTH, 1997). The free-air gravity
anomaly reflects the cumulative effects of long-term crustal uplift and subsidence (surface
mass excess and deficit) due to steady plate subduction (MaTsu’ura and Sato, 1989; SaTto
and MATSU’URA, 1988, 1992, 1993). However, in northeastern Japan, we can observe the
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significant discrepancy in spatial patterns between free-air gravity anomaly and current
vertical crustal motion. Form fluvial-terrace heights, for example, Taskara (2004) has
estimated the average crustal uplift rates over northeast Japan arc to be 0.2-0.3 mm/yr for
the last 0.12 million years (the late Quaternary period). From marine-terrace heights Koike
and MacHipa (2001) have reported the very slow crustal uplift along eastern coastlines in
northeast Japan during the last 0.12 million years. From DSDP drilling and seismic
reflection records von Huene and his coworkers (voN HUENE et al., 1982; voN HUENE and
LaLLEMAND, 1990; voN HUENE and ScHoLL, 1991) have revealed steep subsidence in a
broad region along the landward slope of the Japan trench. On the basis of these geological
and geomorphological data we may conclude that the current crustal motion in northeast
Japan is characterized by gentle uplift in the land area and steep subsidence in the sea area,
with the neutral point near the eastern coastline.

In order to explain the steep subsidence in a broad region along the landward slope of
the Japan trench, voN HUENE and LALLEMAND (1990) proposed a model of tectonic erosion
that consists of frontal and basal erosion of the overriding plate. The frontal erosion
removes rock and sediment masses at the front of the landward trench slope. The basal
erosion removes rock masses on the underside of the overriding plate. Both frontal and
basal erosion thin the wedge portion of the overriding plate and cause the subsidence of the
landward slope of the trench. From the tectonic point of view the basal erosion has more
essential meaning than the frontal erosion, because it causes landward retreat of the plate
interface. In northeast Japan the landward retreat rate of the plate interface has been
estimated to be 2-3 km/Myr (voN HUENE and LaLLEMAND, 1990). Recently, Heki (2004)
proposed a mechanical model of basal erosion to simulate crustal deformation in northeast
Japan. In his model the process of removing a certain amount of mass on the underside of
the overriding plate is represented by the negative crack opening (crack closing) at the plate
interface. However, the negative crack opening cannot satisfy the mass conservation of the
subduction zone system unless some mechanism of mass transfer to the depths is assumed.

In the present study we propose another mechanical model of basal erosion and carry
out 3-D simulation of steady plate subduction with tectonic erosion. In Section 2 we show
a basic idea for modelling basal erosion, and construct the mechanical model. In Section
3 we examine the effect of tectonic erosion on vertical crustal motion through numerical
simulation. In Section 4 we compute vertical crustal motion in northeast Japan with a
realistic 3-D model of plate interface geometry, and demonstrate that the pattern of
current vertical crustal motion in northeast Japan can be rationally explained by the
steady plate subduction with tectonic erosion.

2. 3-D Modelling of Steady Plate Subduction with Tectonic Erosion

2.1. Representation of Mechanical Interaction at Plate Interfaces

In subduction zones oceanic plates descend beneath overriding plates at constant rates
on a long-term average. The occurrence of large interplate earthquakes can be regarded as
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the perturbation of steady plate subduction. Thus, we may express crustal deformation in
subduction zones as the superposition of the secular change due to steady slip over the
whole plate interface and the cyclic change due to stick-slip motion in seismogenic
regions. The steady slip motion along a plate interface brings about long-term vertical
crustal deformation, characterized by island-arc uplift and trench subsidence (MATSU’URA
and SaTo, 1989; Sato and MaTsu’Ura, 1988, 1992, 1993). The stick-slip motion brings
about cyclic crustal deformation around the seismogenic regions (HasHiMoTo and
MATsU’URA, 2000, 2002).

