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2 rate on the formation and preservation of individual marine
3 terraces during multiple sea level stands”
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s 1 Code to generate the occupation plot

7 The Python code used to plot Fig. 2 and 3 and is available in the Zenodo repository

s doi:10.5281/zenodo.5233650

o (https://zenodo.org/record/5233650) )

Note that the binder links in the read me file allow to run the jupyter notebook, or only the interactive
figure directly in a browser.
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12 Summary of the code

13 The code can be summarized as following.

14 Import eustatic curves

15 Compute eustatic curve at different rock uplift rates

16 Calculate kernel distribution of sea level occupation time along elevation
17 Store kernel distribution in a matrix for each uplift rate

18 Represent the distribution as a heat map in elevation vs. rock uplift space

» 2 Sea level occupation since 600 ka

o Figure|ljtakes the last 600 kyr into account instead of the 300 kyr presented in the main manuscript.
21 The longer record yields additional loci of repeated occupation and spans a greater vertical

[¥]

» 3 Plots with alternative sea level curves

N

s Figure[2]shows alternative versions of the illustration of total sea level occupation time as a function
2o of rock uplift rate (Figure 3 in the main manuscript) with the sea level curves of Lea et al.| (2002),
25 |Lisiecki and Raymo| (2005), [Spratt and Lisiecki| (2016), and |Westerhold et al. (2020]). Additional
2% plots can be generated using the Python code available in Section

!Section of Earth Surface Process Modelling, GFZ Potsdam, Germany
Institute of Earth Surface Dynamics, University of Lausanne, Lausanne, Switzerland
3Department of Earth and Planetary Sciences, UC Santa Cruz, Santa Cruz, CA 95060, USA
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Figure 1: Total occupation time of sea level from 600 ka over a range of rock uplift rate of 0 to 1.5
mm/yr using the sea level curves of Spratt and Lisiecki (2016)).
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Figure 2: Alternative display of total occupation time over a range of uplift (Figure 3 in manuscript)
using the sea level curves of Lea et al.| (2002)), Lisiecki and Raymo (2005)), Spratt and Lisiecki (2016,
and [Westerhold et al.| (2020).
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Abstract

The marine terraces that develop on the northeastern
coast of Tosa Bay — Shikoku, Japan — are divided
into Cape Hane (Hanemisaki) terrace, the Cape
Muroto (Murotomisaki) terrace, and the alluvial
lowland. All of them are lower in the northwest than
the southeast. The height of Cape Muroto terrace has
a positive relationship with the amount of uplift during
the Nankai earthquake, and shows a negative
relationship with the amount of subsidence before the
earthquake. Near Cape Muroto, the uplift of a large
earthquake with a period of about 120 years is greater
than the subsidence during that period, and the altitude
distribution of the terrace surface is considered to be
set by the southeast to northwest tilting resulting from
a combination of uplift and subsidence. Although this
area is uplifted, the formation process of each terrace
involves a period of submergence. It is because the rate
of sea level rise after the glacial period has exceeded
the rate of ground uplift.

Considering landscape building processes, the surface
of Cape Muroto is thought to have been formed during
the Riss-Wurm interglacial period, which began about
90,000 years ago. The average uplift rate during a
mega-earthquake cycle is calculated to be about 2
mm/year, and if the crustal deformation that occurred
after the Riss-Wurm interglacial period has continued
uniformly, the Cape Muroto surface should be about
180-m-high near the Cape Muroto, which is consistent
with the observations. Also, according to the results of
leveling, the altitude of the Kira River level point has
increased at an average rate of 1.2 mm/year during a
mega-earthquake cycle, relative to the Yasuda level
point. If that deformation was ongoing since the Riss-
Wurm glacial period, the surface of Cape Muroto at
the Kira River should be about 110m higher than
Yasuda, which is consistent with observations.
Therefore, after the Riss-Wurm interglacial period, the
area around Cape Muroto has risen while tilting
northwest at an average speed of 2 mm/year, as it does
now.
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The combined result of such crustal movements and
sea level changes in the Quaternary is in good
agreement with the landscape building processes on
this coast. The differentiation of the marine terraces in
this region is derived not from fluctuation of the
deformation rate, but the result of sea level change. It
is considered that the crustal deformation continued
almost uniformly during that period.

Introduction

The purpose of this research can be divided into the
following two parts.

(1) It is said that one of the characteristics of Japan's
topography is that it reflects severe crustal motion. In
the geological ages of the Tertiary and later eras, it is
now present. The pattern and rate of crustal
movements on the island of Japan have been
investigated by various geological methods, and
earthquakes on the Japan Islands are observed
worldwide. However, there are not enough studies
constraining crustal deformation between 1Ma and
1ka when most geological methods cannot be applied.

In addition, changes in crustal deformation rates over
time are poorly constrained. The rate of crustal
deformation can be defined in the era when geological
methods can be applied. It is important to verify
whether the current crustal deformation has evolved in
the same way in the past geological ages.

On the coast from the Kochi Plain to Cape Muroto
(Murotomisaki, Fig. 1) in the southeastern part of
Shikoku reported here, several marine terraces have
been visited for the survey of crustal movements by
geological methods. Conveniently, this has been
clarified by many studies such as Yokichi Mino?,
Mitsuru Watanabe?, Shiro Imamura®, Ryuichi Do?
regarding these marine terraces. In addition, there are
many geological data in this area.
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Cape Muroto rises and the area around Kochi subsides
with each major earthquake on the Nankai subduction
megathrust. The meaning and implications of
interseismic crustal motion opposed to coseismic
displacement have been clarified by Akitsune
Imamura's research”. Much geological research has
been done in connection with the 1947 Nankai
Earthquake.

Therefore, this area is convenient for comparing the
current crustal strain with Quaternary deformation.
This comparison was already done by Mitsuru
Watanabe?® and Gaku Imamura®, but in this study, we
survey the old shoreline in more detail than the
conventional one, and consider the age of the marine
terrace in relation to the following problems. We
attempted to compare the crustal movements recorded
by the old shoreline with current crustal motion.

(2) Numerous studies around the world conducted so
far suggest that sea level changes, which may be due
to glacial cycles, have played an important role in the
formation of coastal topography.

Then, it is thought that the slope of the old shoreline is
steep like the coastal terrace on the northeastern coast
of Tosa Bay, and the rate of uplift is fast like at Cape
Muroto, which is on the uplifted side of the old
shoreline. If there is any influence by sea level changes,
what effect will it have? The way it appears can be
logically considered under some assumptions, but will
it be consistent with the actual topography? The
examination of this issue is also linked to the
verification of the method?**? to derive the patterns of
crustal deformation from terrace topography discussed
by Watanabe Hikaru, taking this area as an example.

This report was made for these two purposes®.

Footnote 8: The field survey was conducted twice, in October 1962
and December 1963, over a total of about 40 days. First, important
areas were surveyed together to ensure a unified methodology. After
that, individual areas were surveyed by individual member. During
that time, the results of the survey were discussed, and if there were
any differences in views regarding comparisons and other matters,
sufficient discussions were held at the site and conclusions were
reached.
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Description of the marine terraces

II-1 Survey method. For the purposes mentioned
above, the height of the paleoshoreline was carefully
surveyed and compared across terraces. We also
investigated the wvertical cross-sectional shape of
terraces and the facies and thickness of terrace
deposits.

The survey used aerial photographs of about 1/15,000
and about 1/25,000. The resulting terrace distribution
map was created on a scale of 1/25,000. Figure 2 is a
slightly simplified version of it.

