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Emerged shoreline features such as morphology, stratigraphy, and fossil assemblages are useful to reconstruct the
history of vertical crustal movement in coastal areas. In particular, resolving the history of individual tectonic
events can help understand regional seismo- and volcano-tectonic processes. In the eastern coast of the Izu
Peninsula, central Japan, multiple levels of emerged shoreline features formed as a result of repeated uplift
caused by the activity of Higashi-Izu monogenetic volcano field or related seismo-tectonic processes during the
Late Holocene. To clarify the history of uplift events and the mechanism of regional tectonics, we surveyed these
features with a focus on fossil sessile assemblages. Based on an analysis of their height and age, three zones
associated with intermittent emergence events, denoted Zone 1 (1.05-m uplift in 595-715 CE), Zone 2 (1.33-m
uplift in 1356-1666 CE), and Zone 3 (0.82-m uplift after 1830 CE), were identified. The interval between events
was 400-800 years. Zone 3 can be regarded to have emerged via a stepwise but gradual uplift that lasted 130
years. This movement was caused by geodetically observed volcanic crustal deformation with earthquake
swarms. We infer that zones 1 and 2 were uplifted by similar intervals of volcanic deformation, but cannot
discard coseismic contributions from offshore faults as a possible explanation. The timing of these emergence
events coincides with periods of both increased volcanic and seismic activities in the vicinity, suggesting that
they are interrelated. Based on the height and age of the additional older assemblage denoted Zone 0 overlying
Zone 1 and those of the post-glacial transgressive deposits in the adjacent areas, we suggest that the crustal uplift
of the Izu Peninsula was initiated around 3000 years ago, which coincides with the largest eruption of Kawa-
godaira volcano. Therefore, volcanic activity is an important factor governing coastal uplift in this region.

1. Introduction

To understand the interaction between the volcanotectonic activity
and surrounding tectonic settings, it is important to investigate crustal
deformation related to subsurface magma movement. Geophysical sur-
veys such as seismic, geomagnetic, and geodetic observations are
generally used for this purpose, but it is also necessary to obtain his-
torical and geological data in order to evaluate long-term activity over
the period prior to starting instrumental observation (e.g., Gudmunds-
son, 2020; Acocella, 2021). However, while common geological
methods such as stratigraphic and material analyses of volcanic deposits
can reconstruct the eruption history, they are unsuitable for detecting
volcanotectonic movement quantitatively. Therefore, we here focused
on traces of past shorelines along the coast of active volcanic areas.
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The morphology, stratigraphy, and fossil assemblages found at
coastlines often comprise a record of vertical deformation. For example,
in seismotectonically active coastal areas, evidence of repeated uplift
events caused by large earthquakes is commonly found in the form of
emerged shoreline morphology and emerged sessile assemblages. The
height distribution and age of emerged shorelines have long been used
to reconstruct earthquake histories and relative sea level (RSL) change
(e.g., Pirazzoli, 1996; Nelson, 2013; Kelsey, 2015). Some studies
focusing on the relationship between volcanism and Pleistocene to Ho-
locene RSL changes have also been conducted in volcanic areas such as
Iwo Jima (Kaizuka, 1992), the area around Mount Etna (details
described later), Nisyros Island in the Aegean Sea (Stiros et al., 2005),
Sabatini caldera near Rome (Marra et al., 2019), and the Campi Flegrei
caldera near Napoli (Todesco et al., 2013; Marturano et al., 2018; Costa
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et al., 2022). Since these sites, except for the area around Etna volcano,
have no particular large-scale tectonic structures and are limited to areas
in very close proximity to the volcano, detected crustal deformation can
be simply interpreted as uplift and subsidence mainly due to magmatic
activity, and thus the relationship with the surrounding tectonic setting
has been little discussed.

The area around Mt. Etna is considered to be affected by the inter-
action between the European and African plates, and the eastern flank of
Mt. Etna expands into the Ionian Sea to the southeast due to volcanic
activity. Many studies have been conducted to investigate the actual
state of long-term crustal deformation from Pleistocene marine deposits
(Di Stefano and Branca, 2002; Catalano et al., 2004; Antonioli et al.,
2006; Ristuccia et al., 2013), and from Holocene paleoshoreline features
(Firth et al., 1996; Rust and Kershaw, 2000). However, they have been
interpreted rather as the result of tectonic variations, and a cause related
to volcanism was not identified. This region is too complex to make a
clear distinction between volcanic activity and tectonic variations.
Therefore, to evaluate the long-term volcanotectonic history due to
subsurface magma movement and interaction with seismotectonics, it is
better to study the separation of volcanism and tectonic deformation in
areas with simpler crustal structures, where both volcanism and tectonic
deformation are active, their history is well documented, and recent
crustal deformation is well monitored by dense instrumental
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observation networks. Especially in studies using emerged shoreline
features, regional RSL histories should also be well-known from other
surveys.

The northern extreme of the Izu-Bonin-Mariana (IBM) Arc, located in
central Japan, is one of the most suitable areas for such a study because
it is located in the collision zone with the Honshu Islands, where crustal
deformation is active, and the history of volcanism, crustal structure,
and RSL has been well studied. Along the eastern coast of the Izu
Peninsula, we found multiple levels of emerged shoreline features
mainly composed of fossil sessile assemblages. This area, called the
Higashi-Izu monogenetic volcano field, is very volcanically and seismi-
cally active (Aramaki and Hamuro, 1977). Previous geological studies
have revealed volcanic activity over the last 150,000 years (Hayakawa
and Koyama, 1992; Koyama et al., 1995), and reconstructed the history
of inland active faults and subduction megathrust earthquakes in the
surrounding area over the mid-late Holocene (The Tanna Fault
Trenching Research Group, 1983; Kondo et al., 2003; Shishikura, 2014;
Komori et al., 2017). Crustal deformation due to volcanic activity, intra-
plate faulting, and subducting plate motion in the period before the 19th
century is quantitatively unknown, even though relatively dense
instrumental observation data exist for the past hundred years for this
area. Therefore, we analyzed the height distribution and age of emerged
shorelines discovered as part of this investigation and attempted to

