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Abstract

A detailed chronostratigraphic framework established by the mapping of tephra key beds and application of
oxygen isotopic data allows assessment of the synchroneity and diachroneity of depositional systems formed in
coastal and deep-water environments. This framework also allows estimation of the timing of active delivery of
coarse-grained sediments beyond the shelf margin in relation to relative sea-level changes. The depositional
processes of deep-water massive sandstones (DWMSs) are still enigmatic; their formation is a result of active
delivery of sands in association with the supply of organic carbon into deep-water environments. DWMSs are also
important as reservoirs for hydrocarbon explorations. This study investigated the origins of DWMSs in the upper
Umegase, Kokumoto, and Chonan formations (in ascending order) of the Pleistocene Kazusa Group on the Boso
Peninsula, central Japan. Each formation contains several packets of DWMSs that are interpreted to have formed in
response to the progradation of gravelly shelf-margin deltas or fan deltas during the falling and lowstand stages of
relative sea-level changes controlled primarily by glacioeustasy. The development of DWMSs and associated
sandstone beds is interpreted to have been induced by hyperpycnal flows, in association with sediment gravity
flows that were initiated by breaching and/or collapse of sandy substrates on the shelf-margin deltas or fan deltas.
The timings of the initial and final deposition of the packets vary within and between the formations, and are
considered to have been controlled by the interaction between allogenic and autogenic processes operating in the
gravelly shelf-margin deltas or fan deltas. A muddy horizon that contains the Lower—Middle Pleistocene Subseries
boundary (the base of the Chibanian Stage) in the Kokumoto Formation is also underlain and overlain by the
packets and represents a deposit formed in a condensed section in an upper slope environment. This depositional
setting may have favored the development of the Global Boundary Stratotype Section and Point (GSSP) for the
Lower—Middle Pleistocene Subseries boundary in the formation.
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Introduction

Mapping of tephra key beds within heterogeneous silici-
clastic successions can provide physically defined time
lines for establishing detailed chronostratigraphic corre-
lations of various types of lithofacies assemblages that
document different depositional processes and environ-
ments. These physically defined chronostratigraphic
markers enable identification of the synchronous or di-
achronous development of distinctive lithofacies assem-
blages, bounding surfaces, and depositional cycles in
onshore outcrops (Ito 1995). In particular, the identifica-
tion of local and regional synchroneity and diachroneity
of stratigraphic cyclicities is crucial for elucidating
spatial and temporal variations in the interaction be-
tween allogenic and autogenic controls (i.e., external and
internal forces to the system, respectively, in the sense of
Blum et al. 2018) on stratal formation within and be-
tween sedimentary basins. Tephra key beds are com-
monly intercalated in siliciclastic successions that are
formed in active margin basins, such as forearc and
backarc basins in the Japanese islands, and have been
used for local and regional chronostratigraphic correla-
tions and dating of both marine and nonmarine sedi-
mentary successions (e.g., Machida and Arai 2011).
These correlations and dating have enabled high-
resolution analyses of the origins of stratigraphic cyclic-
ities in terms of glacial and interglacial sea-level cycles,
particularly during the Pliocene and Pleistocene (e.g., Ito
and Katsura 1992; Sakai and Masuda 1996; Pickering
et al. 1999).

A thick Pleistocene marine succession that is defined
as the Kazusa Group (maximum thickness ~ 3000 m) is
developed on the central part of the Boso Peninsula,
central Japan (Figs. 1, 2, and S1). The group is character-
ized by high sedimentation rates (1.5 m/1000 year on
average; Ito and Katsura 1992), and contains many
tephra key beds, which have enabled high-resolution
stratigraphic analyses of the group (e.g, Okada and
Niitsuma 1989; Ito and Katsura 1992; Satoguchi 1995;
Pickering et al. 1999; Tamura et al. 2019). Part of the
muddy interval of this group in the Kokumoto Forma-
tion (the Chiba composite section) has been assigned as
an international type section for the Lower—Middle
Pleistocene Subseries boundary (the base of the Chiba-
nian Stage (0.774 Ma: International Commission of Stra-
tigraphy, 2020) (Kazaoka et al. 2015; Suganuma et al.
2018) (Figs. 2 and S1). The high-resolution stratigraphic
framework for the Kazusa Group allows detailed ana-
lyses of the spatial and temporal variations in deposi-
tional systems in terms of relative sea-level changes,
which are considered to have been controlled primarily
by glacioeustasy (Ito and Katsura 1992). However, the
relative timing of different types of depositional systems,
which formed in between coastal, shallow-marine, and
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deep-water environments, has not yet been precisely an-
alyzed in terms of the depositional processes and devel-
opment of lithofacies architecture from coastal and
shallow-marine to deep-water systems.

