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Abstract

The multiple inverse method for fault-slip data is applied to meso-scale faults observed in mid-Quaternary fore-arc sediments
near the triple trench junction off the Boso Peninsula, Japan. Data from the Otadai, Umegase and Kokumoto Formations were
processed, and three stresses were obtained as significant solutions: vertical, axial compression, and triaxial stresses with the o3
axis in WNW-ESE and NNE-SSW directions. The triaxial stresses were determined from the Otadai and Umegase data.
However, the WNW-ESE tensile stress is not detected from the youngest, Kokumoto, suggesting that the stress is older than the
formation. The area was subject to a WNW-ESE tensile stress ~1.2—-1.0 Ma, but tensile direction changed to a NE-SW trend
thereafter. The succession was simultaneous with a tectonic event in the landward slope of the Sagami Trough, suggesting that
the subduction of the Philippine Sea plate affected the stresses in the overriding plate. The older tensile stress was probably a
manifestation of the gravitational collapse of the Hayama—Mineoka ridge, which was growing parallel to the trough. The
inferred stress history is concordant with the variation of plate convergence at the trough. © 2000 Elsevier Science Ltd. All

rights reserved.

1. Introduction

Plate interactions and large-scale topography are the
primary and secondary origins of lithospheric stresses
(Zoback, 1992). Triple trench junctions are interesting
because they cannot be stationary with respect to the
overriding plate (McKenzie and Morgan, 1969), lead-
ing the fore-arc to experience time-dependent topogra-
phy and plate convergence. The modern junction off
the Boso Peninsula, central Japan, is where the Sagami
Trough, Japan and Izu—Bonin Trenches meet (Fig. 1).
Seismic profiles under the landward slope of the
trough suggest variable plate convergence in the Qua-
ternary: tectonic events at about 1.0 and 0.5 Ma are
attributed to the convergence of the Philippine Sea
plate (Nakamura et al., 1984, 1987).
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Many meso-scale faults in the Miura—Boso area
have been investigated by many researchers to infer
paleostresses (Kakimi et al., 1966; Kodama, 1968;
Kinugasa et al., 1969; The Minor Fault Research
Group, 1973; Ogawa and Horiuchi, 1978; Angelier and
Huchon, 1987). In this paper, the term ‘meso-scale
fault’ is used for the faults whose displacements can be
determined in a single outcrop. The previous research-
ers detected the change of tectonic regime at about
0.5 Ma, however, the event at 1.0 Ma was not ident-
ified in the meso-scale faults. A question arises accord-
ingly: are the events recorded in the fault population
not there? The area probably experienced polyphase
tectonics in the Quaternary. Each phase of tectonic
stresses affected a part of the fault population, result-
ing in heterogeneous fault-slip data. It is a difficult
task to separate stresses because usual inverse methods
assume that all faults moved in response to a single
stress state (Engelder, 1992).
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Recently, Mino and Yamaji (1999) used Armijo et
al.’s (1982) approach to process heterogeneous fault-
slip data obtained from the central Boso area. They
divided the data by minimizing misfits between
observed and predicted slip directions using Angelier’s
(1979, 1984) classic inverse method. The conclusion
was that the data are formidably heterogeneous for
this method.

Yamaji (2000) presents a new numerical method
called the multiple inverse (MI) method for hetero-
geneous fault-slip data. In this paper, the method is
applied to meso-scale faults collected by Mino and
Yamaji (1999). Identified stress states correlate with a
stratigraphic succession, suggesting the age of the
stresses. The temporal variation allows us to discuss
the mid-Quaternary stress history in the Boso area.

2. Geologic setting

The MI method (Yamaji, 2000) is applied to Mino
and Yamaji’s (1999) data from the mid-Quaternary
Otadai, Umegase, and Kokumoto Formations (Mitsu-
nashi et al., 1959) in the central Boso Peninsula (Fig.
2). They occupy the middle of the Kazusa Group. The
group is as thick as 3000 m, but thins westward. In the
study area, the Otadai and Umegase Formations are
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Fig. 1. Plate configuration around Japan. Boundary between North
America and Eurasia jumped from northern Japan to the margin of
Japan at around 0.5 Ma (Seno, 1988). Arrow: relative motion of
plate with respect to Eurasia. Thick line: plate boundary. B: Boso
Peninsula. Eu: Eurasia plate. IBT: Izu—Bonin Trench. M: Miura
Peninsula. NA: North America plate. Pa: Pacific plate. PS: Philippine
Sea plate. ST: Sagami Trough.