Mechanical interaction at a plate interface is rationally represented by the increase of
tangential displacement discontinuity across it (MATSU’URA and SaTo, 1989). In general,
the tangential displacement discontinuity (fault slip) is mathematically equivalent to the
force system of a double-couple without moment (MARuYAMA, 1963; BURRIGE and
Knororr, 1964), which has no net force and no net torque. Such a property must be
satisfied for any force system acting on plate interfaces, since it originates from dynamic
processes within the Earth. Thus, given relative plate motion vectors, we can
quantitatively describe the crustal deformation processes caused by plate subduction
on the basis of elastic/viscoelastic dislocation theory.

2.2. Long-term Crustal Deformation due to Steady Plate Subduction

We model the lithosphere-asthenosphere system by a two-layered Maxwellian
viscoelastic half-space. The constitutive equations of the surface layer and the underlying
half-space are given by

0 1
. 1% NOF -
O—ij+W (O—i/_go_kkéij) ZA()Ekkéij—FZ,u()Blj. (1)
Here, 0, ¢, and (3,;,- are the stress tensor, the strain tensor, and the unit diagonal tensor,
respectively, A and p” (I = 1, 2) are the Lamé elastic constants, and n” (I =1, 2)

denotes the viscosity of each medium. The dot indicates differentiation with respect to
time. It should be noted that the viscosity of the lithosphere (the surface layer) is
considerably larger than that of the asthenosphere (the underlying half-space). The
standard values of structural parameters used for computation are listed in Table 1.

We introduce a 3-D curved interface X that divides the surface layer into two plates.
In general, according to Backus and MuLcany (1976), the surface moment tensor density
corresponding to a tangential displacement discontinuity (fault slip) vector #‘ at a point
& on an interface X can be represented as

mpg(&) = 1 ul (&) [1,()ng(€) + 1, (E)np(8)], (2)

where u is the rigidity of the medium, n is the unit normal vector of X, u® is the
magnitude of u, and y is the unit slip-direction vector satisfying the orthogonality
condition n - § = 0. Then, the i-component of viscoelastic displacement (slip-response
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Table 1

Structural parameters used in numerical simulations

h [km] p [kg/m3] 2 [GPa] 1 [GPa] n [Pa s]
Lithosphere 40 3000 40 40 5 x 103
Asthenosphere 0 3400 90 60 5 x 10"

h: thickness, p: density, A and pu: Lamé elastic constants, #: viscosity.

function) U;(i = x, y, z) at a point x and time ¢ due to a unit step slip at a point £ and time
T is given by

Ui(xa t; év T) = NFqu(x’ t; év t) [/{,,(6)%1(6) + /Cq(é)np(é)] (3)

Here, the function F,,(x, 1; £, ) denotes the i-component of viscoelastic displacement due
to the pg-element of the moment tensor density with the magnitude u = 1. Then, we can
compute the displacement field u;(i = x, y, z) due to arbitrary fault slip distribution
w(&, 1) on the plate interface X by using the technique of hereditary integral as

t
ui(x,1) = / /Ui(x,t— 7;€,0) %dfdr. (4)
In the present problem we focus on vertical surface displacements u,. For example,
Matsu’ura and Sato (1989) and Sato and Matsu’ura (1993) give the explicit
expressions of the viscoelastic slip-response function U, for a viscoelastic multi-layered
half-space under gravity.
Now we decompose the total fault slip motion w into the steady slip at a plate
convergence rate v,; and its perturbation Aw (forward slip due to interplate earthquakes
and slip deficit due to interplate coupling) as

w(&, 1) =vu(&) T+ Aw(é, 7). (5)

Substituting this expression into Eq. (4), we obtain

uz(x,t):// Uz(x,t—'E;C70)vpl(§)d€dr—|—//Uz(x,l—T;QO)MWT(fT)dfdr.
fhy X 0 X

(6)

Here, we supposed that the fault slip motion (plate subduction) started at a time ¢ = f,,.
The first and the second terms on the right-hand side of Eq. (6) indicate the contributions
from the steady slip motion and its perturbation, respectively. In the present problem
where we are interested in long-term crustal deformation, we can neglect the second term,
because it does not bring about secular changes. Thus the crustal uplift rate at a point x
due to steady plate subduction after t = 7, is given by
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Ilz(x,t) = V);(x,t — t()) = / Uz(x,t— to; 5,0) Vpl(é) df, (7)

z

where the dot indicates differentiation with respect to time #, and Vyx(x,f) is the
abbreviated representation of the integral of the slip-response function U, (x, f; €,0) over
the plate interface 2.