In particular, the muddy interval that contains the
Chiba composite section is underlain and overlain by
deep-water deposits, which are characterized by the
development of thick- to very thick-bedded (cf,
Campbell 1967) sandstones in the Kokumoto Forma-
tion. These sandstones are commonly ungraded or
weakly graded in the uppermost part of the beds and/
or convoluted, and can be classified as deep-water
massive sandstones (DWMSs) (in the sense of Stow
and Johansson 2000). DWMSs similar to those in the
Kokumoto Formation are also developed in the upper
Umegase and Chonan formations of the Kazusa
Group. Although DWMSs are considered to be im-
portant reservoirs in many hydrocarbon systems
worldwide (Stow and Mayall 2000), their origins and
depositional processes still remain controversial (Ste-
venson and Peakall 2010). In addition, DWMSs, as
well as other types of sandstone beds formed in deep-
water environments, are generally interpreted to have
been formed by sediment gravity flows (sensu lato),
which are an important type of underwater flows and
move huge amounts of sediments on Earth (Talling
et al., 2013b). These flows are also interpreted to have
been responsible for the fluctuations in the carbon
budget and storage in the deep-water environments
through time, and therefore have played an important
role in modulating CO, levels in the atmosphere
(Galy et al. 2007; Talling et al.,, 2013b; Hodgson et al.
2018). A better understanding of the origins of
DWMSs in the Kazusa Group can constrain one type
of variations in the possible processes and timing of
active delivery of sands, which may also have been as-
sociated with the supply of organic carbon, into deep-
water environments. Understanding of DWMSs is also
crucial for establishing an accurate depositional
framework for the development of the Chiba compos-
ite section that contains the Lower—Middle Pleisto-
cene Subseries boundary (the base of the Chibanian
Stage) in the group.

The major objective of the present study is to clar-
ity the origins of thick- to very thick-bedded sand-
stones that can be identified as DWMSs in the
Kazusa Group in relation to coeval coastal and
shallow-marine deposits on the basis of the chrono-
stratigraphic framework that is defined by the map-
ping of tephra key beds. In particular, one aim of the
study is to clarify the relative timing of the active de-
livery of coarse-grained sediments beyond the shelf
margin to develop DWMSs within the framework of
the oxygen isotopic sea-level index.
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Fig. 1 Geologic sketch map of the Boso Peninsula and the adjacent area. Modified from Ito et al. (2016). The inset map shows the present-day
plate-tectonic framework of the Boso Peninsula and its adjacent area (modified from Ito 2019). SRFD in the inset map denotes the location of the

Geologic setting

The Kazusa Group is an infill of the Pleistocene Kazusa
forearc basin. The basin is interpreted to have developed
in response to the west-northwestward subduction of
the Pacific plate beneath the Eurasia plate (later the
Okhotsk/North American plate; Nakajima and Hasegawa
2010) along the Izu—Bonin trench, which was superim-
posed by the northwestward subduction of the Philip-
pine Sea plate beneath the Eurasia plate along the
Sagami trough between 2.4 and 045 Ma (Ito and
Masuda 1988; Ito and Katsura 1992) (Fig. 1). The lower
part of the group is characterized by deep-water basin
plain, submarine-fan, and lower-slope deposits in the
northeastern downslope area, and by upper-slope and
outer-shelf deposits in the southwestern upslope area
(Ito and Katsura 1992) (Fig. S1). In contrast, upper-slope

and outer-shelf deposits are widely developed in the
upper part of the group, in association with minor
inner-shelf and coastal deposits in the southwestern
upslope area (Fig. S1). The lithofacies succession of the
entire Kazusa Group has been classified into 17 high-
frequency depositional sequences, which are considered
to have been controlled primarily by glacioeustatic sea-
level changes that were superimposed on the forearc tec-
tonics, and which comprise transgressive and highstand
sequence sets of a third-order composite sequence with
a duration of about 1.95 Myr. (Ito and Katsura 1992).
DWMSs are developed in several stratigraphic hori-
zons of the upper Umegase, Kokumoto, and Chonan for-
mations of the Kazusa Group, in ascending order (Fig.
2). These DWMS-containing stratigraphic horizons are
hereafter defined as packets: PU1 and PU2 in the upper
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Umegase Formation; PK1 and PK2 in the Kokumoto
Formation; and PC1-PC4 in the Chonan Formation
(Figs. 3, 4, and 5a). In general, each packet is defined by
abrupt replacement of muddy deposits with thick- to
very thick-bedded sandstones at the base and also by an
abrupt change from thick- to very thick-bedded sand-
stones to muddy deposits at the top, although some
thick- to very thick-bedded sandstones show abrupt
changes in thickness in the upslope and/or downslope
directions (Figs. 3, 4, and 5a). Downslope correlation of
the base and top of each packet is also supported by the
correlation of some tephra key beds that are intercalated
in muddy deposits between the packets. The first occur-
rence of PU1 in the upper Umegase Formation coincides
with the abandonment of a submarine canyon—submarine
fan system in the Kazusa Group, and occurred after the
deposition of the U3 tephra key bed (Ito 1998; Ito and
Saito 2006) (Fig. 3). The submarine canyon is interpreted
to have been about 8 km long, up to 1 km wide, and more
than 100 m deep (Ito and Saito 2006), and is considered
to have acted as a conduit for northeastward-flowing