about 500 m thick, and the Kokumoto Formation is
300 m thick. The formations consist of alternating
beds of sandstone and mudstone. Sedimentological
studies show that the strata are fore-arc basin fill (Ito
and Katsura, 1993) that dipped eastward when they
were deposited (Tokuhashi, 1992), but dip NNW at
present (Mitsunashi, 1973). Benthic fossils suggest that
the formation was deposited hundreds of meters below
the sea level, but gradually became shallower during
deposition (Aoki, 1968). The Kazusa Group is blan-
keted by the Shimosa Group that deposited in non-
marine or shallow marine environments (Tokuhashi
and Kondo, 1989; Ito and Katsura, 1992; Okazaki and
Masuda, 1992). Accordingly, the formations have been
uplifted and unroofed by several hundred meters
within the last million years.

Magnetostratigraphy provides basic constraints for
the age of the formations (Okada and Niitsuma, 1989).
Cande and Kent’s (1995) timescale is used in this
study for the correlation of magneto- and chronostrati-
graphy. Paleomagnetic studies place the top of the
Otadai Formation in the Jaramillo Event (0.99—
1.07 Ma). Watanabe and Danhara (1996) integrated
magnetostratigraphic, micropaleontologic and fission-
track data and correlate the base of the Otadai For-
mation to the middle of the Matuyama Epoch. The
base of the Brunhes Epoch (0.78 Ma) is found at the
middle of the Kokumoto Formation. The top of the
formation is estimated by oxygen isotope stratigraphy
at about 0.7 Ma (Okada and Niitsuma, 1989).
Recently, Masuda (1997) used sequence stratigraphy to
correlate the Kazusa Group with well-dated strata to
re-evaluate the age of the Kazusa Group. He corre-
lated the base of the Otadai Formation at 1.2 Ma.
Consequently, our fault-slip data were obtained from
the horizon from about 0.7 to 1.2 Ma.

The lower Kazusa Group is cut by many N-S- to
NNE-SSW-trending, moderately to steeply dipping
faults with displacements of no more than tens of
meters. Many key beds allowed Ishiwada et al. (1971)
to trace minor faults with stratigraphic separation
down to about 10m. They found that the upper
Kazusa Group is also affected by the faults, though
they are rare in the horizon.

The formations are also cut by meso-scale faults.
However, usually fewer than ten meso-scale faults are
exposed at a single outcrop in the study area. This ob-
servation suggests a low intensity of the deformation
affected the area. The Minor Fault Research Group
(1973) observed hundreds of meso-scale to mappable
faults in the lower Kazusa Group in the western Boso
area. They traced many key beds and determined stra-
tigraphic separations of the N—S- to NNE-SSW-trend-
ing faults. It was found that most fault blocks step
down eastward and that the total subsidence of the
key beds is about 0.5 km along E-W transects, 10—
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20 km long. This indicates shear strain of about
0.5km/10 km = 5%. They did not observe striae, so
this is a very rough estimate.

3. Data

Because of the moderate deformation of the middle
part of the Kazusa Group, Mino and Yamaji (1999)
chose the area to investigate the methodology to separ-
ate stresses from heterogeneous data. The MI method
is applied to the same data: 53, 29, and 20 data from
the Otadai, Umegase, and Kokumoto Formations, re-
spectively (Fig. 3). The method requires more than
about 20 fault-slip data, though the lower limit
depends on data. Therefore, data from each of the
formations are collectively processed rather than from
each of the outcrops.

The displacements of the meso-scale faults are less
than a few meters. The three formations are composed
of alternating beds of sandstone and mudstone, so that
it is usually easy to determine the displacement and
sense of slip. The faults have closed lips with fault
gouge less than a few millimeters thick. Fig. 4 shows a
typical meso-scale fault cutting turbidites of the Otadai
Formation. Our data show that most of the faults in
the formations are oblique-normal faults, but some are

strike-slip faults (Fig. 3). The data are heterogencous
in that they cannot be explained by a single stress. For
example, there are many NNE-SSW-trending oblique-
slip faults with a variety of slip directions.