As shown in Table 1, the lithosphere-asthenosphere system consists of a high-
viscosity surface-layer and a low-viscosity underlying half-space. Therefore, the
viscoelastic vertical crustal deformation u, has three different phases; instantaneous
deformation of the elastic layered half-space, intermediate-term deformation of
the elastic surface layer floating on the completely relaxed asthenosphere, and
long-term deformation of the viscoelastic layered half-space after the completion
of stress relaxation both in the asthenosphere and the lithosphere. Assuming
the viscosity of the asthenosphere and the lithosphere to be 10'® — 10" Pa s and
102 — 10** Pa s, respectively, the effective stress-relaxation times of the astheno-
sphere T and the lithosphere 7; become 10 — 107 yr and 10° — 107 yr, respectively
(Sato and MaTsu’ura, 1993). Then, we consider two representative cases; the case of
young subduction zones, where the duration ¢ — #, of steady plate subduction is much
longer than 7, but much shorter than 7;, and the case of old subduction zones, in
which the duration of steady plate subduction is much longer than T;.

2.2.1. Young subduction zones. In the first case, Ty, <<t — ty << Ty, the asthenosphere
has completely relaxed, although the lithosphere still behaves like an elastic plate. Then
the slip response function U, can be regarded as constant in time on this time scale.
Denoting the slip response function on this time scale by U;E) (x; &), we can rewrite
Eq. (7) as

g (x,t) = VéE) (x) = / UZ@ (x;E)vp(€)dE for Ty<<t—ty<<Ty. (8)
z

The above equation means that the amount of crustal uplift increases with time at
constant rates in young subduction zones.

2.2.2. Old subduction zones. In the second case, t — ty >> T, not only the asthenosphere
but also the lithosphere has completely relaxed. In this case, since the slip response
function U, becomes zero, we can rewrite Eq. (7) as

u;(x,1) =0 for t—1ty>>Tj. 9)

The above equation means that the amount of crustal uplift no longer increases in old
subduction zones.
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2.3. Effects of Tectonic Erosion

Now, we consider the effect of tectonic erosion in plate subduction zones. The
physicochemical process of tectonic erosion may be very complex. However, from a
mechanical point of view, we can regard this process as a mass transfer process from the
underside of the overriding plate to the depths. Such a mass transfer process inevitably
accompanies a landward retreat of the interface between the descending and the overriding
plates. The progress of tectonic erosion would also produce changes in plate interface
geometry. In the present study, however, we simply assume that the plate interface migrates
landward at a constant rate v, in the direction of plate convergence (cos 0, sin 0, 0) without
change in its geometry. Then, assuming that tectonic erosion started at ¢ = f; in a part 2’ of
the plate interface X, we can incorporate the effect of tectonic erosion into the first term on
the right-hand side of Eq. (6) (the second term has been neglected) by replacing the
argument & with & + v, (t — 1;) for the migrating interface 2’ as

wa(x, ) = / / U,(x, £ — 18, 0) (&) dEck

n -3

+// U,(x,t — 1;€,0)v, (&) dédr

[

+ / / Ux,t — ;& +ve (1 —1;),0)vp(E+ve (t —1;)) dEdr (10)
ti Y

Here, v, = (v, cos 8, v, sin 0, O)T is the landward-retreat rate vector of the plate interface
2’, and the superscript T denotes the transpose of the corresponding vector.
Using the approximation of v,;(& + v, (f — ;) = v;(£) and a symmetric property of
U/ (x,t —1;&+ve (t —1,),0) = U(x — v (t — t;),t — 7; £,0), we can rewrite Eq. (10) as
t t; t
uy(x,t) = / Vs_y(x, 0 —1)dt + / Vy(x,t — 1)dt + / Ve(x —ve(t —1;),t — 1) dt
IO 1y 1