turbidity currents and other types of sediment gravity
flows from which submarine-fan deposits (the Otadai and
Umegase formations) with a maximum thickness of 1050
m formed between ca 1.2 and ca 0.8 Ma (Hirayama and
Nakajima 1977) (Figs. 2 and S1).

Even after the abandonment of the submarine can-
yon in the Kazusa forearc basin, active shedding of
coarse-grained sediments into the upper-slope or
deeper environments eventually occurred, particularly
during the falling and lowstand stages (Ito 1992,
1998). This sediment shedding might have also facili-
tated the development of the packets in the three
formations.

Methods/experimental

We conducted detailed outcrop analyses of the upper Ume-
gase, Kokumoto, and Chonan formations and of the coeval
coastal and shallow-marine deposits of the Chonan Forma-
tion, such as the Mandano and Nagahama formations on
the central part of the Boso Peninsula, Japan. In particular,
we conducted detailed descriptions and interpretations of
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the lithofacies features of each formation in outcrops to es-
tablish the depositional processes and depositional environ-
ments of each formation on the basis of the facies analysis
methodology. Some sediment samples were also collected
from the outcrops to analyze vertical changes in grain sizes
within sandstone beds using a laser diffraction grain size
analyzer (Malvern Mastersizer 3000) at Niigata University,
Japan. In addition, we also conducted sequence-
stratigraphic analyses of the formations along with the oxy-
gen isotopic sea-level index of the formations to assess

spatial and temporal variations in the timing of active deliv-
ery of coarse-grained sediments beyond the shelf margin,
which may have been responsible for the development of
DWMSs.

Results

Relationships between the packets and coeval shallow-
marine and coastal deposits

Because the stratigraphic units that contain the packets
record an overall regression within the highstand
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sequence set of the third-order composite sequence of
the Kazusa Group (Ito and Katsura 1992), PC1-PC4 in
the Chonan Formation have the highest potential for
clarifying the sequence-stratigraphic relationships be-
tween the development of the packets (PC1-PC4) and
that of coeval shallow-marine and coastal deposits.
PU1-PU2 and PK1-PK2, for which coeval coastal de-
posits are not exposed in outcrop on the Boso Peninsula
(Fig. S1), are not suitable for this purpose. Consequently,
we first examine the relationship between PC1-PC4 and
coeval shallow-marine and coastal deposits (the Man-
dano and Nagahama formations) in the southwestern
upslope areas (Figs. 2 and 5a).

Lithofacies features of the Chonan, Mandano, and
Nagahama formations

Descriptions and interpretations of the major lithofacies fea-
tures of the Chonan, Mandano, and Nagahama formations
have been given elsewhere (Ito 1992; Ito and Katsura, 1992;
Ito et al. 2006a; Fuse et al. 2013). Here, we expand on previ-
ous studies and describe the distinctive lithofacies features
of these formations to clarify the relationship between PC1—
PC4 and their coeval coastal and shallow-marine deposits.

Chonan Formation
The Chonan Formation consists of interbedded very
fine- to medium-grained sandstones, silty sandstones,
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and sandy siltstones, and is up to 170 m thick (Figs. 5, 6,
and S2a). The sandstone beds generally have a lenticular
geometry and show compensation stacking (Fig. 6). In-
ternally, these beds are either ungraded, ungraded with
normal grading in the uppermost part, or entirely nor-
mally graded (Fig. S2b—c). In addition, inverse-to-normal
grading, or alternation of inverse and normal grading is
also observed in some sandstone beds (Fig. S2d—e). Par-
allel lamination and current-ripple cross-lamination are
also developed in the sandstone beds, except in un-
graded or some normally graded sandstones (Fig. S2e—f).
Normally graded sandy siltstones with carbonaceous
fragments commonly rest on the top of normally graded
sandstones, particularly in the northeastern downslope
area (Fig. S2c¢). Minor hummocky cross-stratification
and dune structures are also observed in some sandstone
beds, particularly those formed in the southwestern up-
slope area, where the formation unconformably overlies
the Ichijiku Formation (Figs. 2 and S2g-h). Ungraded or
ungraded and normally graded (in the uppermost part)
sandstones are commonly one or more meters thick and