Altitudes, including the old shoreline, were measured
in 1m increments using the American Paulin System
barometer TERRA MT2 (resolution is 2 m).
Correction for changes in air pressure is a benchmark
every 2 to 4 hours. It was performed based on the
reading of the barometer at a point with known altitude
such as a triangulation point or a beach. The reading
was not corrected for temperature. Three barometers
were used, but the maximum difference in the
measurement of the same point was only 4 m. Most of
the measured values should be within = 5 m.

To measure the old shoreline, we chose a place under
the old sea cliff, near the upper limit of the beach
sediment, where the slope changes from steep to gentle.
Regarding the old shoreline of the Cape Muroto
surface, the elevation of the shoreline was obvious to
everyone and within a range of altitudes of 2 to 3 m,
depending on the location, but in rare cases, it was
within 10 m depending on how the position was
selected. The higher the hills above Cape Muroto, the
more difficult it was to select the location of the old
shoreline. For the old shoreline in the offshore
lowlands, it is necessary to improve the accuracy of
the measurement, since the altitude is low.

II-2 Classification of terraces. There are several
terraces in the survey area with different degrees of
elevation and erosion, but in the area from Cape Gyoto
(Gyotomisaki) to Cape Hane (Hanemisaki), terraces
are particularly well developed. Given that quality, the
terraces were classified based on this area.
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Fig. 3bis a topographic cross section near Cape Gyoto.
According to this, there are 10 or more terraces, but
some cliffs are only 3 to 5 m high making a clear
distinction difficult such that they are often lumped in
a group. Then, for the five main terraces, the altitudes
are 306, 265, 190, 128, and 15m, respectively. Among
the identified terraces, the two high surfaces are
rounded by erosion and the cliffs also slope gently.
The two lower flat surfaces are well preserved. There
are quite a few valleys, but the boundary between the
terrace surface and the valley wall is clear, and the
slope of the terrace edge is steep. The lowest surface
is distinguished from the upper surface by a cliff with
a large height, and although narrow, it is continuous
along the coast. On this terrace, microtopography such
as past reefs, sand dunes, and sand bars is well
preserved. The surface characteristics are different
from the higher terrace surface.

As described above, the terraces near Cape Gyoto can
be roughly divided into three steps: upper, middle, and
lower, but these three major categories are widely
common to the survey area even if the altitude of the
old shoreline is different. Here, based on the name of
the area where the terraces of this area are
schematically developed, the upper part is the Hane
Cape surface (abbreviation H), the middle is the Cape
Muroto (abbreviation M), and the lower part is called
the alluvial lowland (abbreviation L). In addition, the
Hane Cape surface is often divided into two terraces,
as seen at Cape Muroto, so the higher rank is the Hane
Cape surface I (H1). Surface), the lower rank is the
Hane Cape II (H2 surface). The surface of Cape
Muroto is divided into three levels with a fairly clear
sea cliff, so we named it Cape Muroto I (M1 surface),
IT (M2 surface), and III (M3 surface) from highest to
lowest”.

Footnote 9: If the classification of this Kouki hill surface is
compared with the conventional classification, it looks like as below.
The Cape Hane surface corresponds to the upper terraces of
Watanabe, the upper terrace of Imamura, the Kaminishi mountain
terrace of the soil, and the Cape Muroto surface. Watanabe's middle
terrace, Imamura's lower shoreline, soil-mantled Cape Muroto
terrace, and alluvial lowlands correspond to Watanabe's lower
terrace. Of course, this is a rough comparison, and the classification

and distribution of the terrace surface. Regarding details such as
comparisons, the authors' views differ from the conventional results.
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Fig. 4 Projection view of the paleoshoreline elevation (bottom) and levelling displacement (top). For the levelling,
the right side is the absolute displacement from 1895 to 1929, and the left side is the relative displacement amount
from 1929 to 1947
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Fig. 5 Geological outline near Tano. 1. Alluvium 2. M3 terrace gravel 3. M2 terrace gravel 4. M1 terrace gravel

5. H terrace gravel 6. Karanohama layer 7. Nahanrigawa Group 8. M1 terrace gravel base contour (m) 9.
measurement point of M1 terrace strath elevation.
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II-3 Correlation of terrace surface. The terrace
surfaces were compared by reading aerial photographs
and conducting field surveys. We focused on the
extent and continuity of the terrace surface, the
morphological characteristics of each of the H, M, and
L terrace surfaces and the degree of erosion. The
deposits that make up the cape surface are generally
relatively fresh, whereas the terrace surface
composition is considerably weathered and can be
reddish-brown or covered with red-colored surface
soil. The fact that there are many is also used as a
guideline for comparison. Fig. 2 shows the distribution
of terraces classified and compared in this way and the
measured shoreline height.

II4 Overview of the terrace paleo shoreline
elevation. Fig. 4 is a projection of the measured values
of the old shoreline altitudes of each terrace in the
general direction of the coastline (dashed line in Fig.
1). The following description starts in Cape Muroto
(right in Fig. 4) and moves northwest (left in fig. 4).

[Cape Hane surface I (HI1 surface)] Nothing is
definitely considered to be the H1 surface near Tsuro.
The altitude is ~300m at Gyoto Cape, ~260m at
Hazeyama, ~180m at Oyama Cape (Oyamamisaki),
and ~125m at Ioki, becoming lower toward the
northwest. The altitude becomes about 150m again
near the Ananai, but it gradually becomes lower up to
80m near the Tei. H1 surface Since only fragments of
HI1 are preserved, it is difficult to compare them, and
it is difficult to know the detailed state of the altitude
change. However, it seems that the overall tendency is
lower toward the northwest.

[Cape Hane surface II (H2 surface)] It is 185m near
Tsuro, but it reaches 265m at Gyoto Cape (km 51).
From there altitude of the terrace surface lowers
gradually, with displaying some irregularities, to the
northwest, and reaches about 80m near Ioki (km 27).
Further west, it will lower northwestward from 110 to
120m near Aki (km 18) to about 70m near Haseyori
(km 10). The degree of irregularity is greater than that
south of Aki. Overall, except for the vicinity of Tsuro,
the elevation drop from Cape Gyoto to the northwest
is similar to that of the H1 surface.
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[Cape Muroto surface I (M1 surface)] Since this
surface is extensive and the terrace surface is clear, the
altitude of the old shoreline could be measured at
many points. It is 188 m high near Cape Muroto (km
51). From there, it drops toward the north and is 141
m high near Iwato (km 40). The slope of the shoreline
in this area is as steep as 1.3%, and the gradient is
noticeable from a distance. At Cape Muroto, the
altitude suddenly rises to 190-195m!?, but from here
to the northwest it progressively loses elevation sown
to 60m in the vicinity of Ioki. From Aki to Muroto, the
overall elevation will be lower in the west, but the rate
of decrease will be much smaller than that in the south
of loki, and it will be irregular. As mentioned above,
the altitude of the old shoreline on the M1 plane is
almost parallel to that of the H2 plane. The sudden
change in the altitude of the M1 plane between Cape
Muroto and Muroto suggests faulting after the
formation of M1.

Footnote 10) In the vicinity of Cape Gyoto, the altitude of the old
shoreline of 160m is identified on the east side of the point where

the altitude of the old shoreline is 190m. It follows the 158m plane
and does not represent the old shoreline altitude of the M1 plane.

[Cape Muroto surface II (M2 surface)] From 125 m
before and after Gyodo Cape, it becomes lower toward
the northwest, and it becomes about 40 m at Oyama
Cape. Although it is irregular, a high decrease toward
the west is observed, and it is 25 m near Akaoka. The
distribution of the M2 plane is generally fragmented,
and the high change is also irregular. is there.

[Cape Muroto surface III (M3 surface)] The terrace
surface included in this is the river surface mainly
distributed near the river mouth, and the marine
surface is only found west of Wajiki. Old shoreline
altitude Is 15m for Wajiki, 20m for Hase-yori, hand-
knot, and 15m for Akaoka.