(11)

with

Vi(x,t —1) = / U, (x,t — 1;€,0)v, (&) d&. (12)

)

Differentiating both sides of Eq. (11) with respect to time ¢, we can obtain the expressions
of crustal uplift rates due to steady plate subduction with tectonic erosion as follows. The
differentiation of the first, second, and third terms on the right hand side of Eq. (11) with
respect to time ¢ yields, respectively,
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t

d

% Vs si(x,t —1)dt = Vy(x,t —ty) — Ve (x,t — 1), (13)
0
t
% / Vy(x,t —1)dt = —Vy(x,t — ;) + Vy(x,t — 1), (14)
o
and
t
d
o Vsr(x —ve (t —1;),t — 1) = Vsr(x, 1 — ;)
t
t
— v, cos / Vs (X =ve (t —1;),t —1)dt
t
t
—vgsinG/VZ/vy(x—ve (t—1t),t—1)dr (15)
t
with
Vi (X, = 1) :iV(x,t—r). (16)
' 0x(y)

Thus the crustal uplift rates due to steady plate subduction with tectonic erosion are given
by
t

i (3, £) = Vi(x, £ — o) — /ve YV (x = ve(t — 1)1 — 7) dr. (17)

4

Here, the first term on the right-hand side of the above equation represents the effects of
steady slip motion over the whole plate interface 2, which is the same as that in Eq. (7),
and the second term represents the effects of the landward retreat of the plate interface 2’
due to tectonic erosion. When the migration distance of the plate interface 2’ during ¢ —
t; is much smaller than the horizontal distance between the migrating plate interface and
observation points, that is, |v.(f —f;)|<<|x — €|, we can obtain the following
approximate expression of Eq. (17):

t
i (x,1) =2 Vy(x,t — 1) — /ve -VVyg(x,t—1)dt for |v,(t—1)] << |x—¢E. (18)
143

Now we consider three representative cases: 1) Young subduction zones, in which
the duration of both tectonic erosion t — #; and steady plate subduction ¢ — 7, are
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much longer than the effective stress-relaxation time of the asthenosphere 7, but
much shorter than the effective stress-relaxation time of the lithosphere 7;, 2) mod-
erate-aged subduction zones, in which the duration of tectonic erosion is by much
longer than 7,4 but much shorter than 7;, and that of steady plate subduction is much
longer than 7;, and 3) old subduction zones, in which the duration of both tectonic
erosion and steady plate subduction are much longer than T7;.

2.3.1. Young subduction zones. Inthe firstcase, Ty <<t —t; << Trand T, <<t — 1ty

<< Ty, the integral of the slip-response function over the plate interface Vs(x,t — ) and
its spatial derivative VVy (x,¢ — ) in of Eq. (18) can be regarded as constant in time.
Denoting the slip response function on this time scale by U (x &), and its surface

integral over X by V fz x Evpi(€)dE, we can obtain the expression of
crustal uplift rates in the case of young subduction zones (T, <<t —t; << T and T4
<<t—ty <<Typ) as

(e, 1) = VI () — v - VVE (x) (£ — ). (19)

The above equation means that both effects of tectonic erosion on 2’ and steady plate
subduction over 2 contribute to crustal uplift and subsidence in young subduction zones.

2.3.2. Moderate-aged subduction zones. In the second case, T4 <<t —t; << T and
t — ty >> Ty, the integral of the slip-response function over the plate interface Vi (x,t —
fo) becomes zero, however its spatial derivative VVy (x,t — 1) takes the same constant
value as in the first case. Then, we can obtain the expression of crustal uplift rates in the
case of moderate-aged subduction zones (T4 <<t —f; << Tpand t — ty, >> T;) as

(x, 1) = —v, - VVE (x) (t—1). (20)

The above equation means that only the effect of tectonic erosion contributes to crustal
uplift and subsidence in moderate-aged subduction zones.