contain convolute bedding and mudstone clasts. Locally,
the interbeds also exhibit slump structures (Fig. 6b). In
addition, the Chonan Formation is characterized by the
occurrence of cold-water molluscan shell and benthic
foraminifer assemblages that indicate outer-shelf to
upper-slope environments (ca. 50-300 m paleowater
depth; Baba 1990; Kitazato 1997). The formation is mod-
erately to intensely bioturbated with Rosselia-, Thalasi-
noides-, and Teichichnus-type burrows. Three tephra key
beds (Chl, Ch2, and Ch3, in descending order) are inter-
calated in sandy siltstones or silty sandstones (Figs. 5a
and S2a-b). Four packets (PC1-PC4) with thick- to very
thick-bedded sandstones are developed below and above
the muddy deposits that contain the three tephra key
beds (Fig. 5a).

Mandano Formation

The Chl and Ch2 tephra key beds are also interca-
lated in the Mandano Formation, the outcrops of
which are developed in the farther southwestern up-
slope area from the outcrops of the Chonan
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Formation (Machida et al. 1980), where the formation
is also underlain by the lower part of the Chonan
Formation, which contains the Ch3 tephra key bed
(Figs. 5a, 7, and S3a). The Mandano Formation is
characterized by medium- to very coarse-grained
sandstones and pebbly sandstones, and pebble-sized
conglomerates (Figs. 5a, 7, and S3b—d). The formation
is informally subdivided into lower, middle, and upper
parts, with the middle part being characterized by
muddy deposits (0-17 m thick) (Figs. 7 and S4a).

The lower Mandano Formation, which has a max-
imum thickness of 50 m, shows an overall coarsening-
upward succession. The lower section contains very
fine- to medium-grained sandstones that show planar
stratification and trough cross-stratification, and
minor hummocky cross-stratification, and local inter-
calation with silty sandstones. The middle section
comprises fine- to very coarse-grained sandstones that
show planar stratification and trough cross- and hum-
mocky cross-stratification, in association with wave-
ripple lamination, and intercalation with pebble- to
granule-sized conglomerates that also display planar

stratification and trough cross- and wave-ripple cross-
stratification. Finally, the upper section contains peb-
ble- to granule-sized conglomerates (Figs. 7, S3d, and
S4a). The basal contact with the underlying Chonan
Formation is sharp but locally erosional (Figs. 7 and
S3a). In addition, the lower section locally shows
inclined bedding exhibiting a downlap termination to
the upper Chonan Formation (i.e., clinoform), discord-
ance of bedding, and some scours up to 5 m deep
(Figs. 7 and S3b—c). The lower part of the conglomer-
ates in the upper section is characterized by trough
cross-stratification and local intercalations of planar
stratified and trough cross-stratified, medium- to very
coarse-grained sandstones (Figs. 7 and S4a). The basal
contact of the lower part of the conglomerates with
the underlying sandy deposits of the middle section is
generally sharp or slightly erosional and is marked by
a distinct grain size break (Fig. S3d). The upper part of
the conglomerates in the upper section is characterized by
planar stratification, which originally gently inclined in the
northeastern offshore direction, and by preferred clast im-
brication inclined in the northeastern offshore direction.
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The conglomerates are locally overlain by fine- to
medium-grained sandstones with wavy stratification, root-
lets, and burrows. The Ch2 tephra key bed is intercalated
in the uppermost part of the upper section of the lower
Mandano Formation (Figs. 7 and S4a).

The middle Mandano Formation is represented by
muddy deposits that lie on an erosional basal surface in-
cised into the lower Mandano Formation (locally up to 1
m deep) (Figs. 7 and S4a). The muddy deposits are sandy
siltstones and silty sandstones and commonly contain
leaf and wood fragments, with locally developed rootlets
(Fig. 7). In addition, very fine- to medium-grained sand-
stones with planar stratification and trough cross-
stratification, and heterolithic bedding, which locally ex-
hibit parallel lamination and current-ripple cross-
lamination, also occur within the muddy deposits (Fig.
7). Overall, both the muddy deposits and the intercalated
sandy deposits are moderately to intensely bioturbated.
The Chl tephra key bed is intercalated in the middle
part of the muddy deposits (Machida et al. 1980), where
finer-grained muddy deposits are dominant and shallow-
marine and embayment molluscan shells, such as Raetel-
lops pulchellus and Macoma incongrua, are found, par-
ticularly in a horizon lying mainly above the Chl tephra

key beds (Figs. 7 and S4a-b). Locally, intercalations of
carbonaceous fragments increase in abundance again
upsection in the muddy deposits. The thickness of the
middle Mandano Formation varies from 0 to 17 m, con-
sistent with the amount of erosion at the base of the
upper Mandano Formation (Fig. 7).