140°

Fig. 1. Tectonic setting around the Izu Peninsula and the location of the survey area. IBM Arc: Izu-Bonin-Mariana Arc. KIFZ: Kita-Izu Fault Zone. WSBF: West Sagami
Bay Fault. IIEF: Iwanoyama-Ioyama Eruptive Fissure. Kg: Kawagodaira Volcano. Om: Omuroyama Volcano. Te: Teishi Knoll. Ha: Hatsushima Island. Plate motion in
the inset is after Bird (2003). Traces of active faults are after Headquarters for Earthquake Research Promotion, Earthquake Research Committee (2015) in onshore
region, after Okamura et al. (1999) in offshore region around Izu Peninsula, and after Research Group for Active Fault of Japan (Eds.), 1991 in other offshore regions.
Faulting sense of inferred active faults is not specified. Epicenters are after Usami et al. (2013). Distribution of volcanoes in the Higashi-Izu monogenetic volcano field
is after Koyama et al. (1995). Contours of coseismic vertical displacement during the 1923 Taisho Kanto earthquake are compiled from Land Survey Department

(1926) and Miyabe (1931).
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reconstruct the history of uplift in the Higashi-Izu monogenetic volcano
field with consideration of the causes of the emergence events. This
information can contribute to our understanding of geodynamics in a
volcanic arc and highlight the usefulness of emerged shoreline feature
investigations in the long-term evaluation of volcanic activity.
Furthermore, the results are expected to be useful for volcano-related
and seismicity-related disaster prevention near metropolitan regions of
Japan.

2. Setting

The Izu Peninsula, located at the northern extreme of the IBM Vol-
canic Arc, formed approximately 1 million years ago due to the collision
of an island on the north-moving Philippine Sea Plate with the Honshu
Arc (Sugimura, 1972; Matsuda, 1978) (Fig. 1). The Philippine Sea Plate
has continued to move in a northwesterly direction after the collision
and is being subducted underneath the North American Plate along the
Sagami Trough to the east of the peninsula and underneath the Eurasian
Plate along the Suruga Trough to the west of the peninsula, leading to
seismic events. The study area faces the Sagami Trough, where two
historically large earthquakes, namely the 1703 Genroku Kanto earth-
quake (M8.2) and the 1923 Taisho Kanto earthquake (M7.9), are well-
known interplate megathrust events (Fig. 1). Although fault mecha-
nisms are unknown, older events, such as those in 878, 1293, and 1433
or 1495, have also been proposed based on historical records and are
partly supported by geological evidence (Shimazaki et al., 2011;
Kaneko, 2012; Ishibashi, 2020). Investigations of marine terraces and
tsunami deposits along the coasts of the Boso and Miura Peninsulas have
revealed a history of repeated megathrust earthquakes with a mean
interval of 400 years since the middle Holocene (Shishikura, 2003,
2014). Abundant historical records for the Nankai Trough, which ex-
tends southwestward from the Suruga Trough, indicate a history of
repeated megathrust earthquakes over the past 1300 years every 100 to
200 years (Usami et al., 2013). The Kita-Izu fault zone (KIFZ), which
contains inland strike slip active faults with a left-lateral sense located in
the northern part of the peninsula, is believed to have ruptured at in-
tervals of 460 to 1600 years and was the source of the 1930 Kita-Izu
earthquake (M7.3) (The Tanna Fault Trenching Research Group, 1983;
Kondo et al., 2003). Offshore active faults have also been detected
around the Izu Peninsula (Okamura et al., 1999). Although far from the
study area, uplift traces in Shimoda associated with offshore fault ac-
tivity off the southernmost part of the peninsula were identified and
linked to four events in the past 3000 years (Fukutomi, 1935; Kitamura
et al., 2015).

The collision of the Izu Peninsula due to the northward motion of the
Philippine Sea Plate has induced magma intrusion and produced a series
of craters from a monogenetic volcano (Higashi-Izu monogenetic vol-
cano group) striking in the northwest-southeast direction on the eastern
side of the peninsula (Aramaki and Hamuro, 1977; Koyama and Umino,
1991). Although the geology provides an eruption record going back
approximately 150,000 years, in the Holocene, the first major eruption
was the Omuroyama eruption around 2000 BCE, followed by the
Kawagodaira eruption, the largest eruption in the last 100,000 years, in
1210-1187 BCE (Hayakawa and Koyama, 1992; Koyama et al., 1995;
Tani et al., 2013). This was followed by the Iwanoyama-loyama eruptive
fissure around 800-700 BCE. After these activities, both the geological
and historical records indicate that no major eruption occurred except
for a small phreatomagmatic explosion of the Teishi Knoll off the coast
of Ito in 1989. Seismic observation data for the last hundred years show
that there were two active phases of frequent earthquake swarm events
accompanied by subsurface magma intrusion in this area, including the
offshore area. The first phase was recorded in 1930 (Nasu et al., 1931).
In the second phase, from 1978 to 2011, the area experienced 49
earthquake swarms (Japan Meteorological Agency, 2014). Related to
these activities, gradual uplift was geodetically observed from leveling
and tide gauge data (Geospatial Information Authority of Japan, 2016).
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Before the first phase of the earthquake swarm in 1930, historical re-
cords suggest the occurrence of similar earthquakes for at least two
periods, namely 1816 to 1817 and 1868 or 1870, at an interval of 50-60
years (Koyama, 1999; Table S1).

3. Methods

We conducted a field survey of the rocky coast in the vicinity of Ito,
the northeastern part of the Izu Peninsula, in which we first confirmed
the distribution of emerged paleoshorelines, and then identified fossils
of littoral sessile assemblages. In terms of emerged shoreline
morphology, we surveyed the surface of wave-cut benches and wave-cut
notches, which are primarily formed in intertidal zones. We also
observed the distribution of sessile assemblages, noting the height of
their upper and lower boundaries as well as their species composition,
and collected samples for '*C dating. Elevation measurements using a
GS10 Virtual Reference Station (Leica Geosystems AG) are given with
respect to Tokyo Peil (T.P.), which is the mean sea level of Tokyo Bay. To
clarify the relationship between the elevations of emerged shoreline
features and present-day shoreline indicators, we performed a similar
investigation and measurement of the present shoreline morphology and
sessile assemblages as modern analogs. The relative height between the
paleoshorelines of multiple levels reconstructed from these data in-
dicates the amount of RSL change. Although this method introduces
some errors in the identification and measurement of paleoshoreline
indicators, the uncertainty of RSL in this study is calculated to be rela-
tively small at 0.08 m based on the formulas of Rovere et al. (2016). We
thus use the measured data directly to discuss RSL change.

Radiocarbon dating of collected samples was performed by Beta
Analytic Inc. Measured ages were calibrated using the OxCal program
version 4.4 (Bronk Ramsey, 2009) with the Marine20 curve (Heaton
et al., 2020). Reported values for the local variation (AR) of the marine
reservoir effect in areas near the study site ranged from positive values
of +109 yr in the southern part of the Izu Peninsula (Yoneda et al., 2000)
and + 83 + 33 yr on the Miura Peninsula (Shishikura et al., 2007) to a
negative value of —24 + 13 yr in the southern part of the Boso Peninsula
(Shishikura, 2019), illustrating the high variability within this relatively
small area. In this study, we thus describe ages based on the global
average AR = 0. Values reported for nearby areas are also discussed.