2.3.3. Old subduction zones. In the third case, t — t; >> Ty and t — 1o >> T;, both the
integral of the slip-response function over the plate interface Vx(x,t — #; ) and its spatial
derivative VVy (x, t — 1) become zero. Then, in the case of old subduction zones (¢t — ¢;
>> Ty and t — ty >> T;), we obtain

11, (x, 1) = 0. (21)

The above equation means that even tectonic erosion no longer brings about to crustal
uplift and subsidence in old subduction zones.
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Figure 1
Computed vertical crustal motion due to steady plate subduction with tectonic erosion. (a) The surface uplift
rates due to steady plate subduction. (b) The temporal change in surface uplift rates in young subduction zones
with tectonic erosion. The uplift rates are given by the sum of the surface uplift rates due to steady plate
subduction (a) and tectonic erosion (c). (¢) The surface uplift rates due to tectonic erosion after the duration ¢ —
t; =0, 1,3, and 5 Myr. The landward retreat rate of the plate interface is taken to be 3 mm/yr. (d) The trench-
across vertical section of the plate interface. The thick horizontal line indicates the range of the land area in
northeast Japan. The solid triangle indicates the position of the trench axis. The dotted line indicates the
lithosphere-asthenosphere boundary.

3. Vertical Crustal Motion Caused by Tectonic Erosion

The vertical crustal motion due to steady plate subduction with tectonic erosion can
be expressed in the form of Eq. (17). In this section, in order to quantitatively examine the
effect of tectonic erosion, we carry out numerical simulation with simplified plate
interface geometry.

We consider an infinitely long plate interface 2 along the trench axis. The trench-across
vertical section of the plate interface is shown in Figure 1d. We take the rate of fault slip
along the plate interface to be 8 cm/yr with its direction perpendicular to the trench axis.
Furthermore, we suppose that the whole plate interface migrates landward at a constant rate
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of 3 mm/yr. Consequently, we can treat the problem in a 2-D framework. Taking the y axis
so as to coincide with the trench axis, the x axis on the surface to be perpendicular to the
trench axis, and the z axis to be vertical upward, we can rewrite Eq. (17) as

t

u(x,t) = Vs(x,t — 1) — v, /%Vz(x —ve(t —t;),t — 1) dr. (22)
f

Here, the first and second terms on the right-hand side of the above equation represent the

effects of steady plate subduction and landward retreat of the plate interface due to

tectonic erosion, respectively. On a time-scale where the lithosphere can be regarded as

an elastic surface layer floating on the completely relaxed asthenosphere, Eq. (22) can be

rewritten in the form of Eq. (19) as

i) = VI (6) — vl = 1) SV ) (23)

From the above equation we can see that the crustal uplift rate due to tectonic erosion (the
second term) is given by the product of the migration distance v, (t — ;) and the negative
gradient of the crustal uplift rate due to steady plate subduction 6V§E) (x)/ox.

In Figure 1a we show the computed crustal uplift rates due to steady plate subduction,
characterized by island-arc high and trench low. In Figure 1c we show the computed crustal
uplift rates due to tectonic erosion (v, = 3 mm/yr) for the durationt — #; = 0, 1,3, and 5
Myr. From this figure we can see that tectonic erosion brings about the steep subsidence of
the wedge portion of the overriding plate and the gentle uplift of the landward portion. The
zero crossing point of the uplift rate curves agrees with the point of the maximum crustal
uplift rate due to steady plate subduction. Figure 1b shows the temporal change of crustal
uplift rates in young subduction zones with tectonic erosion (74 <<t — t; << Ty and T4
<<t — ty << Tp), which is given by the sum of the crustal uplift rates due to steady plate
subduction (Fig. 1a) and tectonic erosion (Fig. 1c). Here, it should be noted that Eq. (23) is
not applicable for the points near the migrating plate interface, because the approximate
expression in Eq. (18) is not valid there. From Figure 1b we can see that the effect of tectonic
erosion is less significant in young subduction zones. However, in old subduction zones (T4
<<t—1t; << Ty and t — tn >> T;), the effect of tectonic erosion becomes dominant,
because the crustal uplift rates due to steady plate subduction (the first term of Eq. (22)) tend
to zero. In other words, the initiation of tectonic erosion in old subduction zones causes
significant change in the mode of vertical crustal motion.