The upper Mandano Formation shows an overall
convex-up, lenticular geometry, is up to 70 m thick (Fig.
5a), and consists of medium- to very coarse-grained
sandstones and pebbly sandstones that are characterized
by trough cross-stratification (height up to 4 m) and
minor planar stratification (Fig. S4c). These deposits
commonly have bioturbation structures with Ophiomor-
pha-, Thalassinoides-, and Skolithos-type burrows, and
contain shallow-marine molluscan shells (Fig. S4d) that
are interpreted to indicate a paleowater depth of 30-250
m (Baba 1990), as well as bone fragments of marine
mammals. The upper Mandano Formation fines upward
to muddy deposits of the Kasamori Formation, which
contains the Ks12 tephra key bed in a horizon just above
the top of the upper Mandano Formation (Tokuhashi
and Endo 1984) (Fig. 5a), and includes very fine- to
medium-grained sandstones that lack any wave-built
sedimentary structures. The trough cross-stratification
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of the upper Mandano Formation generally indicates
eastward—northeastward-directed paleocurrents, and the
upper Mandano Formation pinches out into the middle
part of the Kasamori Formation in the northeastern
downslope area (Fig. 5a), where sandy siltstones and silty
sandstones are dominant and are intercalated with very
fine- to coarse-grained sandstone beds and contain mol-
luscan shells that indicate a paleowater depth of 50—-300
m (Baba 1990).

Nagahama Formation

The upper Mandano Formation has been correlated
with the Nagahama Formation (Machida et al. 1980;
Mitsunashi 1990; Ito 1992; Nakajima and Watanabe
2005). The Nagahama Formation is developed mainly
in the southwestern upslope area of the upper Man-
dano Formation (Fig. 2). The outcrops of the Naga-
hama Formation are about 1.8 km wide and about 6
km long in the northeastern downslope direction, and
the formation has a distinct erosional basal surface
that incises into the underlying Chonan and Ichijiku
formations and also some older muddy deposits that
are equivalent to the Kokumoto and Umegase forma-
tions (Nakajima and Watanabe 2005) (Fig. S5a-b).
The Nagahama Formation contains a basal pebble-
sized conglomerate that locally contains mudstone
rip-up clasts up to 2 m long. The conglomerates fine
upward to fine- to medium-grained, medium- to very
thick-bedded, amalgamated sandstones and pebbly
sandstones that commonly have convolute bedding,
and finally to interbedded very fine- to very coarse-
grained sandstones and sandy siltstones that are lo-
cally associated with slumped deposits, yielding a total
thickness of up to 30 m (Fig. S5a—b). The conglomer-
ates in the basal part of the formation show gently
undulating waveforms in outcrops oriented nearly
parallel to the northeastward-directed downslope dir-
ection, and also locally have gently inclined bedding
in the northeast (Fig. S5a). In contrast, the conglom-
erates in outcrops oriented obliquely or orthogonally
to the downslope direction show trough cross-
stratification (Fig. S5b). Medium- to very coarse-
grained sandstones and pebbly sandstones locally rest
on the waveforms and internally contain gently undu-
lating spaced stratification and/or ungraded or nor-
mally graded bedding (Fig. S5a). The formation fines
upward to sandy siltstones of the Sanuki Formation,
which are intercalated with the Snl5 tephra key bed
that is equivalent to the Ks11.5 tephra key bed in the
Kasamori Formation (Machida et al. 1980) (Figs. 5a
and S1). The Nagahama Formation is overlain by the
southwestern extension of the upper Mandano For-
mation; the contact between the two formations is a
slight erosional surface (Fig. S5c).
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Lithofacies organization of the packets

To clarify the origins of the packets in the upper Ume-
gase, Kokumoto, and Chonan formations that contain
thick- to very thick-bedded DWMSs, we investigated the
common lithofacies features of the sandstone beds in
the packets, incorporating the descriptions of lithofacies
features of the Chonan Formation provided above, and
their inferred formation processes. The lithofacies as-
semblages of the sandstone beds that constitute the
packets contain six common lithofacies types (types 1—
6), as summarized in Table 1. Types 1 and 2 characterize
the packets and can be identified as DWMSs, in associ-
ation with types 3-6. Types 3-6 are also found in
muddy intervals; these intervals are characterized by bio-
turbated sandy siltstones and/or silty sandstones interca-
lated with very thin- to medium-bedded types 3-6
sandstone beds in the three formations.