[Alluvial lowland (L plane)] Since this plane has a low
altitude, it is necessary to measure it using a level in
order to accurately grasp the change in the shoreline
altitude. Roughly speaking, it is 9 to 15 m near Tsuro-
Kira River, 7 to 10 m near Cape Oyama, and 5 m near
Yasu, and there is some tendency for it to decrease
toward the northwest.
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II-5 Description of terraces in different areas. In
this section, the distribution of terraces and the
characteristics of sediments are described for each
region, divided into several regions for the sake of
convenience.

[Between Cape Muroto and Cape Gyoto] (Refer to Fig.
2 A) The H1 plane (?) to the north of Mt. is weathered
as a typical terrace surface.

The M1 plane is widely distributed over the entire area.
However, compared to the M1 plane in other regions,
the M1 plane is more incised and has a flat, elongated
ridge. On the bank of the Murotsu River, it becomes
an isolated ridge, and it is not possible to identify the
old shoreline, but in other places, the sea cliff and the
old shoreline are clear. The terrace is often subdivided
into 2 to 3 steps by terraced cliffs with a relative height
of 3 to 5 m. The terrace sedimentary cover is gravel
with a thickness of 3 m or less (Fig. 3a). The maximum
gravel is 30 to 50 cm, but it is generally 5 to 10 cm
with subrounded gravel with almost no surface soil,
and a gravel layer often exposed on the ground surface.

The remnants of the M2 surface are scattered between
Tsuro, Nabae, Iwato, and near Uenouchi (or
Kaminouchi). The width of the terrace is narrow, but
the shape and deposits are almost the same as the M1
surface. The terrace may have entered the valley as a
river terrace.

The M3 surface is a river terrace with an elevation of
60 to 70 m distributed only at the exit of the valley and
consists of poorly sorted subrounded-clasts.

The L surface is narrow, but it is continuous along the
coast and can often be subdivided into two surfaces.
The upper surface may have a beach gravel layer with
a thickness of about 2 m, but the lower surface is a
wave erosion surface with almost no sediment, and
high topography of the old reefs is preserved. On the
coast of the Muroto River, the valley bottom plain
following the L surface is distributed upstream. Since
the rocks are exposed, it is considered that the
thickness of the offshore sedimentation on the valley
floor is thin, but the exact thickness is unknown.

[Gyodo Cape-Nahanri River] (See Fig. 2 B) This area
has the best terrace surface continuity.
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Although the H1 and H2 surfaces are being
progressively eroded, the old shoreline is clear. The
details of the sediments are difficult to know due to
poor exposure, but most of the locations seem to
consist of 3 to 4 m thick beach sediments. However,
there is a thicker sedimentary layer near Hashiyama,
as shown in Fig. 3C. The H1 surface consists of a layer
of marine sediments with a thickness of 8 m at the
outer edge. The lower part of this layer consists of
coarse gravel with a diameter of 10 to 20 cm, but
gradually fines to sand and silt in the upper section. It
is weathered red as a whole. On the H2 surface, there
is a deposit with a thickness of 30 m, and the middle
and lower 20 m is made of poorly sorted subangular
blocks with a diameter of 50 to 70 cm. This looks like
a fan-shaped gravel layer. The upper 10 m is a well-
sorted rounded gravel layer, which is assumed to be a
marine layer. The gravel diameter of this circular
gravel layer in the upper part is 20 to 30 cm, 3 to 5 cm
in the middle, and 10 to 20 cm in the lower part, and
although they vary depending on the stratum, they are
well water-polished. In particular, the uppermost
gravel layer has a reddish color. The existence of this
thick sediment near the Hanegawa river and the valley
terrain indicated by its lower bottom is the presence of
one lower period and the subsequent fan-shaped gravel.
It is noted that it represents the sedimentary period of
the strata and marine strata.

The M1 surface is a wide and clear flat surface. A set
of small terraces subdivided by small cliffs 3 m before
and after Cape Gyoto, according to Watanabe Hikaru
2a7_ The morphology of the coastal terraces can be
seen at many points on this coast. The surface of this
terrace is thin everywhere, 1-2 m at the inner edge and
3—5 m at the outer edge. The deposit is a stratified
gravel layer, which is a beach deposit with an
awaokoshi-like texture (puffed millet or rice cake),
fining upward trend. In general, gravel is not
weathered and red soil is not seen on the surface.
Between Hanegawa and Hane Cape, the old shoreline
is curved inward in parallel with the existing coastline.
The dissected plateau is also progressing. This is
probably because the basement of this area is the
Neogene, so the erosion is more advanced than the
other areas consisting of the Paleogene and Mesozoic.
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The wide terrace surface northwest of Kira River and
east of Isohara is considered to be the M1 surface on
which beach gravel is placed, but it is 10 to 20 m lower
than the M1 surface of Isohara and the elevation is
unusual. The cause of this anomaly could not be
determined.

The M2 terrace is found in Cape Gyoto, Kira River-
Nishinada, and north of the Hane River. At the tip of
the cape, the boundary with the M1 plane is clear and
wide (Fig. 3d). In other areas, the boundary with M1
is unclear and M2 is often narrow. The shape and the
properties of the surface material are almost similar to
the M1 terrace.

The M3 terrace is distributed only near the mouth of a
large river, such as the eastern part of Cape Gyoto,
near the mouth of the Hanene River, and near the
mouth of the Nahanri River. The altitude of this fluvial
terrace varies depending on the location, about 40 m
to the east of Cape Gyoto, 60 to 70 m near the mouth
of the Hanene River, and 30 to 40 m before and after
the mouth of the Nahanri River.

Although the L-terrace is narrow, it is continuous
along the coast and can be subdivided into two
surfaces. This plane consists of beach sediments and
the erosion surface itself. This surface is quite wide in
the eastern part of Cape Gyoto and near the mouth of
the Hanene River. It is occasionally covered with
sedimentary deposits such as beach banks, sandbars,
and sand dunes. The L terrace can be traced as a valley
bottom plain along the main river to a considerable
distance upstream, but there is no data on the thickness
of the offshore sediments in this area.

[Between Nahari River and Aki River] (Refer to Fig.
2 C) The hills to the north of Tano are more collapsed
than the gravel layer of the Karanohama Formation,
which slopes gently to the south and west. The
existence of the H1 surface is not clear. At the ridge
behind Yasuda Town, both the flat surfaces of 160 to
170 m and 200 to 220 m were designated as the H1
surface. The terrace deposits here are thin, chert-rich
pebbles.

The flat ridge of 120 to 150 m north of Tano was
designated as the H2 surface. This terrace surface is
composed of gravel-rich sand with a thickness of more
than 20 m, but part of it may be the Karanohama
Formation. The sediment on the H2 surface west of
Yasuda is reddish-brown beach gravel.
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The M1 side is very wide on the plateau northwest of
Tano-cho, and the width is narrow but continuous well
west of Yasuda. It consists of about 20 m of gravel. As
shown in Fig. 3e, the lower 4 to 5 m consists of
rounded gravel with a diameter of 10 to 20 cm,
overlain by sandy gravel. Fig. 5 shows the altitude
distribution of the irregular surface of the base of this
terraced gravel layer. The northwest area is covered by
the terrace deposit. There is a valley-like terrain
extending to the southwest. In this figure, the base of
the valley floor is the mud rocks of the Karanohama
Formation, and the others are composed of the sand
rocks of the Nahanri River Group. It is speculated that
the Karanohama Formation favors the localization of
the valley because it is easily eroded.

The deposits on the M1 surface of the northwestern
part of Karanohama (place name) consist of marine
gravel with a thickness of about 20 m, but upstream,
the M1 surface of the Toyama is covered with river
gravel. From Cape Oyama to Ioki, the M1 surface
from (Fig. 3f) is narrow but continuous. The deposit
on this landscape ledge is usually a well-rounded
beach gravel with a thickness of 3 to 4 m or less. It has
been polished and has a reddish brown color.