4. Vertical Crustal Motion in Northeast Japan

4.1. 3-D Plate Interface Geometry in and Around Japan

Recently, Hasnivoto et al. (2004) constructed a realistic 3-D model of plate
interface geometry in and around Japan on the basis of the topography of ocean floors
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and the hypocenter distribution of earthquakes (Fig. 2). The modelled region extends
from 125°E to 155°E in longitude and from 20°N to 50°N in latitude (about 3000 km
x 3000 km). In this region the lithosphere is divided into four plates; the Pacific (PA),
North American (NA), Philippine Sea (PH), and Eurasian (EU) plates. Since the
interface between the North American plate and the Eurasian plate is indefinite, we
discard it in modelling. The 3-D geometry of the upper boundaries of the Pacific and
Philippine Sea plates is represented by the superposition of bi-cubic B-splines with
8 km equally spaced local supports. The expansion coefficients of plate interface
geometry are determined from ISC (International Seismological Centre) hypocenter
location data by using an inversion technique developed by YaBuki and MATSU URA
(1992).

In order to determine the direction of steady slip vectors v,,; on the four given plate
interfaces, 2; (PA-NA), 2, (PA-PH), X5 (PH-NA) and 2, (PH-EU), first, we calculate the
relative plate motion vector v = (v, ,V, ,O)T at each plate boundary from NUVEL-1A
(DEMETS et al., 1994) as shown in Figure 3. Then, we project the calculated relative plate
motion vector v onto the plate interface. The depth to the plate interface is defined by the

Figure 2
A 3-D model of plate interface geometry in and around Japan, used in numerical simulations. The upper
boundaries of the descending Pacific and the Philippine Sea plates are shown. The intervals of the isodepth
contours are taken to be 10 km. The model region extends from 125°E to 155°E in longitude and from 20°N to
50°N in latitude.
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Plate boundaries and relative plate motion vectors in and around Japan. The elastic lithosphere is divided into

four plates; the Pacific (PA), the North American (NA), the Philippine Sea (PH), and the Eurasian (EU) plates.

These four plates are interacting with each other at four plate interfaces; X (PA-NA), 2, (PA-PH), 23 (PH-NA)

and 2, (PH-EU). The relative plate motion vectors (thick arrows) are calculated from the global plate motion
model NUVEL-1A (DEMETS et al., 1994).

continuous function z = z(x, y), and therefore the unit normal vector n of the plate
interface is given by

Ny 1 —aZ/aX
n=|n | = —0z/0y |. (24)
ne)  \J(@z/en +(@z/y)P 1\

The magnitude v, of the steady slip vector at the plate interface is taken to be the same as
the magnitude of the relative plate motion vector v to satisfy the mass conservation of the
descending slab. Then, the steady slip vector v, is given by

/12 2 _
varvy Vx

vp =y = —Vy . (25)
\/v)% + 2+ (vene + vyny)z/ng (vame +vyny) /n:

Here, y represents the unit slip-direction vector, which is parallel to the projection of the
relative plate motion vector v onto the plate interface.
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Figure 4
Computed surface uplift rates and observed free-air gravity anomalies in and around Japan. (a) The surface uplift
rates due to simple steady subduction of the Pacific and the Philippine Sea plates. The maximum subsidence
rates at the Japan trench and the Nankai through are about 2.5 mm/yr and 1.5 mm/yr, respectively. The
maximum uplift rate is approximately 1.5 mm/yr, both in northeast Japan and southwest Japan. (b) Free-air
gravity anomalies obtained by satellite altimetry (SANDWELL and Smith, 1997). The color bar shows the
amplitude of free-air gravity anomaly.