4. Results
4.1. Species of identified organism

Multiple emerged paleoshorelines at elevations below ~4 m T.P.
were observed along the coast southeast of central Ito City. At five sites
(Locs. 1-5), we found emerged sessile assemblages (Figs. 2, 3). Locs. 1-4
are close to each other, roughly within 0.8 km, but Loc. 5 is at a distance
of 1.4 km to the southeast of Loc. 4. At Locs. 2-4, sessile assemblages
were attached to the walls of sea caves (Figs. 3, S2, S4, S5). At Locs. 1
and 5, they were attached above an emerged wave-cut bench and to an
emerged wave-cut notch (Figs. S1, S6). The dominant organisms
comprising these sessile assemblages included Chthamalus challengeri
Hoek (Cc) and other barnacles as well as the polychaete worm Poma-
toleios kraussii (Pk) and other tube worms (Fig. S7), in rare cases inter-
spersed with bivalves such as Barbatia (Savignyarca) virescens. In this
study, we extracted primarily Pk for 1C dating. The habitat of Pk is
limited to low- and mid-intertidal zones and its upper level corresponds
to around mean sea level. Thus it is an extremely useful index for
reconstructing paleo-sea levels (Kayanne et al., 1987).

4.2. Elevations of present-day organisms
Present-day Pk assemblages in this area were observed at elevations

ranging from —0.60 to +0.30 m T.P. (vertical span of 0.90 m), with the
upper level varying locally between +0.15 and + 0.30 m T.P. (Fig. 4).
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Fig. 2. Survey points in the study area. Location is shown in Fig. 1. The base
map is an aerial photograph published by the Geospatial Authority of Japan.

Some Cc samples were also subjected to **C dating. It is known that the
Cc habitat overlaps that of Pk in the intertidal zone but that its range
extends higher than that for Pk into the high-intertidal zone and, in some
cases, even above the high tide level (Mori, 1986). Kitamura et al.
(2014) reported that the Cc habitat is dominant up to +0.60 m T.P. and
rarely reaches +0.70 m T.P. in the southernmost part of the Izu Penin-
sula. Although we were unable to determine the vertical distribution of
present-day Cc assemblages in this area, considering these previous re-
ports and the mean high tide elevation in this area (approximately
+0.70 m T.P.) observed at the Ito tide gauge station, we can assume that
Cc is distributed to a maximum height of at least +0.70 m T.P. The lower
range of Cc is probably around mean low tide elevation.

4.3. Elevations and ages of emerged organism

Based on the elevations of the corresponding emerged shoreline
morphology and the 1C ages of component organisms, we classified the
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assemblages found at elevations of 3.50 m T.P. or lower into three zones
(Zones 1 to 3) in descending order (Fig. 3 and Table 1). Although the
vertical distribution of the assemblages among the zones is slightly
scattered due to differences in local habitat or the effect of denudation,
the zones were defined by assemblages consisting primarily of Pk, whose
vertical spans are 0.95 m in Zone 1, 1.20 m in Zone 2, and 0.82 m in Zone
3, respectively. For example, at Loc. 2, sessile assemblages were found
attached to the walls of two notches at different elevations, namely
Zones 1 and 2, within the same sea cave (Figs. 3 and S2). Zone 3 as-
semblages were distributed at elevations near the current sea level
(Figs. 3, S3, S5). Above Zone 1 at Loc. 2, emerged sessile assemblages
were distributed up to an elevation of 4.20 m T.P., but this was not
defined as a zone due to the absence of Pk (Fig. S2). We thus named this
assemblage Zone 0.

Zone 1 assemblages were identified at two sites (Locs. 2 and 3). They
were distributed at elevations between 2.55 and 3.50 m T.P. at Loc. 2
and between 2.85 and 3.45 m T.P. at Loc. 3 (Fig. 4). At Loc. 2, the as-
semblages were continuously distributed and covered the whole of the
emerged wave-cut notch (Fig. S2). The total vertical span in Zone 1 was
0.95 m, which is almost the same as that of the present-day Pk assem-
blages. Four samples collected at elevations of 3.40, 2.93 (two samples),
and 2.69 m T.P. were 1*C dated to between 480 and 886 CE. Above Zone
1 at Loc. 2, Zone O consisting entirely of Cc was observed at an elevation
of 3.50 to 4.20 m T.P. Given that the habitat of present-day Cc extends >
-+0.50 m above the upper limit of Pk, this may possibly be an upward
extension of Zone 1. However, samples collected at an elevation of 3.59
m T.P. were '*C dated to between 1265 and 926 BCE, which is sub-
stantially earlier than the ages obtained for the underlying assemblages.
Based on these observations, we consider the upper Cc assemblage to
represent an older sessile assemblage that is different from those found
in Zone 1.

Zone 2 assemblages were identified at all sites. Their height distri-
bution was between 1.25 and 2.45 m T.P., giving a wider vertical span
than those of the other zones (Fig. 4). At Loc. 1, the assemblages were
distributed in the lowest position in Zone 2 (elevation of 1.25-1.50 m T.
P.), and two obtained samples were *C dated to between 1440 and
1730 CE. The assemblages at Locs. 2-4 were in the middle to high po-
sitions in Zone 2 (elevations of 1.59-2.30 m T.P. at Loc. 2, 1.65-2.45 m
T.P. at Loc. 3, and 1.64-2.04 m T.P. at Loc. 4). Five samples collected at
these sites were 1“C dated to between 1272 and 1612 CE; this age range
partially overlaps that of the samples at Loc. 1 but is slightly older. Based
on the height and age of the assemblages, Zone 2 can be sub-divided into
an upper section (Locs. 2-4) and a lower section (Loc. 1). The assem-
blage at Loc. 5 was at an elevation of 1.40-1.50 m T.P., which appears to
be consistent with the lower section, but the obtained sample was dated
to be older (1279-1488 CE), which is approximately the same age range