There is a river terrace near Souzu along the Aki River,
which is comparable to the M1 and H2 surfaces.

On the southern edge of the 70-80 m high plateau west
of Tano, there is a flat surface set 20 m below. This
flat surface is regarded as the M2 terrace. This surface
has a 5 to 10 m thick deposit. It is the sedimentary
surface of the beach gravel layer. The base of this
gravel contains boulder with a diameter of more than
30 cm. a slightly solidified gravel layer consisting of
small gravel is interbedded between the terrace
deposits and basement rock of M2 surface, which is
considered to be the M1 surface deposit. On the M2
terrace of Cape Oyama, there is beach gravel with a
thickness of about 10 m.

The M3 surface is distributed as a river terrace lower
than the M2 terrace on the coasts of the Nahari,
Yasuda, Ioki and Aki rivers, and north of Karanohama.
No marine terrace is identified. The development of
the M3 surface is best near the fields, and it can be
subdivided into at least 4 fluvial terraces. These M3
surface deposits are usually poorly sorted fan-shaped
gravels with a thickness of 3 to 10 m.
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On the L terrace near Tano, Tonohama, and Ioki, there
are beach ridges, or sandbars, with gravel, but the
thickness of the alluvium is not clear.

[Between Aki River and Tei] (Fig. 2D) In general, the
terrace surface has been dissected and its width is
narrow.

To the east of Gotennohana, the H1 surface is slightly
wider north of Haccho, forming a flat ridge with an
exposed base. About two meter-thick deposits of well
rounded marine gravel outcrop near the outer edge of
HI. The HI surface is distributed between Ananai and
Wajiki, but it is extremely narrow and intermittent at
the foot of the mountain. Some of these stepped hill
surfaces have a ca. 15 m thick marine gravel cover.
West of the Wajiki River, the narrow flat ridge that
was dissected at the foot of the mountain was
considered to be the HI surface (Fig. 3h).

The H2 surface is rather widespread in the area facing
the Aki Plain, but is incised. It consists of a thick layer
of fluvial gravel, but this is not a terrace deposit, but
part of the Neogene bedrock. The H2 side becomes
narrower to the west of Tosa Electric Railway Aki
Station, but it gradually widens toward the west and
can be seen quite continuously up to Ananai. The
width of the H2 surface becomes large from the inside
of the mine pit to the vicinity of the Gotennohana,
which consists of marine gravel with a thickness of ca.
10 m, but it forms a long and wide flat terrace that is
dissected and rounded. It is further subdivided by a
diffuse step. This terrace surface is composed of 20 m
thick marine gravel. In the vicinity of Wajiki, the
terrace surface is considered to be the H2 surface. It is
scattered at the foot of the mountain, but it is quite
difficult to certify it because it is subdivided by low
cliffs and the dissected plateau is considerably eroded.
In the hills west of Wajiki, it is further dissected and is
scattered as flat ridges and isolated hills cut in the
bedrock.
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The most widely developed terrace surface in this area
is the M1 surface, which is almost continuous from
Aki to the inside of the mine pit and is only dissected
in a shallow valley. The terrace surface forms the basis.
It consists of marine gravel with a thickness of 10 m
or less on the new third system of mud or gravel, but
in the vicinity of Shinshiro, around the mouth of the
valley, it is covered by a 10 m thick layer of fluvial
gravel. The terrace surface is fairly flat, but it is
subdivided by low cliffs. In the vicinity of
Gotennohana, the M1 surface is still composed of
marine gravel with a thickness of ca. 10 m. In the
vicinity of Wajiki, the M1 surface becomes even
narrower and is scattered at the top of the hill. From
Hase-yori to Tei, it is nearly continuous despite some
erosion. However, the bedrock outcrops at the surface
and no terrace deposits are found.

East of Ananai, the M2 plane is only present on both
banks near the mouth of the Ananai River, and both
are river terraces. The M2 plane is slightly continuous
near the Gotennohana. It entered along the dissected
valley of the M1 surface, and a part of it seems to be
an estuary. To the west of Gotennohana, the terrace
cliff between both M1 and M2 surfaces became
unclear. Depending on the time, it may be difficult to
distinguish between the two. In the vicinity of Wajiki,
the M2 surface forms flat terraces with some
undulations, and the M1 surface is surrounded by a
slightly wider distribution. In this area, the M1 surface
is distributed. Both sides of M2 are composed of
marine gravel, but this gravel layer is considered to be
a new third system of the base, which is slightly
westward. Between Haseyori and Tei, it is difficult to
discern M1 and M2. Nevertheless, the surface lying
one step lower than the M1 surface toward the coast is
generally defined as the M2 surface. Almost no
deposits are found on this terrace surface.
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In this area, M3 surface can be seen only near the
mouth of the Akano River and near Japanese food.
Although it is a marine terrace near Wajiki, the rest is
a fluvial terrace along the river valley.

The L plane is only very narrow along the shore,
except for the slightly wider alluvial plains of the Aki
and Wajiki rivers. The alluvial plains of the Aki and
Wajiki rivers are all low at the foot of the mountain.
There are hills, which can be divided into at least two
steps. According to the Aki Plain Boring Material'?,
the alluvial plain deposits are more than 30m thick,
and the bedrock base is at least 20m below sea level.
It is at depth. This indicates that there was a retreat
period followed by a marine advance period after the
formation of the M3 plane.

Footnote 11: (There are boring materials for construction work such
as Aki City Water Supply Source (30m depth), Aki City Hall (15m
depth), Aki Administration Office Building (12m depth), all in the
north of Aki City, in the central part of the plain. It was carried out
at a point less than 10 m above sea level. Generally, from the surface
of the earth to a depth of about 10 m, there is sand and gravel, and
below that there is clay less than 5 m thick, and the lower part is

sand and gravel. Even the deepest tap water source does not reach
the base of the Okizumi line.

Il Discussion

III-1 Submergence episodes identified from marine
terrace deposits and their interpretation

(a) Relationship between seismic uplift and marine
terraces. As mentioned above, the M and L surfaces
are a set of stepped flat surfaces separated by small
cliffs with a relative height of 3 to 5 m or less. This is
already pointed out by Mitsuru Watanabe, who assigns
a polygenic origin to the terrace?®®”). Watanabe
proposed that the stepped terrain at Cape Muroto
results from repeated uplift episodes similar to the
Nankai earthquake.
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On the one hand, crustal movements during the Nankai
earthquake are constrained by changes in tide level
and leveling around the rupture area. The amount of
uplift was ca. 1 m near Cape Muroto and decreased to
the northwest, reaching subsidence of about 0.5 m near
Kochi. The upper part of Fig. 4 (left hand axis) shows
the uplift'? projected onto the cross section alongshore.
It follows a similar trend to the altitude of the old
shoreline of the terrace.

Footnote 12: This amount of fluctuation is not an absolute amount
based on the sea level, but a relative amount based on a certain point.

The crustal movement on the northeastern coast of
Tosa Bay before the Nankai Earthquake is opposite to
that of the coseismic displacement, as can be seen in
the plot of leveling fluctuations!® between 1895 and
1929 shown in Fig. 4 (right hand axis). In addition, the
area around Kochi was uplifted, and the amount of
subsidence increased as it approached Cape Muroto.

Footnote 13: This value is based on Akitsune Imamura® and is

shown as an absolute quantity relative to sea level based on the tidal
gauge record of Komatsushima.

Figure 6 shows the negative relationship between the
fluctuations between 1929 and 1947, which sandwich
the Nankai earthquake, and the fluctuations between
1895 and 1929 before the earthquake.