4.2. Vertical Crustal Motion in Northeast Japan

First, we compute long-term crustal motion in northeast Japan due to steady plate
subduction without tectonic erosion. Carrying out the integration in Eq. (8) over all the
plate interfaces > = %; + X, 4+ X3 + 24, we obtain the surface uplift rates due to
steady plate subduction. In Figure 4 we show the computed surface uplift rates together
with the free-air gravity anomalies obtained by satellite altimetry (SANDWELL and SMITH,
1997). From comparison of the patterns of computed surface uplift rates (Fig. 4a) and
observed free-air gravity anomalies (Fig. 4b), we can see that the 3-D model of simple
steady plate subduction adequately reproduces not only the general pattern of free-air
gravity anomaly (island-arc high, trench low and outer-rise gentle high) but also the
regional patterns of negative anomaly at the Kuril-Japan trench junction in northeast
Japan and the Nankai trough-Ryukyu trench junction in southwest Japan. This means that
the essential cause of free-air gravity anomaly in and around Japan is in long-term crustal
uplift and subsidence due to simple steady plate subduction. As mentioned in Subsection
2.2, Eq. (8) is an approximate expression in the case of young subduction zones; that is,
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Figure 5
Computed and observed surface uplift rates in northeast Japan. (a) The pattern of computed surface uplift rates
due to steady plate subduction with tectonic erosion. The landward-retreat rate and the duration of tectonic
erosion are taken to be 3 mm/yr and 3.5 Myr, respectively. The color bar shows the amplitude of the computed
surface uplift rates. (b) The profile of the computed surface uplift rates along the line A-B in Figure 5a. (c) The
average crustal uplift rates during the last 0.12 million years, estimated from fluvial-terrace heights by TAJIIKARA
(2004). The average crustal uplift rate over the northeast Japan arc is about 0.3 mm/yr. The short-wavelength
(10-50 km) deformation in the western part of the northeast Japan arc is ascribed to the thrust motion of active
faults. The crustal uplift rate in the eastern part of the northeast Japan arc gradually decreases eastward to zero
near the eastern coastline.

the duration of steady plate subduction is much shorter than the effective stress-relaxation
time of the lithosphere. If the duration of steady plate subduction becomes longer, the
surface uplift rates gradually decrease as a whole with time and finally tend to zero
because of stress relaxation in the lithosphere (SaTo and Matsu’ura, 1993). From
the ages of islands and seamounts at the northwestern end of the Hawaiian Chain,
the duration of the steady subduction of the Pacific plate beneath northeast Japan in the
present direction is simply estimated about 40 Myr, which is much longer than the
effective stress-relaxation time of the lithosphere. Thus, we can explain the stable pattern
of free-air gravity anomaly by the simple steady plate subduction model, but not the
pattern of current surface uplift rates observed in northeast Japan.

In northeast Japan, as shown in Figure 4b, the island-arc high of observed free-air
gravity anomaly takes its maximum about the eastern coastline, while the current crustal
motion estimated from geological and geomorphological observations shows gentle uplift
in the land area and steep subsidence in the sea area with the neutral point near the eastern
coastline. In order to explain this discrepancy, we compute long-term crustal uplift rates
due to steady plate subduction with tectonic erosion. Now we consider the case of old
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subduction zones (T4 <<t —t; << T; and t — ty >> T;), and assume the landward
migration of the Pacific-North American plate interface (X’ = X) at a constant rate in
the direction of relative plate motion (N63°W). From Eq. (20), carrying out the
integration of the second term on the right-hand side in Eq. (18) over the migrating plate
interface 2’ = X, we can obtain the surface uplift rates in northeast Japan due to steady
plate subduction with tectonic erosion. The landward retreat rate v, is taken to be 3 mm/
yr on the basis of the geological estimate by voN HUENE and LALLEMAND (1990).
According to SaTo (1994), the mode of tectonic loading in northeast Japan has changed
from extension to compression 3.5 million years ago. Then, we take the duration of
tectonic erosion ¢ — t; to be 3.5 Myr, which is considerably shorter than the effective
stress-relaxation time of the lithosphere 7;. In Figure 5a we show the pattern of
computed surface uplift rates in northeast Japan, characterized by gradual uplift over the
northeast Japan arc and steep subsidence in the sea area with the neutral point near the
eastern coastline. In Figures 5b and ¢ we show the profile of the computed surface uplift
rates along the line A-B (Fig. 5a) and that of the average crustal uplift rates during the
last 0.12 million years estimated from fluvial-terrace heights by Tankara (2004),
respectively. From these figures we can see that the 3-D model of steady plate subduction
with tectonic erosion adequately reproduces the pattern of current vertical crustal motion
in northeast Japan.