Fault block rotation leads stress inversion into error
(Twiss and Unruh, 1998). In addition, it is usually dif-
ficult to determine the relative timing of stratal tilting
and faulting. However, strata dip no more than 10° in
the study area, so that the tilting of the faults is not
corrected. The strata rotated during uplift, however,
the following evidence confirms that the rotation is
negligible. Paleocurrent (Ito and Katsura, 1993), lat-
eral variation of thickness (Ito and Katsura, 1992),
and paleobathymetry (Aoki, 1968) all indicate that the
sedimentary basin opened eastward when the Kazusa
Group was deposited. They suggest the paleoslope was
around 2°. Therefore, we do not consider horizontal-
axis rotation any more. Paleomagnetic data indicate
that vertical-axis rotation is also negligible (Okada and
Niitsuma, 1989).

4. Results
The MI method was applied first to the entire data

set collected from the three formations. The detected
significant stresses are represented by clusters of dot-
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Fig. 2. (a) Quaternary stratigraphy of the central Boso area. Magnetostratigraphy after Okada and Niitsuma (1989). (b) Geologic map of the
central part of the peninsula after Ishiwada et al. (1971) and Mitsunashi (1973). The Miura and lower Kazusa Groups are cut by a number of
NNE-SSW-trending normal faults in the eastern part of the peninsula. The faults tip in the upper Kazusa Group. Most faults in the Miura
Group are omitted in this figure for simplicity.
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Otadai Formation

Umegase Formation

Kokumoto Formation

Fig. 3. Fault-slip data obtained from the Otadai, Umegase and Kokumoto Formations. Lower-hemisphere, equal-angle projection. Arrows show
the slip direction of the hanging wall. Note that there are faults with similar orientations but with opposite sense, of movement, suggesting a

polyphase stress regime.

and-bar symbols in an ordinary lower-hemisphere,
equal-area projection (Fig. 5). The direction of the o3
axis is indicated by the position of a dot. The direction
and length of the bar attached to the dot show the azi-
muth and plunge of the o, axis of the stress state, re-
spectively. The Lode number,
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is shown by rainbow colors. This non-dimensional
number indicates the shape of stress ellipsoid. Axial

stresses are represented in Fig. 5 by violet (6, = o3 and
w. =—1) and red (o) =0, and y; = 1) symbols, and
rainbow colors in between indicate triaxial stresses
(1l <y <.

4.1. Convergence of clusters

Given N data points, stress inversion is applied to a
number of yC) subsets of data, where

M
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Fig. 4. Typical meso-scale fault and lithofacies of the Otadai Formation.
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is a binomial coefficient. The choice of a value for k is
arbitrary—the optimal value depends on data. Smaller
values of k make solutions unstable, whereas execution
time for computation inflates with k. Accordingly, the
optimal k is investigated. The parameter k was altered
from 2 to 5 for the whole fault collection. In the case
of k =2, no dense cluster appears at all. By contrast,
two clusters labeled as A and B stand out in Fig. 5 if
k>3. There is no significant difference in the clustering
if k>4, showing the convergence of solutions. The
clusters obtained with k=3 is more divergent than

those with greater values of k. Consequently, k =4 is
the optimal choice for the whole data collection.

In order to help identify significant stresses,
erroneous solutions should be thinned out to enhance
correct ones. It is found from simulated and natural
fault-slip data that the numerical density of solutions in
four-dimensional parameter space obeys the relation-
ship log P(m)oc — log m, where m and P(m) represent
the density and the frequency distribution of the den-
sity, respectively (Yamaji, 2000) (Fig. 6). The distri-
bution says that a great number of solutions gather at

Fig. 5. Convergence of clusters derived by the MI method with k£ = 2-5 from the whole data set. Solutions of inverse calculation are represented
by points in four-dimensional parameter space, and indicated by dot-and-bar symbols in these pictures. The direction of the o3 axis is shown by
a dot on lower hemisphere, equal-area net, and that of the ¢, axis is indicated by a bar attached to the dot: the azimuth and plunge of o, is indi-
cated by the direction and length of the bar, respectively. The length is proportional to the plunge. Lode number yy is color-coded. A cluster in
the four-dimensional parameter space is visualized as a cluster of symbols with the same direction and length of bars, and with the same color.
The enhancing factor is chosen at ¢ = 6. There are two dominant clusters: the cluster of blue symbols, labeled as ‘A’, forms a great-circle girdle
along the base circle. The green symbols clustering in the NE and SW quadrants are grouped as the cluster ‘B’.
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a small number of points in the parameter space—
clusters appear. Accordingly, s, the standard deviation
of m, can be used to thin out erroneous solutions: m/es
symbols are plotted in Fig. 5, where the enhancing fac-
tor e is arbitrary, but is typically e =4 or greater. If
the quotient m/es is smaller than one, no symbol was
drawn.