Even if large earthquakes with epicenters off the
Nankaido coast, such as the Nankai earthquake, are
periodic, and according to past records, the amount of
uplift at Cape Muroto during a major earthquake is
considered to be greater than the amount of subsidence
between earthquakes. Therefore, Watanabe Hikaru
proposes that the M-surface, high at Cape Muroto and
lower to the northwest, is the result of long-term
cumulative cycles of crustal deformation'?. Here, the
relationship between the old shoreline altitude of the
M1 plane and the displacement between 1929 and
1947, and between 1895 and 1929 is illustrated' in
Figure 7. As shown in the figure, the later period
shows a positive correlation and the earlier period
shows a negative correlation. However, the points are
not arranged linearly.

Footnote 15: The same graph is said to have been made by Gakuro
Imamura. The measured values of the old shoreline altitude on the
M1 surface this time are different from those of Imamura, so the
characteristics are not the same. However, there is no qualitative
difference. It is also interesting to investigate the relationship
between the displacement of the sea level and the old shoreline
altitude of the L plane, but it is also interesting to measure the old

shoreline altitude of the L plane. The accuracy is low and there are
few measuring points, so I did not do it this time.
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The relationship between the old shoreline elevation
(m1) on the M1 plane and the old shoreline elevation
(h2) on the H2 plane is shown in Fig. 8, showing a
positive correlation, with the regression ho = 1.28 m
+ 18.8. This indicates that the Hz plane has undergone
the same form of crustal movement as the M1 plane
after its formation.

In short, the existence of prolific marine terraces and
the distribution of paleo-shoreline elevations in this
area result from coseismic uplift of Cape Muroto. This
is in good agreement with the pattern of crustal
deformation.

However, there is one problem here. As already
mentioned, the H2 and M1 planes are marine terraces
generally covered with a thin marine gravel layer, but
the terrace deposits are thicker in the valleys, reaching
up to 20 to 30 m. The alluvium thickness near the Aki
River is more than 30 m, and its base is considerably
lower than the current sea level. These facts suggest
that there was a period of emergence followed by
renewed submergence before the formation of the H2,
M1 and L surfaces. At first glance, it seems to be
inconsistent with the nature of the crustal movement
of Cape Muroto where uplift accumulates with each
major earthquake. This problem has never been
discussed before and requires some explanation'®.

Footnote 16: As will be described later, the problem of this

submergence period is closely related to the problem of the
formation of high sea cliffs that divide terraces such as H, M, and L.

(b) Relationship between rock uplift and glacial
eustasy. The pattern of Quaternary glacial eustasy
involved in the topographical development in Japan's
coastal areas was studied in detail in the Kanto Plain
and Nobi Plain. However, the pattern of glacial
eustasy in areas of fast uplift rates such as the
southeastern coast of Shikoku has hardly been
discussed. Although it is mentioned, there are few
concrete explanations.
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On the one hand, in uplifting areas, the effect of sea
level fall should translate in an apparent increase of the
amount of rock uplift. On the other hand, sea level rise
reduces the apparent rock uplift. Occasionally, it will
be result in apparent rock subsidence. Let us consider
this latter case quantitatively.

According to the data of Shepard (1961)'7, the
average sea level rise rate between 18 and 6 ka is about
9 mm/year. On the other hand, Holocene marine
terraces in the southern part of the Kiboso Peninsula,
Japan, are raised to 20 m above sea level by fast uplift
rates near Cape Nojima. Since these terraces are
thought to be about 5 ka, the average local uplift rate
is around 4 mm/yr. Furthermore, if sea level dropped
by 6 m during theis period, as estimated by Shin
Sugimura and Hiroshi Naruse'®), the rate of ground
uplift would be even lower with about 3 mm/yr. That
is, even in Japan's fast rising areas, the uplift rate
would be slower than the Holocene sea level rise.

The formation period of the L-surface near Cape
Muroto is not known with certainty, but it may not be
much different from the formation period of the
alluvial terrace in the southern part of Boso. However,
its height is at most ca.15 m above sea level and the
local uplift rate should be lower than that of the
southern part of Boso. The area near Cape Muroto is a
remarkable uplift area considering the height of the
coastal terraces. The rate of postglacial sea level rise
exceeds ground uplift rate in this area, and it is thought
that a submerged coast was formed as a result. It
makes sense then that alluvial valleys are buried near
Aki where the ground uplift rates are slower than at
Cape Muroto. By analogy, submergence of the M1
surface corresponds to the transgression period during
the penultimate postglacial, at the beginning of the
Riss-Wiirm interglacial period [T.N. MIS 5e]. At
present, it is not possible to directly confirm this
speculation by dating or paleontology, but next, I
would like to examine evidence about the rates of
crustal deformation and consider the problems from
that perspective.
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I11-2 Problem of rates of crustal deformation

(a) Periodicity of crustal movements. Large historical
earthquake (magnitude of ca. 8 and above) similar to
the Nankai earthquake are listed in Table 1. The record
of major earthquakes covers the last 1,300 years.

By the way, what you notice from this table is that the
interval between large earthquakes after year 16 of the
Shohei Era (1361 CE), earthquake occur every 100 to
150 years, with an average period 117 years, which is
rather periodic. The interval between major
earthquakes before that was about twice as long at 200
to 250 years. Considering that it is difficult to obtain
the record of an old earthquake, it is possible that,
before Shohei 16 (1361 CE), a major earthquake
happened between each one listed in Table 1 but was
not recorded. If so, the average interval of major
earthquakes since (Tenmu) 12 year (684 CE) is 105
years.

Of these major Nankaido earthquakes, the surface
changes associated with (Tenmu) 12" year (684 CE),
Hoei 4" year (1707 CE), and the 1% year of Ansei
(1854 CE) earthquakes are all very similar to the
surface changes caused by the Nankai earthquake'?,
namely uplift by ~1 m at Cape Muroto and subsidence
in the Kochi Plain. The fact that the crust moved in the
opposite direction between the earthquakes seems to
have occurred repeatedly and is in agreement with
crustal movement before and after the Nankai
earthquake.

Therefore, let us assume that the crustal movements
that occurred before, during, and after the Nankai
earthquake also accompanied the past large
earthquakes with a period of 100 to 120 years, and let
us find the average velocity of the nearest crustal
movement.

(b) Average velocity of crustal movement. The
average velocity of crustal movement in this area can
be calculated for both the absolute vertical
displacement rate at a certain point with respect to the
current sea level and for the tilt rate.
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i) Absolute uplift rate of Cape Muroto. The area
around Cape Muroto was uplifted by about 120 cm
during the Nankai earthquake?”. While the amount of
subsidence before the Nankai earthquake was about
180 mm during the 34 preceding years (1895-1929)
according to the leveling and the tidal gauge records
of Komatsushima. Therefore, if the chronic
subsidence between earthquakes progressed at this
rate, it would have subsided about 55 cm in 100 years.
However, based on leveling results repeated
immediately after the earthquake near Cape Muroto by
Atsushi Okada and Takeshi Nagata?). The tilting to
the south was recovered rapidly, and about 1/3 of the
coseismic displacement was recovered within about 6
years after the earthquake and the subsidence rate then
returned to that of the pre-earthquake period.
Therefore, using this value, the amount of subsidence
in the first few years immediately after the earthquake
is 120 cm x 1/3, which is about 40 cm. The total
amount of subsidence in about 110 years between
major earthquakes is about 95 cm (40 cm postseismic
subsidence and 55 cm interseismic subsidence), and
the uplift is about 25 cm (120 cm coseismic uplift and
95 cm of total post- and interseismic subsidence). Near
Cape Muroto (about 1/5 of the coseismic uplift) during
one period including one major earthquake. The
average uplift rate will then be about 2 mm/yr at Cape
Muroto??.