Types 1 and 2 sandstone beds commonly show abrupt
thinning into the other types in both depositional dip
and strike directions (Figs. 8, 9, and 10). Some types 1
and 2 sandstone beds also locally contain several flow
units that are separated by muddy deposits (Ito et al.
2006b) (Fig. 9). In a section oriented oblique to their
paleocurrent directions in the northeast, some thinned
sandstone beds can be farther correlated with thicker
and coarser sandstone beds that formed in a more
northeastern downslope area (Fig. 10). Types 3 and 4
sandstone beds show vertical changes in grain sizes and
sedimentary structures that differ from those in sand-
stone beds, which have been interpreted as deposits
from waning turbidity currents (i.e., the Bouma model:
Bouma 1962; the Lowe model: Lowe 1982; Talling et al.
2012). Locally, type 4 sandstone beds contain internal
erosional surfaces and siltstone streaks. Types 5 and 6
sandstone beds are mainly medium- to very thin-bedded
(in the sense of Campbell 1967) (Table 1), and are also
common in muddy deposits below and above the
packets. Overall, the assemblages of the six types of
sandstone beds in each packet do not show any distinct
thinning- and fining-upward or thickening- and
coarsening-upward patterns.

Discussion

Depositional environments of the Chonan, Mandano, and
Nagahama formations

Chonan Formation

The Chonan Formation is interpreted to have formed in
outer-shelf to upper-slope environments, which inter-
mittently received an active supply of sandy sediment
from the southwestern hinterlands via sediment gravity
flows (Ito 1992; Ito and Katsura 1992; Fuse et al. 2013)
(Fig. 11). Some sandstone beds show vertical changes in
grain sizes and sedimentary structures that differ from
those of the Bouma and Lowe models (Bouma 1962;
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Table 1 Lithofacies types and their inferred depositional
processes. The outcrop features of each lithofacies type are
shown in Fig. S6.
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Table 1 Lithofacies types and their inferred depositional
processes. The outcrop features of each lithofacies type are
shown in Fig. Sé. (Continued)

Type 1 Ungraded sandstones with convolution

Thickness: 50 cn—up to more than 250 cm

Description: Medium- to coarse-grained sandstones with sharp and flat
or locally distinct erosional bases. No distinct sedimentary structures are
developed and convolute structures are common. Locally, internal ero-
sion surfaces in association with mudstone clasts are developed, and
scattered coarse- to very coarse-grained sands and granules are also lo-
cally observed.

Interpretation: Rapid fall out of suspended particles from locally
erosional high-density turbulent flows, and/or recurrent fall out of sus-
pended particles from sustained high-density gravity flows (Lowe 1982
Kneller and Branney 1995; Talling et al. 2012), in association with bypass-
ing of sedimentation from wakes. Locally developed internal erosion sur-
faces and mudstone clasts suggest amalgamation of thinner
component sandstone beds.

Type 2 Ungraded sandstones with normal grading in the uppermost
part

Thickness: 50 con—up to more than 250 cm

Description: Major lithofacies features are very similar to those of type 1
except for the development of normally graded sandstones up to 10
cm in the uppermost part. Graded sandstones are medium- to very fine-
grained and locally contain parallel- and/or current ripple-laminations
and convolute laminations.

Interpretation: Rapid fall out of suspended particles from locally
erosional high-density turbulent flows, and/or recurrent fall out of sus-
pended particles from sustained high-density gravity flows (Lowe 1982
Kneller and Branney 1995; Talling et al. 2012), in association with fall out
of finer grained particles from wakes.

Type 3 Inverse-to-normally graded sandstones with current ripple- and
parallel-laminations

Thickness: 20-40 cm

Description: Inverse-to-normally graded, medium- to very fine-grained
sandstones, in association with current ripple- and/or parallel-
laminations. The basal and upper surfaces of sandstone beds are sharp
and flat, and locally upper contacts are gradational to interbedded
sandy siltstones.

Interpretation: Invers-to-normal grading indicates waxing and waning of
lower density gravity flows, possibly ignited by hyperpycnal flows
(Mulder et al. 2003).

Type 4 Alternation of current ripple- and parallel-laminated sandstones
Thickness: 20-150 cm

Description: Multiple repetition of inverse-to-normally graded, medium-
to very fine-grained sandstones in association with current ripple- and
parallel-laminations. Structureless and/or normally graded, medium- to
very fine-grained sandstones are also locally intercalated.