Fig. 3. Photographs of traces of emerged shorelines. Photographs taken at (a) Loc. 2 and (b) Loc. 4.
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Table 1
l4¢c dating results.
Location Sample no. Zone  Altitude (m)  Material Species Conventional age  §13C  Calendar age (AR = 0) Lab. Code
Loc.1 34°58'4.54'N L1-1 2 1.36 Marine shell ~ Pomatoleios kraussii 940 + 30 0.8 1440-1680 CE Beta-454466
139° 7'39.03'E L1-2 2 1.29 Marine shell ~ Pomatoleios kraussii 890 + 30 1.9 1460-1730 CE Beta-454467
L2-1 0 3.59 Marine shell Chthamalus sp. 3370 + 30 0.7 1265-926 BCE Beta-326387
L2-2 1 2.93 Marine shell ~ Chthamalus sp. 1920 + 40 —0.4  480-779 CE Beta-259878
12-3 1 2.93 Marine shell ~ Pomatoleios kraussii 1820 + 40 -2.6 605-886 CE Beta-259879
34°57'55.69'N L2-4 1 2.69 Marine shell Pomatoleios kraussii 1930 + 30 -5.8 483-762 CE Beta-326388
Loc.2 139° 7'42.04'E L2-5 2 2.15 Marine shell ~ Pomatoleios kraussii 1130 + 40 0.4 1283-1512 CE Beta-259881
L2-6 2 2.14 Marine shell ~ Chthamalus sp. 1160 + 30 -1.9 1272-1482 CE Beta-326389
L2-7 2 2.05 Marine shell ~ Pomatoleios kraussii 1080 + 40 0.2 1305-1566 CE Beta-259880
L2-8 3 0.37 Marine shell ~ Pomatoleios kraussii 420 + 30 0.6 1839- post-1950 CE Beta-454468
12-9 3 0.33 Marine shell ~ Pomatoleios kraussii - - Modern Beta-454469
Loc.3 34°57'43.66'N L3-1 1 3.40 Marine shell ~ Pomatoleios kraussii 1910 =+ 30 0.4 509-783 CE Beta-326385
139° 7'51.04'E L3-2 2 2.40 Marine shell ~ Pomatoleios kraussii 1040 + 30 -0.2 1341-1612 CE Beta-326386
L4-1 2 1.94 Marine shell ~ Pomatoleios kraussii 1100 + 40 2.2 1295-1540 CE Beta-259883
34°57'39.44'N L4-2 3 1.12 Marine shell ~ Pomatoleios kraussii 350 + 30 0.3 1851-post-1950 CE Beta-326381
Loc.4 139° 747 83'E L4-3 3 0.84 Marine shell Pomatoleios kraussii 400 + 40 0.5 1837~ post-1950 CE Beta-259882
L4-4 3 0.72 Marine shell ~ Pomatoleios kraussii 460 + 30 -0.5 1831- post-1950 CE Beta-326382
L4-5 3 0.62 Marine shell ~ Pomatoleios kraussii 260 + 30 -0.6 1862- post-1950 CE Beta-326383
Loc.5 34°5721.06N L5-1 2 1.43 Marine shell ~ Pomatoleios kraussii 1150 + 30 1.1 1279-1488 CE Beta-535935

139°08'38.77'E

as that at Locs. 2-4 in the upper section.

Zone 3 assemblages were identified at three sites (Loc. 1, 3, and 4).
They were distributed at elevations between 0.30 and 1.12 m T.P. At
Loc. 1, we found a small assemblage patch composed of Pk at an
elevation of 1.00-1.05 m T.P. but no *C age sample was obtained
(Fig. S1). The assemblage at Loc. 2 was observed at an elevation of
0.30-0.45 m T.P. in the lower position of Zone 3 (Fig. S3). The two
samples obtained from this assemblage were 1*C dated to 1839 to Post
1950 CE in the upper part and modern in the lower part. The assemblage
at Loc. 4 was almost continuously distributed from 0.62 to 1.12m T.P. in
elevation (Figs. 3, S5). Four samples collected from the top to bottom of
the assemblage were all dated to after 1830 CE.

5. Discussion
5.1. Age of emergence events and amount of RSL change

Fig. 5 shows the spatiotemporal distribution of the age and elevation
of the emerged sessile assemblages found in this study. This distribution
allows us to determine the timing of emergence events and the amount
of change in the RSL.

The vertical span of Zone 1 (0.95 m) almost matches that of the
present-day Pk assemblages (0.90 m), and the 'C ages of the four
samples collected from the upper and lower sections of the zone were
found to be concentrated in the range of 480 to 886 CE. These charac-
teristics indicate that all of Zone 1 emerged in a relatively short time. If
we assume that the four samples are of the same age, the emergence, as
estimated using the Combine function of the OxCal program, occurred
between 595 and 715 CE. The amount of RSL fall is estimated to have
been at least 1.05 m based on the difference in the elevation of the upper
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Fig. 5. Spatiotemporal diagram of emergence events with 'C dating data, and timings of volcanic eruptions, earthquake swarm events, interplate earthquakes along
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limits of the Pk assemblage between Zone 1 (3.50 m T.P.) and Zone 2
(2.45m T.P.).

Zone 0 comprises only Cc and is found above Zone 1 at Loc. 2 at an
elevation of 3.50-4.20 m T.P. It was dated to between 1265 and 926
BCE, and likely represents the oldest assemblage that emerged around
3000 years ago in this area. The amount of RSL fall is difficult to estimate
precisely given the uncertainty regarding the elevation of the counter-
part of the Cc assemblage in Zone 1. Nevertheless, it can be regarded that
the net amount does not exceed the vertical span of this assemblage
(0.70 m).

The vertical span of Zone 2 (1.20 m) is 0.30 m greater than that of the
present-day Pk assemblages (0.90 m). In addition, the estimated age
range of the eight samples (1272-1730 CE) is relatively wide, with the
two samples in the lower section obtained at Loc. 1 tending to be
younger than the five samples in the upper section obtained at Locs. 2—-4.
The assemblage at Loc. 5, which is located at a distance from other
sampling sites, probably belongs to the upper section due to its relatively
old 1*C age despite its lower elevation. This contradiction is considered
to be due to local differences in vertical crustal movement. Therefore,
we exclude the sample at Loc. 5 from the discussion here. The obser-
vation results suggest that Zone 2 comprises overlapping assemblages
from two separate emergence events. Accordingly, we estimated the
emergence timing using the Combine function for the five samples from
the upper section and the two samples from the lower section. The upper

and lower sections were dated to 1356-1470 CE and 1482-1666 CE,
respectively. Although the gap between the two age ranges is 12 years at
minimum and 310 years at maximum, the mode of the probability dis-
tribution is 1425 CE for the upper section and 1570 CE for the lower
section, for a time gap of 145 years. As such, it is possible that Zone 2
emerged in a stepwise process over 100-200 years, starting with the
upper section and followed later by the lower section. A comparison of
the upper limit of the elevations of Zones 2 and 3 indicates that the total
amount of RSL fall resulting from the emergence of Zone 2 in its entirety
was at least 1.33 m, but this represents the total amount due to two
emergence events via a stepwise process. Accurate estimation of the
individual amount of RSL fall associated with each event is difficult
because no reference level can be detected among the assemblages.
However, the fact that the vertical span of Zone 2 is 0.30 m greater than
that of the present-day Pk assemblages indicates that the amount of RSL
fall from the upper section to the lower section is at least 0.30 m.