Next, assuming that uplift rates were similar in the past,
let us investigate how high the old shoreline of the
marine terrace will be. The age of the formation of the
L-plane near Cape Muroto is not clear, but if it is about
5,000 years ago, like the alluvial terrace in the
southern part of Boso, the current height should be
about 10 m given the above-mentioned average uplift
rate. This is inconsistent with the actual situation.

Now, the height of the old shoreline on the M1 surface,
which was thought to have been formed during the
Riss-Wurm interglacial period (MIS 5e), is currently
about 180 m at Cape Muroto. The absolute age of the
Riss-Wurm interglacial period is out of the range
measured by C'*. Therefore, its reliability is low, but
it is estimated to be 90,000 years old according to the
figure by H. E. Suess®® showing changes in sea
paleotemperature due to O'® / O of the foraminifera
in deep sea cores.
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R. W. Fairbridge®® also refers to the data on the
deposition rate and says that the Riss-Wurm
interglacial period begins about 95,000 years ago.
Assuming that the Wurm interglacial period begins
about 90,000 years ago, and using an uplift rate of
about 2 mm/yr, the old shoreline on the M1 surface
should now be about 180 m high?>. This matches the
reality

i1) Tilt rates near Cape Muroto. The results of leveling
surveys cannot be converted to displacements with
respect to sea level unless they are linked to tide gauge
records. Among several leveling surveys in this area,
for the period of 1895 to 1929, the amount of
displacement with respect to the average sea level was
obtained from the tide gauge record of Komatsujima.
Without tide gauges, only the change in relative height
between survey points, that is, the change in the
inclination, can be used®®. In this respect, the same
applies to the data by Okada and Nagata. In addition,
in the calculation of the uplift rate in the previous
section. The value of about 120 cm of uplift near Cape
Muroto is based on observations of changes in the tide
level at the seashore. The resulting uplift rate is not
highly accurate but is a rough guide.

Footnote 26: Potentially, one can determine the invariant point of
the tide level record, and obtain the amount of vertical fluctuation
with respect to the mean tide level in Tokyo Bay to connect it to

leveling of the mainland. Although it has been done, it does not
result in a precise displacement.

Then, based on the leveling, the amount of change in
slope for one earthquake cycle can be found and
compared to the slope of the uplifted shoreline.

For this purpose, the Kira River-Yasuda section was
selected as an area where the number of levelling
surveys was large and the uplifted shoreline had an
almost uniform slope. A plot of the relative height of
the point No. 5148 of the Kira River changed with
respect to Yasuda’s leveling station No. 5158 is shown
in Fig. 9. In this figure, the four black points are the
actual leveling values. Since the change in the relative
height at the time of the Nankai earthquake cannot be
known from these four points only, we drew the
change in height by fitting curves as a function of time
with a sudden shift during the earthquake.
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Leveling shows a rapid southward tilt at Cape Muroto
in the six years immediately following the earthquake
but the survey does not extend between the Kira River
and Yasuda. Therefore, in this section, we attempt to
estimate the southward tilt — that decayed at a similar
rate as Cape Muroto during the same period — using
a curve that passes through the point of the actual
measurement value in December 1947. This curve
shows +360 mm at the time of the Nankai earthquake.
Therefore, during the quake, the total tilt was 535 mm
between the two points of the Kira River and Yasuda.

On the other hand, the amount of southward tilt during
the quake was 65 mm in the 6 years immediately after
the quake, and 90 mm in the 17 years immediately
before the quake, where the change seems to be large.
In addition, the secular relative height change in a ca.
95-year period that includes a large earthquake is 235
mm. The same rate as the change between 1895 and
1929. Therefore, the total displacement between
Yasuda and the Kira River due to the southward tilt of
about 120 years between the earthquakes is 390 mm.

Based on the above estimation, the Kira River will be
lowered 145 mm relative to Yasuda during one period
of the 120-year earthquake cycle. This corresponds to
about 1/4 of the opposite direction 535 mm coseismic
displacement. For convenience, it corresponds to a
relative rate of about 1.2 mm/yr.

Next, assuming that the southward tilt proceeded at
this rate in the past, and that the uplifted shoreline on
the M1 surface was formed about 90,000 years ago.
The old M1 shoreline at the Kira River side should be
about 110 m higher than that of Yasuda. At the Kira
Riveritis 175 m and 90 m lower with 85 m at Yasuda.
It is in good agreement with the predicted value.

Based on the verification above, the M1 terrace
(Section I1I-1) was created during the high stand of the
Riss-Wurm interglacial period about 90,000 years ago.
The seesaw-like tilt that occurred in the first period of
the large earthquake (Section III-2) was repeated at
almost constant rate. Therefore, it is assumed that the
uplift has proceeded at a rate of 2 mm/yr near Cape
Muroto.
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Fig. 10: Crustal movement and sea level change, and the result of combining both

Thick solid line: Change in elevation above sea level

Thin solid line: Sea level change (according to R. W. Fairbridge, 1961)

Thin dashed line: Accumulation of crustal displacement

These three quantities are indicated by the scale on the right side, and the scale on the left side indicates sea level
when the thick solid line is viewed as the change in sea level with respect to the ground.
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llI-3 Explanation of geological evolution by
crustal deformation and superposition of
glacial eustasy

A review paper on Quaternary sea level changes by R.
W. Fairbridge?® presents many challenges but it
corresponds to our contemporary understanding on the
question. Therefore, we use the sea level curve of
Fairbridge relative to the beginning of the Tyrrhenian
stage (MIS 5Se) as is, and combine it with a uniform
uplift of 2 mm/yr to obtain the thick line in Fig. 10. It
shows how relative sea-level changed with time (scale
is on the right side). The thin line shows reference sea
level relative to a fixed ground datum using the scale
on the left side of the plot.

Now, let's examine whether the topography formed at
the coast that by a changing sea level like the
composite curve matches the topography near Cape
Muroto.

(1) As already mentioned about the M surface, the old
shoreline on the M1 terrace near Cape Muroto is
actually at a height of 190 m above sea level, as shown
in this figure.

Also, given Figure 10, the M1 surface would have
been submerged at least 40 m before its formation. If
the rock uplift rate is smaller than 2 mm/yr, the
transgression would exceed 40 m depth. This
submergence, in fact, explains well that the terrace
deposits on the M1 surface, in some cases, become
thick buried valley sediments.

It can be expected from this graph that the terraces of
the Monastirian period are subdivided into 3 to 4 steps,
but the correspondence with the surfaces M1, M2, and
M3 is not clear. This graph shows that there may be
terraces formed between the Early Wurm period and
the Late Wurm period approximatively 50 m above
sea level. In fact, between Murotsu and Cape Gyoto.
A river terrace can be seen at that height above sea
level (In Fig. 2, it is included in the M3 plane).
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(i1) About the L surface. Figure 10 further shows that
during the Late Wurm period, sea level dropped and
rose again by 60 m during the postglacial period.
However, there is little evidence of the L-surface near
Muroto City. The ca. 60 m submergence is near the
river mouth flowing into the low sea level during the
Wurm glacial period. It must have been located far
offshore from the existing coastline. Therefore, no
evidence of transgression is expected near the current
coastline which was upstream of the river mouth at
that time. 30 m thick or more marine deposits found in
the plain of Aki is probably a deposit caused by
transgression during that period because Aki is located
at the mouth of a big river and close to Kochi where
the rate of rock uplift is less than 2 mm/yr, and the
amount of sea level rise in the postglacial period is
larger than 60 m.

In addition, it is probable that the L-surface near the
shore was created by the transgression during the
postglacial period. According to Figure 10, the old
shoreline of the L-surface is at a height of about 10 m
above sea level. This is also almost the same as in
reality.