The cluster A in Fig. 5 is represented by the violet
and blue symbols that make a great-circle girdle on
the base circle. The colors indicate a very low stress
ratio, so that it is approximately an axial stress with
vertical ¢, axis. Due to approximate horizontal iso-
tropy, the blue dots that show the direction of g3 axes
are distributed on the great circle. The violet and blue
symbols have no or short bars attached, indicating ver-
tical or steeply plunging o; axes. Consequently, the
cluster represents a stress with vertical axial com-
pression, which we refer to as the stress A. The clusters
of green symbols in the NE and SW quadrants are
labeled as B, which represents a triaxial stress
(4, ~0.0) with NNE-SSW g3 and vertical o axes.
This is called stress B.

The faults from the Otadai, Umegase, and Koku-
moto Formations total 53, 29, and 20, respectively.
The MI method was applied to each of the subgroups,
and the results are shown in Fig. 7. Since the number
of data is not large, the MI method was applied with k

10,000

1,000

1,000

Fig. 6. Log—log plot of P(m) for k =2, 3, 4, and 5 where m stands
for the number of solutions at a grid point in the four-dimensional
parameter space, and P(m) represents the frequency distribution of
m.

up to 7 to see the convergence of clusters. The stresses
A, B, C and D were identified (Fig. 7). Stresses A and
B are identical to those found from the whole fault
collection. The stress C is represented by the clusters
of green symbols, showing a vertical ¢; and NW-SE-
trending g3 axis with g ~0.0. The stress D is an axial
(1, = 1) stress with a NNE-SSW-trending o5 axis, and
is represented by red symbols in Fig. 7. The stress has
axial symmetry around the g3 axis so that the direction
of the o, axis is indicated by the great-circle girdle
with the pole parallel to the o3 axis. The cluster D is
the least dense among the labeled clusters.

It is notable that the clusters labeled C and D are
absent in the results obtained from the Kokumoto and
other data, respectively. The stresses A and B are
identified from all the formations. Accordingly, the
stresses A and B are enhanced when the MI method is
applied to the whole fault collection, whereas the stres-
ses C and D were hindered (Fig. 4).

5. Discussion
5.1. Methodology

Several methods have been proposed to process het-
erogeneous fault-slip data to identify stresses. Armijo
et al. (1982) apply the classic inverse method recur-
sively to those subsets of data that show large misfit
from slip directions predicted from formerly deter-
mined stresses. The first inversion is applied to the
whole fault collection. However, it is sometimes diffi-
cult to find a break in the histogram of misfits to
divide data for following iteration. In addition, data
are subdivided many times and later iterations use
small parts of them, resulting in unstable solutions.

Mino and Yamaji (1999) attempted to separate
stresses by the procedures from the same data set used
in this work. They failed in separating the hetero-
geneous data from the Otadai and Umegase For-
mations, because solutions became unstable at the
second iteration. However, they detected a stress by
the first inversion from the Otadai data, similar to the
stress A. The recursive approach was able to identify
the stress that is represented by one of the densest
clusters derived by the MI method. The same is true
for the Umegase case—they identified a solution corre-
sponding to the stress C. The Kokumoto data yielded
the stresses B and A, the same result as with the pre-
sent method except for the failure to detect the stress
D. The MI method shows that the clustering pattern
for the Kokumoto data is simpler than those for the
Otadai and Umegase data (Fig. 6). Consequently, the
Otadai and Umegase data are formidably hetero-
geneous for the recursive approach.

The present method has an advantage over the
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Fig. 7. Stresses identified by the MI method with k = 7 from the data of three formations. See Fig. 5 for legend. The clusters A, B, C and D
stand out. The clusters A and B were also identified from the whole data set (Fig. 5). By contrast, the stress represented by the cluster C in the
NE and SW quadrants is not identified from the Kokumoto Formation. The Kokumoto data yield the cluster of reddish symbols, labeled as D,
showing NNE-SSW-trending, axial, deviatoric tension. The enhancing factor is chosen at e =4 for the Kokumoto and Umegase data, and
e = 14 for the Otadai data.