The vertical span of Zone 3 (0.82 m) almost matches that of the
present-day Pk assemblages (0.90 m), but there is a possibility that the
assemblages near the lower limit of the zone are mixed in with the
present-day assemblages. The samples subjected to '“C dating all
comprised Pk, with six samples dated to 1830 CE or later and one sample
dated as being modern. This suggests that the assemblages are associ-
ated with an emergence event that occurred within the past 200 years.
The amount of RSL fall resulting from the emergence of Zone 3 is
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estimated to be at least 0.82 m based on a comparison of the upper limits
of the fossil Pk and present-day Pk assemblages.

It can be concluded from the above results that the emerged sessile
assemblages distributed in three zones in the study area resulted mainly
from three RSL falls that ranged in magnitude from 0.82 to 1.33 m. For
these emergence events, the recurrence interval is about 800 years be-
tween Zone 1 and 2, and about 400 years between Zone 2 and 3. The
emergence of Zone 0, which is the last event prior to the emergence of
Zone 1, occurred approximately 3000 years ago with a vertical range of
<0.70 m, meaning that there was no additional emergence for about
1500 years after that event. Assuming older assemblages were not
eroded, traces of emergence events older than 3000 years have not been
found above the highest assemblage. These results suggest that this area
began experiencing a RSL fall around 3000 years ago, with the falls
becoming more frequent and larger in magnitude starting around 1500
years ago.

The lack of evidence of uplift prior to 3000 years ago in the study
area is supported by an analysis of drilling core samples obtained from
the Holocene lowland of central Ito City. The uppermost level of trans-
gressive marine deposits, indicating an RSL rise subsequent to the Last
Glacial Stage, is dated to around 4000 years ago and distributed at
almost 0 m T.P. (Taguchi, 1993). Fujiwara et al. (2014) proposed that
the RSL peaked at 3-4 m T.P. around 6800 years ago (Fig. 6). Although
their estimation has an error of several meters, this means that there is
no clear evidence of uplift at least higher than Zone 0.

5.2. Causes of emergence events

In considering the cause of emergence events, we discuss the effect of
eustatic sea level change around the study area (Fig. 6). Geologically
reconstructed Holocene sea level change in the Lake Inba area, which is
an almost tectonically stable region near Tokyo, indicates that it may
have been as low as —2 m below present sea level 3000 years ago (Chiba
et al., 2016). However, no precise reconstruction has been proposed for
the period from 1500 years ago. Okuno et al. (2014) simulated two
theoretical RSL curves based on the glacial isostatic adjustment models
with tide gauge observation data for each station in Japan. The
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Fig. 6. Holocene sea level curves around the study area. a: Geologically
reconstructed sea level curve in the Lake Inba area (calibrated with long term
crustal movement) (Chiba et al., 2016). bl and b2: Theoretically predicted RSL
curve for Ito using ANU ice model (b1) and revised ANU ice model (b2) (Okuno
et al., 2014). c: Theoretically predicted RSL curve for past 2000 years (Grinsted
et al., 2009). d: Geologically reconstructed sea level change curve for Ito (not
considered with crustal movement) (Fujiwara et al., 2014).
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simulation results for Ito indicate that the sea level was almost constant
or gradually decreased by about 1 m over the past 4000 years. The
intermittent RSL falls observed in the study area that occurred at 400- to
800-year intervals over the past 1500 years cannot be explained by such
gradual sea level change on a millennial time scale, and thus were likely
the result of crustal uplift caused by seismic activity, volcanic activity, or
other tectonic processes. Although small fluctuations over the past 2000
years within 0.5 m of the eustatic sea level change such as those simu-
lated by Grinsted et al. (2009) could possibly partially contribute to the
RSL fall, here we mainly discuss the cause of the RSL reduction events in
this area in relation to tectonic processes.

The difference in elevation between the upper limit of Zone 1 (3.50
m T.P.) and that of the present-day Pk assemblages (0.20 m T.P.) is
approximately 3.30 m. Dividing this value by 1500 years yields a mean
uplift rate of 2.20 mm/yr, which is extremely rapid compared with the
mean apparent uplift rate range of 0.01 + 0.01 to 1.47 + 0.08 mm/yr
obtained from the global database of uplifted coasts (Pedoja et al.,
2014), but is often observed in volcanic areas (e.g. 1.7 mm/yr in Nisyros
volcano; Stiros et al., 2005). Menant et al. (2020) simulated a million-
year-scale forearc topographic signal caused by transient slab-top
stripping events at the base of the forearc crust, suggesting that a
related background uplift of 1-5 mm/year may affect the 10'- to 10°-
year-scale crustal deformation covered in this study. However, since the
study area is not located in the forearc region, but on a northern tip of a
colliding volcanic arc, such a forearc deformation model cannot be
directly applied.

Regarding the uplift process for each emergence event, we first
examine crustal activity on the Izu Peninsula and surrounding areas
based on instrument measurement data collected over the past 100 years
or so and then verify the relationship between this activity and the
emergence of Zone 3, which is dated to after 1830 CE. Based on the
results of this examination, we discuss the relationship between the
emergence of Zones 1 and 2 and seismic/volcanic activity known to have
occurred based on historical and geological records. The cause of the
emergence of Zone 0 and comprehensive tectonics in the late Holocene
are discussed in Section 5.3.

5.2.1. Geodetically detected vertical crustal movement

A leveling survey was started in 1904 along a benchmark route
running approximately 2 km west of the study area. The results of this
survey can be discussed in relation to seismic and volcanic activities
(Fig. 7). The 1923 Taisho Kanto earthquake, an interplate megathrust
earthquake along the Sagami Trough, is one of the largest earthquakes in
the vicinity of the study area. This earthquake was accompanied by up to
~2 m of coastal uplift of Sagami Bay and Boso Peninsula, but no major
vertical crustal movement in the study area was observed (Figs. 1, 7)
(Land Survey Department, 1926). Hatsushima Island, 9 km northeast of
Ito, also uplifted ~1 m despite it being located on the foot wall side of
the megathrust ruptured during the 1923 earthquake. Ishibashi (1988,
b; 2004) proposed that the uplift of Hatsushima was caused by the West
Sagami Bay Fracture (WSBF), which is a theoretically inferred offshore
left-lateral reverse active fault striking in the N-S direction 5-10 km east
of the study area (Fig. 1).