The tectonic evolution model is based on the assumption that tectonic erosion at a
constant rate has started 3—4 million years ago after the long duration of simple steady
plate subduction. From Figures 5b and ¢ we can find that the computed surface uplift rate
is somewhat small in comparison with the observed crustal uplift rate. It should be noted
that the observed crustal uplift rate includes not only the direct effect of tectonic erosion
but also the indirect effect of crustal thickening. Tankara (2004) suggested that his
estimates of crustal uplift rates include the effect of crustal thickening of the northeast
Japan arc by East-West compression. Actually, in northeast Japan, there exist many thrust
faults and folds with their strikes parallel to North-South direction (e.g., RESEARCH GROUP
FOR ACTIVE FAULTS OF JapaN, 1991; Sarto, 1994; Tankara, 2004). The short-wavelength
(10-50 km) deformation on the west side of the northeast Japan arc in Figure 5c can be
ascribed to the thrust motion of such active faults (Tankara, 2004).

5. Discussion and Conclusions

Free-air gravity anomaly in plate subduction zones reflects the cumulative effects of
long-term crustal uplift and subsidence due to steady plate subduction. In northeast Japan,
however, the island-arc high of free-air gravity anomaly takes its maximum about the
eastern coastline, while the current vertical crustal motion shows gentle uplift in the land
area and steep subsidence in the sea area with the neutral point near the eastern coastline.
Such a discrepancy in spatial patterns between free-air gravity anomaly and current
vertical crustal motion can be rationally explained by considering the effect of tectonic
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erosion at the PA-NA plate interface, which started 3—4 Myr ago after the long duration
of simple steady plate subduction.

We developed a mechanical model of steady plate subduction with tectonic erosion
on the basis of elastic/viscoelastic dislocation theory. Through numerical simulations
with this model we demonstrated that the pattern of free-air gravity anomaly in northeast
Japan could be explained by simple steady slip at the PA-NA plate interface at the early
stage of subduction. We also demonstrated that the pattern of current vertical crustal
motion could be explained by steady slip with tectonic erosion at the late stage of
subduction. From these simulation results we proposed a tectonic evolution model which
can consistently explain both patterns of free-air gravity anomaly and current vertical
crustal motion in northeast Japan.

The proposed tectonic evolution model is based on the assumption that tectonic
erosion at a constant rate started 3—4 Myr ago after the long duration of simple steady
plate subduction. At the late stage of subduction the surface uplift rate is proportional to
the product of the tectonic erosion rate (the landward-retreat rate v, of the plate interface)
and the duration of tectonic erosion (r — #;). In computation of the surface uplift rates in
Figure 5b, which are significantly small in comparison with observed surface uplift rates,
we took the landward-retreat rate and the duration of tectonic erosion to be 3 mm/yr and
3.5 Myr, respectively. As mentioned in subsection 2.4, the discrepancy between
computed and observed uplift rates can be ascribed partly to the neglect of crustal-
thickening effects and partly to the underestimate of the landward-retreat rate. If we
ignore the effects of crustal thickening, we require the landward-retreat rate of about
12 mm/yr to account for the observed surface uplift rates. The surface uplift rates also
increase with the duration of tectonic erosion, if it is much shorter than the effective
stress-relaxation tine of the lithosphere 7;. In the present case, however, the duration of
tectonic erosion (3.5 Myr) is of the same order as T, (about 5 Myr), and thus we cannot
expect the resolution of the discrepancy between computed and observed uplift rates by
increasing the duration of tectonic erosion.
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