(iii) Regarding the H surface, Fig. 10 is drawn as far
back as the beginning of the Tyrrhenian stage (MIS 5Se),
but there is a point where the coastal topography of the
Tyrrhenian stage and the topography of the H surface
shown by the compound curve are in good agreement.
The Tyrrhenian terrace is divided into three parts, but
the correspondence between these and the surfaces
such as H1 and H2 is not very clear. There are many
uncertainties about the Tyrrhenian stage — which is
the origin of the plot in Figure 10 — and detailed
discussions about its link to the H surface are cannot
be made. However, as mentioned earlier, the
regression line showing the altitude relationship of the
old shoreline on both the M1 and H2 surfaces is
expected to be about 1.3 times that of the M1 surface
in the same area. It is possible that the last small
transgression of the Tyrrhenian stage formed the H2
surface. Therefore, this height is almost the same as
the 265 m elevation of the H2 surface north of Cape
Gyoto, which is the remaining H2 surface closest to
Cape Muroto. However, the thick line in Figure 10
differs from the observations in that no submergence
is documented before the formation of the H2 surface.
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In the sea level curve of Fairbridge, the difference in
sea level between the Tyrrhenian (MIS 5e) and
Monastirian (MIS 5bc) stages is about 20 m. The
elevation of the old shorelines on both H2 and M1
surfaces should reflect the sea level height in both
periods. Field measurements show an elevation
difference of about 19 m. We see a match in this
respect as well.

(iv) Problem of sea cliff formation period. According
to the idea of topographic analysis of the coastal
terraces of Watanabe Hikari”, the sea cliff formation
period happens when the rock uplift is very slow or
stationary. However, considering the similarities
between the composite curve in Fig. 10 and the
topography described above, the sea cliff formation
period must be considered as a period of rock
subsidence relative to rising sea level. The difference
between the compound curve and the actual
topography itself results logically from the need to
explain the submergence event indicated by the coastal
terrace deposits that Watanabe originally overlooked.

Is sea cliff retreat more likely to occur during
transgression or regression? When the ground is
stationary with respect to sea level, as the study of W.
C. Bradley®® shows, the width of marine platforms is
limited and the sea cliff retreat is accordingly limited.
It appears that the conditions for sea cliff erosion are
good during transgressions. The sea cliffs that
distinguish the H and M surfaces and the M and L
surfaces are formed by the Monastirian transgression
and the post-glacial transgression, respectively. We
propose that the rough outline of the M and L surfaces
were also created during each transgression, while the
finer surface characteristics were created at the time of
the subsequent regression.

(v) Comparison with coastal terraces in other areas of
Japan. This issue is not the subject of this paper, so we
only will briefly describe it. The framework for
comparison is the degree of alteration of the marine
terrace surface: the history of change, the degree of
weathering of terrace deposits, the nature of the soil on
the terrace surface, etc. Of these, it is difficult to say
that the degree of weathering and soil differs clearly
from one terrace to the next*. The M1 surface is
considered to be comparable to the Shimosueyoshi
surface (S surface) in the Kanto region, and the H2
surface is considered to be compared to the Tama
lower surface (T2 surface).

Footnote 29: However, as mentioned above, the soil is thin on the
M surface and the gravel is not weathered, whereas the gravel layer

is weathered on the H surface and covered by red soil, which could
be a clue for comparisons.
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IV Conclusion and Remaining Problems

From the above considerations, the following
conclusions were drawn for the problem outlined in
the preface.

(1) On the northeastern coast of Tosa Bay, rapid
crustal movements during the current major
earthquakes and slow reverse movements between
earthquakes have occurred not only in historical times
but also over the past 100,000 years at least. It has been
repeated with similar trends and speeds.

(2) The topography of the marine terraces, which are
roughly divided into three levels near Cape Muroto,
was not caused by changes in uplift rate, but were
created while crustal deformation rates were almost
uniform. It is probably the result of a combination of
Quaternary glacial eustasy with crustal deformation. It
can be said that this idea is a more comprehensive view
of the currently known Quaternary events than the
conventional views*?,

Footnote 30: In the process of drawing these two conclusions, we
considered the M1 plane formation era to be the Riss-Wurm
interglacial period (about 90,000 years ago) and the L plane
formation era to be about 5,000 years before the post-glacial period.
Even if this idea is very probable at the current stage, there is not
enough material to say that it is accurate. Future work will require
to know their absolute age formation.

If changes in uplift rates can be clarified and the age of terrace
formation can be properly estimated, it will be easier to focus on
uplifted areas such as Cape Muroto rather than in stable areas to
conveniently study sea level changes.
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There are a few problems that we haven't been able to
touch upon until now.

(1) Relationship between the altitude of the old
shoreline on the M1 surface and the current uplift rates.
This relationship is illustrated in Fig. 7, and as can be
partly seen from Fig. 4, neither the rapid movement
during the earthquake nor the slow deformation
between the earthquakes shows a linear relationship
with the elevation of the old shoreline on the M1 plane.
That is, in the area near Cape Muroto, the elevation of
the paleoshoreline on the M1 surface and the current
uplift rate amount show a linear relationship. However,
in Kochi, the amount of crustal deformation decreases
sharply as the altitude of the old shoreline decreases.
As shown in Fig. 6, the interseismic deformation and
the sudden coseismic movement have a linear
relationship. Therefore, if the difference between these
two deformations is added up to determine the height
of the coastal hill, Figure 7 should show a more linear
relationship between the two, but why isn't that the
case?

One possible reason is that the results of the leveling
shown here only show the state of crustal movements
for at most 70 years including one large earthquake,
and only one period of large earthquakes. If the
amount of crustal movement during the first period of
the next earth earthquake cycle is given without giving
the amount of crustal movement between them, it may
show a more linear relationship with the altitude of the
old shoreline on the M1 plane. The idea is that at Cape
Muroto, it took about 6 years to recover 1/3 of the
coseismic uplift movement, but according to the tide
survey records in Kochi, this is the case. This is
because it is known that it took only about 100 days to
recover 1/3 of the 1.2 m subsidence during an
earthquake according to the record by Kawakaku et
al.3Y. Looking at it, in Kochi, it subsides during a large
earthquake, but it has recovered to almost the original
height just before the next earthquake, and it has not
subsided after one period of the large earthquake. If so,
the crustal deformation during one period of a major
earthquake may show a more linear relationship with
the altitude of the old shoreline on the M1 plane.
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Marine terraces in the Kochi Plain. If the marine
terraces on the northeastern coast of Tosa Bay are the
result of a combination of crustal movements and
glacial eustasy, it is possible to find marine terraces
formed in response to the Monastirian and Tyrrhenian
transgressions in the Kochi Plain, unless it is subsiding
significantly, because M and H surfaces are distributed
at ~40 masl or higher even around Tei where uplift is
moderate. Given that crustal deformation in the area
(see above) does not indicate ongoing subsidence in
the Kochi area®?, therefore, the presence of marine
terraces at this location is very likely.

Footnote 32: The topography of the mountains scattered in the
Kochi Plain and the foothills around it shows the characteristics of
so-called subsidence mountains. However, this is because they were
submerged by transgression during the postglacial period, and not
because the ground currently subsiding. The crustal movements that
resulted in the arrangement of mountains and lowlands like this are
related to the crustal movements that determined the sawtooth

outline of Shikoku Island whose era is still older than the era
discussed in this article, we expect.