436 A. Yamaji | Journal of Structural Geology 22 (2000) 429-440

recursive method to study polyphase tectonics, as the
former determines the optimal solutions with equal
treatment. The recursive method divides data into sub-
sets several times, so that later iterations use smaller
numbers of data to determine optimal solutions. Sol-
utions determined by later iteration are less reliable
than earlier ones.

All inverse methods have limited resolution if
observed faults have a small variation in their orien-
tations. Given a fault set with a wide variety of orien-
tations, it is easy for the MI method to detect correct
stress(es). Unfortunately, most of the faults from
which the present data were obtained have NNE-SSW
to N-S strikes with steep dips, resulting in the diffi-
culty to determine which stress is correct because they
cause the faults to slip in similar directions. Such non-
unique solutions appear typically in the cases in which
we process conjugate faults. If a triaxial stress was re-
sponsible for the faulting, axial stresses with both y =
—1 and +1 can appear as associated solutions as well
as the triaxial stress (Yamaji, 2000). The stresses A
and D identified from the Kokumoto data are typical
examples, as the symmetry axis of the stresses A and
D are parallel to the o; and o3 axes of the triaxial
stress B, respectively (Fig. 8). Among them, however,
the slip directions by the axial stress D are somewhat
different from those by the other stresses. Conse-
quently, stress D is easier to separate than axial com-
pression. This is reflected by the sparseness of the
cluster D compared to those of A and B (Fig. 7). The
stress D is therefore less significant and may be an
artefact that appears as a shadow of the triaxial stress
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Fig. 8. Detected stresses A, B, C, and D, and their stratigraphic dis-
tribution. Stress A is vertical, axial compression. Stresses B and C
are triaxial (y & 0) stresses with g3 axes in the NE-SW and WNW-
ESE directions, respectively. Both stresses have vertical o and hori-
zontal o3 axes. Stress D is horizontal axial deviatoric tension with
the o5 axis in the NNE-SSW direction. Associated stresses are joined
with dotted lines. Color indicates the Lode number of the stresses:
violet = —1, green = 0, red = +1.

B. As a matter of fact, there are such axial deviatoric
tensions whose symmetry axis is parallel to the o3 axis
of the stresses B and C for the Otadai and Umegase
cases. However, they are so sparse that they are
thinned out in Fig. 7. Each of the triaxial stresses B
and C has associating solutions of axial extension in
different directions, so that the solutions make their
shadows thin. In contrast, the axial compression that
was referred to as the stress A has its o, axis parallel
to those of the triaxial stresses B and C, so that the
axial compression is enhanced by the interference of
them. There is only the triaxial stress B in the Koku-
moto case, so that the axial extension D remained as
well as the axial compression.

Conclusively, the triaxial stresses B and C are inde-
pendent solutions (Fig. 8). The stress A may be an
artefact caused by the two stresses, or a valid solution.
The stress A allows various interpretations even if it is
not an artefact. The solution is accounted by horizon-
tally isotropic, tectonic extension and by compaction.
Horizontally variable compaction in underlying strata
may have been able to make growth faults with var-
ious orientations. The stress D is probably an artefact
associated with the triaxial stress B.

5.2. Tectonic implications

Three stresses, A, B, and C, were identified in this
study from the data obtained in the mid-Pleistocene
strata (Fig. 8). The stress A was a vertical axial devia-
toric compression (y; & — 1.0). The states B and C are
triaxial stresses (y; =0.0) with NNE-SSW and WNW-
ESE extension, respectively. They have a vertical o
axis. None of the stresses is concordant with the pre-
sent day compressive state (Tsukahara and Ikeda,
1987), indicating that they are paleostresses.

5.2.1. Age of stresses

Stratigraphic occurrence of the paleostresses suggests
a chronology. All the stresses A, B and C are detected
from the Otadai and Umegase Formations (Fig. 8). By
contrast, the stresses A and B are separated from the
Kokumoto data. The lack of the stress C in the young-
est Kokumoto Formation suggests that the stress is
older than the formation. Unfortunately, meso-scale
faults are not so dense in the study area to allow verifi-
cation of the relative age by the crosscutting relation-
ship. Stratigraphic distribution of the stresses cannot
be translated into time-distribution by themselves,
however, the simultaneous tectonic events that are dis-
cussed in the following subsections support the infer-
ence. To be certain, we need more data around the
study area or from subsurface strata.