Internal erosion surfaces and/or muddy streaks are also locally
intercalated.

Interpretation: Alternation of current ripple- and parallel-laminations, in
association with internal erosion surfaces and muddy streaks indicate
multicycles of waxing and waning gravity flows, possibly induced by
hyperpycnal flows and/or breaching of sandy substrates (Mastbergen
and Van den Bergen 2003; Mulder et al. 2003)

Type 5 Structureless sandstones

Thickness: 3-30 cm

Description: Medium- to fine-grained sandstones without any distinct
normal and/or inverse grading, and sedimentary structures, except for
locally developed convolute laminations. Sharp and flat basal and upper
surfaces are common, and some beds have distinct erosional bases and
contain mudstone clasts in the basal parts.

Interpretation: Rapid sediment fall out of turbulent suspension in locally
erosional gravity flows (Talling et al. 2012).

Type 6 Normally graded or parallel- and/or current ripple-laminated
sandstones

Thickness: 3-50 cm

Description: Medium- to very fine-grained sandstones with normal

grading in local association with parallel- and/or current ripple-
laminations. Locally, this type sandstones fine upward to sandy siltstones
that commonly contain carbonaceous fragments. Sharp and flat basal
surfaces are common with locally developed distinct erosional basal sur-
faces. Mudstone clasts are included in the middle and upper parts of a
single bed.

Interpretation: Locally erosive, waning, lower density turbidity currents
(Talling et al. 2012). Carbonaceous fragments suggest an influence of
hyperpycnal flows (Mulder et al. 2003; Zavala et al. 2006).

Lowe 1982), and are interpreted to have formed from
unsteady turbidity currents, which exhibit temporal fluc-
tuations in terms of waxing and waning of flow speeds
(Kneller 1995). Hyperpycnal flows (in the sense of
Mulder et al. 2003; Zavala et al. 2006) (Fuse et al. 2013)
and/or breaching-induced turbidity currents (Mastber-
gen and Van Den Berg 2003) are considered to have
been responsible for the development of unsteady tur-
bidity currents. Thick- to very thick-bedded sandstones,
which are ungraded or ungraded with normal grading in
the uppermost part, are interpreted to have formed from
rapid suspension fall out of sand particles from high-
density sediment gravity flows (e.g., Lowe 1982; Talling
et al. 2012) and/or continued suspension fall out of sand
particles from quasi-steady and depletive turbidity cur-
rents (Kneller 1995). Normally graded sandy siltstones,
which gradationally overlie graded sandstone beds, are
interpreted to represent turbiditic muddy deposits (Tal-
ling et al. 2012), although laminated and ungraded
muddy deposits, which also characterize muddy turbi-
dites (Stow and Shanmugam 1980; Talling et al. 2012),
are uncommon in the present examples. Locally ob-
served hummocky cross-stratification in sandstone inter-
beds in the southwestern upslope area indicates the
episodic influences of oscillatory current-dominated
combined flows in an outer-shelf environment (e.g., Du-
mas et al. 2005), although the origin of hummocky
cross-stratification remains disputed (Quin 2011; Mor-
silli et al. 2012).

Mandano Formation

The lower section of the lower Mandano Formation
locally contains storm-wave-built sedimentary struc-
tures and is interpreted to have formed in a sandy
inner-shelf environment, which is equivalent to, for
example, the modern shelves around California and
the Boso Peninsula (Clifton 2006; Nishida et al. 2019).
The basal surface of the lower Mandano Formation is
considered to have formed as a storm-wave-induced
erosional surface in response to progradation of a
sandy shelf system in association with offshore-
directed migration of the storm wave base (Peters
and Loss 2012) (Fig. 1la). Sandstones intercalated
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with conglomerates in the middle section of the lower
Mandano Formation also contain distinctive storm-
wave-built sedimentary structures and are interpreted
to be lower shoreface deposits (Massari and Parea
1988; Hart and Plint 1989; Ito 1992; Ito et al. 2006b).
The lower part of the conglomerates in the upper
section of the lower Mandano Formation is consid-
ered to record the migration and aggradation of grav-
elly bars in an upper shoreface environment, whereas
the upper part of the conglomerates may have formed
in response to swash and backwash processes in a
gravelly foreshore environment (Hart and Plint 1989;
Clifton 2006; Bluck 2011). Locally observed fine- to
medium-grained sandstones with wavy stratification,
rootlets, and burrows in the uppermost part of the
upper section are interpreted to have formed as eo-
lian dune deposits in a backshore environment (Clif-
ton 2006). The sharp and locally erosional basal
contact of the upper shoreface deposits is considered
to have formed by the migration of a gravel bar and
trough system in an upper shoreface environment and
is equivalent to a surf diastem (in the sense of Swift
et al. 2003).