After the 1923 event, earthquake swarms occurred in the eastern part
of the Izu Peninsula from February to April and in May 1930. These were
followed by an inland shallow earthquake (M7.3) in November 1930
caused by the activity of the KIFZ (F1 in Fig. 5). To examine these events,
a detailed leveling survey was repeatedly conducted between 1930 and
1933 by Tsuboi (1933). An analysis of these data indicates that the cu-
mulative uplift along the leveling route reached approximately 0.30 m
in this period; nevertheless, the deformation at the time of the M7.3
earthquake was at most on the order of 0.03 m. This phenomenon can be
explained by the magma dike intrusion model (Nishimura and Mur-
akami, 2007). The various tectonic events that have occurred in the
vicinity of the study area in a short period are likely to be related to each
other.
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The land level gradually subsided by about 0.10 m over the next 40
years but began to uplift again starting in 1974. Gradual uplift continued
for approximately the next 24 years (until 1998), resulting in a cumu-
lative uplift of 0.40 to 0.50 m (Fig. 7) (Geospatial Information Authority
of Japan, 2016). Tide gauge data from Ito station since 1974 indicate the
same trend as that for the benchmark leveling data. During this period,
intermittent earthquake swarms and the 1989 Teishi Knoll eruption
occurred (Japan Meteorological Agency, 2014). It has been reported
that the crustal deformation during this period was caused by magmatic
dyke intrusions, which resulted in episodic uplift whenever earthquake
swarms occurred (e.g., Tada and Hashimoto, 1991; Okada and Yama-
moto, 1991; Aoki et al., 1999). No significant change in deformation has
been observed since the 2000s; the total amount of net uplift in
approximately the past 100 years from the benchmark data is 0.60 to
0.70 m. This amount is the relative displacement with respect to
benchmark 9328 in Atami, but since it is mostly consistent with the tide
gauge data from Ito station, it can be correlated with the RSL change.

5.2.2. Cause of emergence of Zone 3

The geodetically detected uplifts during 1930-1933 and 1974-1998
coincide with the timing of the coastal emergence of Zone 3. No distinct
coseismic vertical displacement in this period has been observed.
Accordingly, the data indicates that the emergence of Zone 3 is associ-
ated with a volcanotectonic uplift due to subsurface magma movement.
The total amount of RSL fall for Zone 3 is 0.82 m, which is slightly
greater than the cumulative uplift of 0.60-0.70 m observed over the past
100 years. Considering that the leveling route is located approximately
2 km from the coast, one reason for this discrepancy may be spatial
variability in the crustal deformation. Alternatively, because the oldest
age estimated for Zone 3 is the mid-1800s, there is a possibility that
another uplift event occurred prior to 1930. Historical documents
indicate a record of earthquake swarms in 1816-1817 and 1868 or 1870
before the start of instrument measurements (Koyama, 1999; Table S1).

1990
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The latter event falls within the age range of Zone 3. These findings
suggest that Zone 3 emerged as a result of volcanotectonic uplift events
in two steps around 1930-33 (~0.3 m) and 1974-1998 (~0.4-0.5 m),
and possibly a third step around 1868-1870 (~0.1-0.2 m; assuming no
subsidence during the period of 1870-1930). Based on the individual
age data, the assemblages in the middle and upper sections of Zone 3 at
Locs. 2 and 4 may be associated with the uplifts in 1868 or 1870 and
1930, and the assemblages in the lower section of Zone 3 at Loc. 2,
which also included samples considered to be modern, may be associ-
ated with the uplift from 1974 to 1998.

5.2.3. Cause of emergence of Zone 2

As discussed in Section 5.1, Zone 2 can be vertically divided into two
sections, which possibly emerged in a stepwise process over 100-200
years. This emergence process is similar to that in Zone 3, whose causes
can thus be applied to Zone 2. Specifically, the distribution and age
characteristics of Zone 2 can be explained if we assume that two separate
uplift events resulting from subsurface magma movement occurred in
two periods (1356-1470 and 1482-1666 CE) within 100-200 years.
Regarding the latter period, the possibility of an earthquake swarm
event in 1596 has been proposed based on historical records (Koyama,
1999; Table S1). The historical records describe frequent earthquakes
for a month, although Koyama (1999) proposed that it may have been
aftershocks caused by another seismic source event around the Izu area.
No other historical records of localized events such as small eruptions or
earthquake swarms suggesting magma intrusion have been found (note
that historical records in Japan are scarce before the 16th century). It is
thus necessary to consider other possible causes.

Although the records of large earthquakes are incomplete for this
period, the vicinity of the study area experienced interplate megathrust
earthquakes probably in 1293 and possibly in 1433 or 1495 along the
Sagami Trough (Ishibashi, 2020). As in the 1923 earthquake, for which
no coastal uplift was observed in the study area, there are no historical
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records regarding uplift in or around Ito associated with these earth-
quakes. However, as in the 20th century, interplate megathrust earth-
quakes along the Sagami Trough could have triggered a period of
volcanic and seismic activity around the study area in the following
century. Alternatively, it is possible that the offshore intraplate faults in
the western Sagami Bay may have simultaneously ruptured, producing
uplift in the study area.

The WSBF is one such candidate offshore fault despite the fact that it
caused no uplift during the 1923 earthquake in the study area (Fig. 1).
Okamura et al. (1999) identified a reverse fault several kilometers east
of the inferred line of the WSBF based on an interpretation of the
offshore seismic profiles. Multiple levels of Holocene marine terraces
below ~10 m T.P. can be identified on Hatsushima Island, indicating
that the WSBF may have repeatedly ruptured. Radiocarbon ages indicate
that the Holocene uppermost terrace formed 6000-7000 years ago, but
the other lower terraces have not yet been dated (Ishibashi et al., 1982).
If a past rupture of the WSBF extended southward, it would contribute to
coastal emergence in the study area. To examine the uplift due to the
activity of the WSBF, we thus calculated vertical crustal deformation
using a fault model (Okada, 1985) (Fig. 8; Table 2). Our proposed fault is
established with a length of 40 km along the assumed trace of the WSBF.
The northern end of the fault is delimited by the coastline because the
inland fault trace cannot be geomorphologically identified, and the
southern end is determined by referring to the distribution of the sub-
marine scarp. The fault dip and rake are set to 80° and 60°, respectively,
according to Ishibashi (1988, 2004) and Aida (1993). The fault width is
determined to be 10 km referring to the depth distribution of the seis-
mogenic layer in this area (Headquarters for Earthquake Research Pro-
motion, Earthquake Research Committee, 2015). The slip amount is set
to 4 m using the relationship between the length and the slip amount of
the active fault reported by Matsuda (1975). This fault can produce
about 0.4 m of uplift in the study area and its activity may partially
contribute to the emergence of Zone 2. However, it is unlikely that such
faulting events would repeat a few times with short recurrence intervals
only during this period to explain the entire emergence.