The study area was probably subject to the stress
state C when the Otadai and/or Umegase Formations
were deposited. The stress was terminated at the top
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of the Umegase stage just after the Jaramillo Event.
During or after the accumulation of the Kokumoto
Formation, the area was subject to stresses A and B.
If the stress A was tectonic in origin, the stress might
represent the transitional state from the stress state C
to B. The stress A is equivocal, so I will not discuss it
further.

5.2.2. Comparison with paleostresses detected by
previous studies

Many researchers have studied meso-scale faults in
the Boso and Miura Peninsulas. The stress C is prob-
ably identical to one of the stresses pointed out by
those studies. However, the stress B is found for the
first time. Kakimi et al. (1966) classified meso-scale
faults in the Miura Peninsula according to their orien-
tations, and suggest two stress states in the Quatern-
ary: older N-S compression and younger NW-SE
extension. Kodama (1968) observed slickenlines to ver-
ify the stresses. In the Boso area, Kinugasa et al.
(1969) report a similar stress history. Those studies are
based on Anderson’s (1951) fault classification, there-
fore, they assumed that faults must compose conjugate
sets. This is not always true. In the case where faults
are dealt with as if they are conjugate faults but actu-
ally they are not, the conjugate hypothesis results in a
complicated stress history as suggested by Kakimi
(1974). Angelier and Huchon (1987) re-evaluated the
stress history using the inverse method of Angelier
(1984). As for Quaternary stress history, their con-
clusion agrees broadly with the 1960s’ works, i.e. N-S
compression was followed by NW-SE extension at
about 1-2 Ma.

Our stress state C may be identical with Angelier
and Huchon’s (1987) younger extensional stress,
although the correlation is not clear as they do not
describe the plunge of stress axes nor the shape of
stress ellipsoids. Since the Lode number of the stress C
is near zero and the strike of the normal faults is more
or less perpendicular to the g; axis, the stress should
have caused dip-slip normal faulting. Therefore, pre-
vious works that assumed conjugate faulting (Kakimi
et al., 1966; Kodama, 1968; Kinugasa et al., 1969; The
Minor Fault Research Group, 1973) pointed out cor-
rectly the stress axes of stress C. Kinugasa et al. (1969)
used the macro-scale faults shown in Fig. 2 as well as
meso-scale ones to demonstrate the stress. They were
not able to detect the stress B.

The origin of the faults may be the joint system with
those trends. There are two joint systems with NNE-
SSW and E-W trends in the Miura Group that
underlie the Kazusa Group to the south of the study
area. The pre-existing, NNE—SSW-trending joints were
activated as normal faults by the stress C, and parts of
them were reactivated as oblique-normal faults by the

stress B, causing fault activities in the overlying
Kazusa Group.

The age of faulting is constrained by the observation
that faults are rare in the upper Kazusa Group, which
is younger than the Kokumoto Formation. Precise
geologic mapping at a scale of 1:15000 by Ishiwada et
al. (1971) shows that N-S- to NNE-SSW-trending
faults terminate mostly in the middle of the Kazusa
Group; such faults are present but rare in the horizon
younger than the Kasamori Formation, which blankets
the Kokumoto Formation. A fission track age of
0.60 Ma is obtained from the Kasamori Formation
(Watanabe and Danhara, 1996). The Kazusa Group is
overlain by the Shimosa Group, which is composed by
paralic sediments, and suffered little deformation by
the faults (Kakimi, 1974). The base of the Shimosa
Group yields radiometric ages of about 0.4 Ma (Toku-
hashi et al., 1983; Shimokawa et al., 1992). Therefore,
the stress state B was terminated by 0.5+0.1 Ma.

Consequently, the study area was subject to the
three stress states. The triaxial stress C with WNW-
ESE-trending o3 axis was the oldest, and caused nor-
mal faulting from ~1.2 to 1.0 Ma. The stress A was
vertical, axial compression, of unclear age. The stress
A might be a transitional state from the stress C to B.
The stress state B appeared in the area after the Jara-
millo Event until ~0.5 Ma.