From this point of view, we conducted a short survey
of the mountains around the Kochi Plains, but we
could not obtain sufficient data. Narrow terraced flat
surfaces are scattered at various heights, and further
investigation is required. Among these sites, there is
Mt. Atago in the north of Kochi. As you can see, there
is a flat surface about 30 m above sea level on which
river deposits are placed, but sediment deposits are
generally scarce, and the strath on which the marine
layer is placed has not yet been found. The uplifted
alluvial fan of the Monobe River, which extends from
Yamada to Gomen, is submerged below the offshore
surface at the southwestern margin of the river, and is
probably younger than the MI1 surface, and was
formed at low sea level during the Wurm regression.
From the northern edge of this plateau to Kokufu, there
are plateaus ca. 40m above sea level, partly covered by
marine gravel and silt layers similar to the M1 surface.
There is not enough data to summarize the other
terraced flat surfaces. This problem has not been
touched upon in the past and we want to raise it.
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(3) Displacement of the marine terrace on the east side
of Cape Gyoto. As already mentioned, the altitude of
the M1 paleo shoreline on the east side of Cape Gyoto
is drops by about 50 m to the east (Fig. 4). The sudden
change in the M1 surface indicates displacement after
its formation, but it is not clear whether it is due to
fault or flexural motion. Northeast of Cape Gyoto, M1
surface is divided into two blocks with a NE-direction
line at Cape Gyoto as boundary, and both blocks seem
to have almost the same inclination to the northwest.
However, in the area east of Cape Gyoto toward
Murotsu, the development of the marine terrace
surface is difficult to constrain because it is
challenging to measure the old shoreline altitude more
precisely not only on the H plane but also on the M1
plane. Future investigations should be done on the
presence or absence of faults in the area.

In conducting this research, Mr. Seiichi Hatano of the Geographical
Survey Institute gave special consideration to the acquisition of
leveling materials. We are deeply grateful for this opportunity.
(Accepted on August 6, 1964)
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Original English summary

On the southwest coast of Muroto Promontory, the southeastern tip of Shikoku, develop very magnificent coastal
terraces, gradually descending toward northwest (Figs. 1 & 2). while on the east coast featureless steep scarps stretch
northwards and, then, pass into ria-coast, submerged into the Kui Strait. The coastal terraces in this region are
classified into two levels, which are called Muroto-misaki [T.N. Cape Muroto] Terraces (M) and Hane-saki Terraces
(H) in the ascending order. Terraces on each level are separated further into two or three subordinate levels (Fig. 3).

Most of these terrace surfaces are abraded flat rocky ones, usually covered by thin beach gravel beds. At some places,
especially at mouths of comparatively large rivers in the northwestern part of the coast, however, terrace surfaces on
both levels are composed of marine and fluvial gravel beds more than 20 meters in thickness. Narrow abraded lowlands
lower than 15 meters above sea level extend along the coast and merge in alluvial plains of comparatively large rivers,
which consist of gravel and sand layers thicker than 30 meters. From these facts is it inferred that the coastal region
has been deeply dissected and then relatively submerged three times in process of formation of these coastal terraces.

On the south coast of Shikoku, it has been elucidated that severe earthquakes originating below the oceanic floors
have occurred at an interval of about 120 years in the historic time and accompanied acute upheaval of the promontory,
which amounts have diminished northwestwards, while in pre-seismic periods chronic subsidence increasing toward
the promontory has been detected by precise levellings. In consequence of such pre- and post-seismic land
deformations, Muroto Promontory has been upheaved, since amounts of acute upheaval accompanied by earthquakes
have exceeded those of pre-seismic chronic subsidence.

Terrace surfaces on each level are generally flat and smooth, but are interrupted by many minor scarps lower than 5
meters. A. Watanabe (1961) explained, as the authors agree, that such characteristic features of terrace surfaces had
been modelled in succession of intermittent small upheavals as was accompanied by the great earthquake in 1946.
And further, heights of raised beaches preserved on coastal terraces have a positive and negative correlation
respectively with amount of post-seismic acute and pre-seismic chronic displacements of their neighbouring bench
marks, as shown in Figs. 4 and 7. It is considered, therefore, that upheaval of coastal terraces has been mainly
influenced by land deformation as have been accompanied by great earthquakes.

It is proper to put a question why submergence has taken place three times in process of formation of coastal terraces
on the coast where upheaval has predominated. The Japanese Islands have suffered from remarkable crustal
movements throughout the Holocene, but velocity of upheaval of coastal regions has been generally far less than that
of the post-Glacial eustatic rise of sea level. Accordingly, even actively upheaved coasts may have been submerged
in consequence of the post-Glacial eustatic rise of sea level. From this point of view, it should be recognized that the
physiographic development of Muroto Promontory has been achieved in composite process of crustal movement and
eustatic change of sea level.

Judging from their physiographic development, it is reasonable to assume that Muroto-misaki Terraces were formed
at a higher sea level in the hiss-Worm Interglacial, which commenced about 90,000 years B. P. (H. E. Suess, 1956; R.
W. Fairbridge, 1961). Using results of precise levellings and geomorphic observations of land deformation
accompanied by the most recent great earthquake in 1946 on this coast, it is estimated that amounts of acute upheaval
by great earthquakes exceed about 25 cm those of chronic subsidence during the period of about 120 years between
two consecutive great earthquakes on the coast of Muroto Promontory. In other words, the mean velocity of upheaval
in the region is about 2 mm per year. If the region has been upheaved at this rate since the beginning of the Riss-Worm
Interglacial, coastal terraces formed at the time should be expected to be about 180 meters high above sea level at
present. This expected height of coastal terraces coincides fairly well with the height of Muroto-misaki Terraces in
the region.

In general, however, results of precise levellings give us only data on change of relative heights between two bench
marks and absolute amounts of vertical displacement relative to sea level have not always been measured in levellings.
On the other hand, since amounts of acute land deformation accompanied by earth quakes have been obtained mainly
by geomorphic methods, these are less precise than those of chronic changes measured by levellings. It is, therefore,
more appropriate to compare gradients of raised beaches on coastal terraces with change of relative heights between
bench marks, surveyed by precise levellings.

The mode of change of relative heights between Bench Marks No. 5148 at the Kira River and No. 5158 at Yasuda is
shown in Fig. 9, using results of levellings executed three times in the pre-seismic period and frequently carried out
immediately after the great earthquake in 1946. In this diagram relative upheaval of Bench Marks No. 5148 to No.
5158 is calculated as 145 mm during the period of about 120 years between two consecutive great earthquakes. That
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is to say, the cast at Kiragawa is upheaved by 1.2 mm per year higher than at Yasuda as a composite result of pre-
seismic chronic subsidence and post-seismic acute upheaval. If land tilting toward northwest has occurred at this rate
since the beginning of the Riss-Wurm Interglacial, the height of Muroto-misaki Terraces at the Kira River is expected
to be about 110 meters heigher than at Yasuda. In fact, heights of Muroto-misaki Terraces are 175 meters at the Kira
River and 85 meters at Yasuda, and their difference fairly well coincides with the above estimated amount. It is safely
concluded, therefore, that crustal movement, such as post-seismic acute upheaval and pre-seismic chronic subsidence
occuring throughout the historic time, has uniformly succeeded since the beginning of the Riss-Wiirm Interglacial on
the southeast coast of Shikoku.

According to this conclusion, the coastal development of Muroto Promontory deduced as a result of composite process
of crustal upheaval at the rate of 2mm/year and the eustatic change of sea level in the Quaternary as was presented by
R. W. Fairbridge (1961) is diagrammatically shown in Fig. 10. This theoretical diagram explains the physiographic
development of this coast very well and it is assumed that Hanesaki Terraces may have been formed at a higher sea
level in the later stage of Tyrrhenian. Although it has been accepted that the formation of coastal terraces on this coast
has been resulted from changing intensity of crustal upheaval, the authors infer that the differentiation of coastal
terraces was caused by the eustatic change of sea level in the late Quaternary, while crustal movement has been in a
uniform process of reiteration of minor acute upheavals and chronic subsidence throughout the time.
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