Offshore active faults have also been identified off Shimoda, the
southernmost part of the Izu Peninsula (Fig. 1). Kitamura et al. (2015)
proposed two fault models that can explain the distribution of uplift
reconstructed from emerged sessile assemblages over the past 3000

35.5° =
!

—— Uplift
— Neutral
— Subsidence §

N s

35°

Fig. 8. Vertical crustal movement simulated from a fault model along the
Western Sagami Bay Fault. Contour interval is 0.2 m.
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Table 2
Parameters for fault model of WSBF.
Latitude (deg N)* 35.25295
Longitude (deg E)* 139.16784
Depth (km)* 1
Length (km) 40
Width (km) 10
Strike angle (deg) 170
Dip angle (deg) 80
Rake angle (deg) 60
Slip amount (m) 4
Moment magnitude”* 7.1

* Latitude, longitude, and depth refer to the northeastern
corner of the fault plane.
sex A rigidity of 4 x 1010 N /12 4o aecimad

years around the tip of the peninsula. The proposed younger two uplift
events are dated to 1430-1660 and 1506-1815 CE (mean uplift 1.1-1.5
m each), which seem to coincide with the timing of the two emergence
events for Zone 2. However, it is unreasonable to assume that these sets
of events are correlated because the proposed source faults are too far
away to cause uplift in the study area. If these events are correlated, they
would correspond to a very large-wavelength uplift, suggesting volca-
notectonic emergence rather than coseismic fault displacement.

An inland faulting event in this period caused by the KIFZ has been
detected based on trenching survey data (Kondo et al., 2003). The
timing of the F2 event, recalibrated using the IntCal 20 curve (Reimer
et al., 2020), is estimated to be between 1320 and 1420 CE, which
roughly coincides with the estimated emergence period of Zone 2
(Fig. 5). Given that the coseismic uplift caused by fault activity in 1930
was quite small (0.03 m) along the leveling route due mainly to strike
slip, and that no inland fault traces have been identified around the
study area, it is unlikely that KIFZ activity was directly involved in the
emergence of Zone 2. Considering that the earthquake swarm event in
1930 was probably correlated with the 1930 faulting event of KIFZ, an
earthquake swarm synchronized with the F2 event may have occurred,
causing uplift for the same reason as the emergence of Zone 3.

If no tectonic movement occurred in the period from the upper to
lower sections, another possible cause of emergence due to an RSL fall of
at least 0.30 m (as estimated from the vertical span of Zone 2) is regional
or eustatic sea level change. The time difference between the inferred
event ages of the two sections is 310 years at maximum. This interval
implies that the RSL fell at a rate of about 0.1 m/100 years, which can be
explained by eustatic sea level change (e.g., sea level curve c in Fig. 6
simulated by Grinsted et al., 2009). Similar aseismic phenomena of
almost the same age have been proposed for two sites along the coast of
the Sea of Japan (Fig. 1): a 0.30-0.40 m RSL fall in 1430-1655 CE or
later in the Noto Peninsula (Shishikura et al., 2009), and a 0.40 m RSL
fall in 1342-1418 CE or later in Hamada (Shishikura et al., 2020).
However, in these reports, eustatic sea level change is just one hypoth-
esis among several interpretations to explain the observed emerged
shoreline features.

In summary, the cause of the emergence of Zone 2 can be attributed
to either volcanic uplift, coseismic uplift due to the activity of an
offshore fault, or a combination of these uplifts with a eustatic sea level
fall. Referring to the emergence process for Zone 3 as a modern analog,
volcanic uplift is the most likely. As in the case of the earthquake swarm
event in 1930, which occurred in close proximity to large earthquakes in
1923 and 1930, the emergence of each zone may have occurred during a
period of tectonic activity in and around the study area. The volcanic
uplift due to subsurface magma movement for the emergence of Zone 2
may also be related to historical interplate megathrust earthquakes and
KIFZ activity in the period of Zone 2 (Fig. 5).

5.2.4. Cause of emergence of Zone 1
Considering the tectonic setting of the study area, it is highly likely
that the emergence of Zone 1 was also caused by uplift associated with
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subsurface magma movement. However, based on the distribution of }*C
sample elevations and ages, the entire zone appears to have emerged via
a single event and may not have undergone the stepwise emergence
process hypothesized for Zones 2 and 3. If the emergence of Zone 1 was
caused by a single event, that event may have been coseismic uplift. No
descriptions of earthquakes in the inferred emergence period of Zone 1
(595-715 CE) have been found (note that there are very few historical
records from this period). Nevertheless, within the *C age range for
Zone 1, large earthquakes that caused damage in and around the Izu
Peninsula in 841 and 878 have been identified (Usami et al., 2013). The
841 event was correlated with the activity of the KIFZ based on the re-
sults of a trenching survey (F3 in Fig. 5) (Kondo et al., 2003). The 878
event was interpreted as an interplate megathrust earthquake along the
Sagami Trough based on historical documents (Ishibashi, 2020). If the
marine reservoir effect of a positive AR value, such as +109 yr for
Shimoda (Yoneda et al., 2000), is applied, the 841 and 878 events move
closer to the inferred emergence period for Zone 1. As discussed in
Section 5.2.2, it is unlikely that an interplate megathrust earthquake
along the Sagami Trough and a faulting event of the KIFZ directly
uplifted the study area. However, the concentration of such tectonic
events over a period of 100-200 years is similar to the situation for
Zones 2 and 3, suggesting that tectonic and magmatic activities in the
surrounding area induced the uplift of Zone 1.

5.3. Late Holocene tectonics in Higashi-Izu monogenetic volcano field

5.3.1. Crustal uplift over past 3000 years

Zone 0 which is the oldest and has the highest elevation in the study
area, was observed at Loc. 2. Although the cause of the emergence of the
assemblage is difficult to identify due to the limited distribution, the
emergence is dated to 1265-926 BCE, which coincides with the timing
of the Kawagodaira eruption (the largest eruption of the Higashi-Izu
monogenetic volcano group during the last 100,000 years), estimated
to be 1210-1187 BCE (Tani et al., 2013). Thus, it appears that the
initiation of intermittent emergence events in the study area coincides
with the start of Holocene volcanic activity in the Higashi-Izu mono-
genetic volcano field. Such simultaneity is also observed in the southern
part of the peninsula. The uppermost level of emerged sessile assem-
blages (2.7-3.5 m T.P.) and post-glacial transgressive deposits (1.2-1.4
m T.P.) are dated to around 3000 years ago (Taguchi, 1993; Kitamura
et al., 2014, 2015), with no evidence of uplift prior to this.