5.2.3. Implications for plate kinematics

Seismic profiles under the landward slope of the
Sagami Trough revealed the transition in tectonic
regime at about 1.0 Ma (Nakamura et al., 1987). The
observation led Nakamura and his coworkers to
suggest that the subduction direction of the Philippine
Sea plate controlled tectonics in the overriding litho-
sphere. The event was simultaneous with the transition
from the stress C to B (Fig. 9). Kotake (1988) finds a
simultanecous event also in the southern tip of the
Boso Peninsula. The Plio-Pleistocene Chikura Group
is unconformably overlain by the upper Pleistocene
Toyofusa Group, there. Kotake revealed that the area
was subsiding in the Chikura stage but was gradually
uplifted in the Toyofusa stage. The hiatus between the
groups is correlated with the entire Otadai and poss-
ibly Umegase stages, and the upper bound of the hia-
tus is older than the Brunhes—Matuyama boundary
(Kotake et al., 1995), same as the inferred age of the
stress C.

The original interpretation by Kakimi et al. (1966)
seems to be the most probable explanation for the
extension. They suggested that the normal faulting rep-
resents the late stage activity of the growing Hayama-—
Mineoka ridge. The upper crust was transferred east-
ward by the normal faulting. There are a few faults
that indicate extensional tectonics in the southern
Boso area (Angelier and Huchon, 1987). The exten-
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sional stress C affected only the Hayama—Mineoka
ridge and its flanks. The southern Boso area was in a
compressional stress regime at that time (Kotake,
1988). In the Futtsu area to the north of the ridge, E-
W-trending folds were growing in the Otadai—Umegase
stage (Yamauchi et al., 1990). To the north of the
Miura Peninsula, normal faults are rare in the Yoko-
hama area (Kakimi, 1974). In the Boso area to the
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east of Miura, the tensional zone was wider. The stress
caused normal faulting that extended the upper crust
eastward (Fig. 7). The fact is that most of the N-S- to
NNE-SSW-trending normal faults dip eastward
(Kinugasa et al., 1969; The Minor Fault Research
Group, 1973).

The stress state C (WNW-ESE extension) was suc-
ceeded by the stress B (NNE-SSW extension) after
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Fig. 9. Schematic to show the tectonic evolution around the Boso Peninsula. Quaternary stress field in the area is explained by three factors: (1)
gravitational collapse of the growing Hayama—Mineoka ridge toward the Japan Trench, (2) the change of movement of the Philippine Sea plate,
and (3) NE Japan’s change of plates from the Eurasia to North America plate. F: Futtsu, M: Miura Peninsula, O: Oiso, Y: Yokohama. Data
source: Angelier and Huchon (1987), Kakimi et al. (1966), Kodama (1968), Kotake et al. (1995), Koyama and Kitazato (1988), Tsukahara and

Ikeda (1987). See text for detail.
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1.0 Ma. Extensional direction rotated at about 90°.
Nakamura et al. (1987) found grabens near the Sagami
Trough that are concordant with the stress B. The gra-
bens were shown to have formed after N-S com-
pression. Nakamura and his coworkers (op. cit.) dated
the transition at about 1.0 Ma, simultaneous with the
rotation of the extensional direction in the central
Boso area.

Nakamura et al. (1987) attributed the graben for-
mation to the highly oblique subduction of the Philip-
pine Sea plate at the Sagami Trough. They thought
that the plate subducted at a higher angle before ca.
1.0 Ma. The timing is consistent with the change of
subduction direction inferred by Yamazaki and Oka-
mura (1989) who studied detailed submarine topogra-
phy at the northern margin of the Philippine Sea plate.
The highly oblique subduction between ~1.0 and
0.5 Ma is consistent with the timing of paleomagnetic
rotation in the southern Boso (Kotake et al., 1995)
and the Oiso areas (Koyama and Kitazato, 1988) (Fig.
9). Nakamura et al. (1987) suggest the clockwise ro-
tation of the subduction direction at about 0.5 Ma to
account for the youngest, compressional, minor struc-
tures around the Sagami Trough. Seno (1985) attri-
butes the rotation to the behavior of NE Japan
including the northern slope of the Sagami Trough:
the NE Japan arc belonged to the Eurasia plate, which
is almost stationary, but changed to the North Amer-
ica plate at that time, and began westward movement.
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