These results suggest that crustal uplift in the Izu Peninsula began
around the time of the Kawagodaira eruption about 3000 years ago. This
is probably closely related to the magma formation process for the
Higashi-Izu monogenetic volcano group. This group produced a total
magma discharge of 5.5 billion tons over 150,000 years. Its first 50,000
years saw two eruptions with a discharge of 0.6 to 1 billion tons, but it
remained inactive for the following 60,000 years, with only a few minor
eruptions. The volcano group became slightly more active around
40,000 years ago, but the most active period was the last 4000 years,
with three large eruptions, the Omuroyama (510 million tons), Kawa-
godaira (760 million tons), and Iwanoyama-Ioyama (360 million tons)
eruptions, occurring in short succession. The average magma discharge
rate has increased since 40,000 years ago, and has been particularly high
since 4000 years ago (Koyama et al., 1995). While the initial eruptions
after 150,000 years ago discharged only basaltic magma, eruptions of
andesitic magma began to occur after 15,000 years ago, and the
Omuroyama eruption 4000 years ago also discharged andesitic magma.
However, the subsequent Kawagodaira eruption about 3000 years ago
was the first dacitic-rhyolitic eruption in the Higashi-Izu monogenetic
volcano group. The subsequent Iwanoyama-loyama eruption also dis-
charged andesitic and dacitic-rhyolitic magma (Koyama et al., 1995).
The formation of andesitic to rhyolitic magma is thought to be caused by
melting of the upper crust due to a rise in temperature around the upper/
lower crustal boundary (Koyama and Umino, 1991). The generation of
large amounts of andesitic to rhyolitic magma in the crust may have
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given buoyancy to the upper crust and caused the widespread uplift of
the Izu Peninsula starting around 3000 years ago and the emergence of
Zone 0.

5.3.2. Relationship between the emergence events and surrounding volcanic
and seismic activity

In the period from 3000 to 1500 years ago, the amount of uplift
appears to be negligible in comparison to uplift from 1500 years ago to
present. This may indicate volcanotectonic process related to the change
of magmatic activity in this area. However, referring to the RSL curve
proposed by Chiba et al. (2016), it is possible that the sea level around
3000 years ago was 2 m lower than the present day, and then began to
rise (Fig. 6). If such a sea level rise occurred, it may have played a role in
offsetting the uplift, resulting in a seemingly slower uplift rate. In this
case, intermittent uplift with intervals of 400-800 years may have
occurred not only in the past 1500 years but also in the period from 3000
to 1500 years ago.

For the past 1500 years, at least three emergence events have
occurred at intervals of 400-800 years in the study area. During this
period, no significant volcanic eruptions occurred except for a small
eruption of the Teishi Knoll in 1989 (Fig. 5). As observed in recent events
related to the emergence of Zone 3, volcanic uplift due to magma
intrusion events without significant volcanic eruptions is one of the
major characteristics of the Higashi-lzu monogenetic volcano field
(Koyama et al., 1995). Subsurface magma movement generally can only
be detected in areas where modern instrumental observation networks
are well established, and it is quite difficult to evaluate long-term ac-
tivity over historical and pre-historical periods. However, by combining
instrumental observation data in the last 100 years and geological data
for emerged shoreline features, it can be proposed that magma intrusion
events may have been periodically active on a scale of several hundred
years. Surrounding seismic activity indicates that the KIFZ may have
ruptured at intervals of 460 to 1600 years, and that interplate mega-
thrust earthquakes along the Sagami Trough may have occurred at a
mean recurrence interval of about 400 years, and their timing almost
overlaps with emergence events (Fig. 5). It is possible that magmatic
activity is triggered by such earthquake cycles.

6. Conclusion

We investigated emerged shoreline features along the coast of Ito,
the eastern part of Izu Peninsula, Japan to demonstrate the usefulness of
uplift traces in the long-term and quantitative evaluation of subsurface
magma movement and to verify their relationship to the surrounding
tectonic setting. At least three levels of emerged shoreline features
(Zones 1 to 3, in descending order) were identified in the study area. The
RSL fall amounts (emergence dates) for the zones is inferred to be 1.05 m
(595-715 CE), 1.33 m (1356-1666 CE), and 0.82 m (1830 CE or later),
respectively, suggesting intermittent uplift in the past 1500 years with
an interval of 400-800 years. Zone 3 emerged mainly due to recent
vertical crustal movement caused by subsurface magmatic movement
accompanied by earthquake swarms, which have geodetically caused
gradual stepwise uplifts in 1930-1933 and 1974-1998. Including a
possible uplift in 1868 or 1870 deduced from earthquake swarms in
historical records, Zone 3 emerged over a period of 130 years. Zone 2
can be divided into upper and lower sections based on the age data, and,
along with Zone 3, appears to have emerged via a stepwise process over
a period of 100-200 years. This suggests that the cause of the emergence
of Zone 2 is also volcanic uplift. However, because there is no historical
evidence supporting earthquake swarms or volcanic eruptions around
the study area, it is also possible that the emergence was also caused by
coseismic uplift associated with the activity of offshore faults and/or a
slight regional sea-level fall. The cause of the emergence of Zone 1 is also
likely to be volcanic uplift, but coseismic uplift associated with the
offshore faults should also be considered, as the sessile assemblage ap-
pears to have entirely emerged via a single event. Zone 0, the highest
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assemblage overlying Zone 1, dated to about 3000 years ago, with no
distinct evidence of earlier uplift. Its emergence coincides with the
timing of the Kawagodaira eruption. Transgressive deposits in the Ho-
locene lowland around the study area also indicate that the post-glacial
highstand was 3000-4000 years ago. These facts suggest that the crustal
uplift of the Izu Peninsula started around 3000 years ago due to Holo-
cene volcanic activity, especially the largest eruption of the Kawago-
daira volcano. For all emergence events of Zone 1 to 3, interplate
megathrust earthquakes along the Sagami Trough, KIFZ activity, and
magmatic activity occurred within a period of 100-200 years, suggest-
ing that the crustal activities in and around the study area may have
been correlated with each other to produce coastal uplift.
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