The distinct erosional basal surface of the middle
Mandano Formation suggests an unconformity that
was developed in response to a fall in relative sea
level. This relative sea-level fall may have induced

preceding forced regression to form the lower Man-
dano Formation before the development of the basal
unconformity of the middle Mandano Formation. The
muddy deposits with carbonaceous fragments and
rootlets overlying the erosional surface are considered
to have formed in response to the reduction in
coarse-grained sediment supply during the ensuing
transgression. The muddy deposits in the middle
Mandano Formation are interpreted to have formed
initially in an estuary associated with mudflats and
salt-marsh environments, which might have been af-
fected by subsequent inundation of seawater to de-
velop a shallow-marine muddy embayment (e.g., Allen
1997; Davidson-Arnott 2010) (Fig. 11c). The develop-
ment of heterolithic bedding in the muddy deposits
suggests reduced wave processes or the influence of
tidal processes in the estuary (e.g., Boyd et al. 2006;
Ahokas et al. 2014). Because the coastal gravelly de-
posits are considered to have been formed by active
wave processes, longshore currents may have played
an important role in alongshore transportation of
coarse sediments to form spits at a river mouth (Bur-
ningham 2015) (Fig. 11c). The shallow-marine muddy
embayment that was documented in the middle Man-
dano Formation appears to have formed in response
to the development of gravelly spits (see Hiroki and
Masuda 2000; Nielsen and Johannessen 2008;



Takao et al. Progress in Earth and Planetary Science (2020) 7:37 Page 13 of 21

[=] parallel laminae

current ripple laminae

c | convolution

bioturbation

sense of paleoflow
©

T
140°08'40'E

Yoro River

- 35°18'04'N

v
_— = Type 3=
) /Ku1 v N
iyt — |
e
—_

//1\193636 /mdst ss cgl S
= Ayl

— LI

~ / [ ] sandy siltstone/silty sandstone

— / sandstone

vl ] tephra key bed
-1 . .
0 100 m [@ -] mudstone clast internal erosion surface

Fig. 9 Downflow changes in lithofacies types of sandstone beds above the Kul tephra key bed in PK2 of the Kokumoto Formation along the Yoro River
(Location 4 in Fig. 4). The inset map shows the locations of the measured sections. See Table 1 for descriptions and interpretations of lithofacies types




Takao et al. Progress in Earth and Planetary Science (2020) 7:37 Page 14 of 21

-

Obitsu River

|
/7 |Pacific

| Ocean|
N
] [ Holocen: \:’ Miura G ) ;~.
Ku1 — S!:’lmos:Group = 1a:l|{a o
[~ Kazusa Group
L [ Kokumoto Formation
0
L
[ sandy siltstone/silty sandstone
[[] sandstone 0 500 m
[E==] tephra key bed paleocurrent

pumice [==]current ripple laminae [~ |shell
[==] mudstone clast [=] parallel laminae bioturbation [=1 sharp contact
[==] plant fragment convolution gradational contact erosional contact

Fig. 10 Downflow changes in thickness and lithofacies types of two sandstone beds below the Kul tephra key bed. The inset map shows the
locations of the measured sections. See Table 1 for descriptions and interpretations of lithofacies types. The trend of this stratigraphic cross-
section (74°) is oblique to the paleocurrent directions (47-70°)

Transgressive
stage

Prograding shelf-margin

: gravelly delta/fan delta

Falling and lowstand
stages with
valley incision

Falling and lowstand
stages without
valley incision

not to scale

Fig. 11 Schematic illustration of temporal variations in the depositional systems in which the packets of thick- to very thick-bedded sandstones
in the upper Umegase, Kokumoto, and Chonan formations developed




Takao et al. Progress in Earth and Planetary Science (2020) 7:37

Bartholdy et al. 2017), although distinct platform fore-
sets that indicate the migration of gravelly spits are
not observed in the present outcrop belt.

An overall convex-up lenticular geometry, unidirec-
tional paleocurrents, and downslope termination into
the Kasamori Formation, which is considered to have
formed in an outer-shelf environment, indicate that
the upper Mandano Formation represents shelf sand-
ridge deposits formed by an overall transgression (Ito
1992). The basal erosional surface of the upper Man-
dano Formation represents a ravinement surface, and
the development of the sand-ridge deposits is inter-
preted to have been influenced by the northeastward-
directed intrusion of the paleo-Kuroshio Current into
the Kazusa forearc basin in response to glacioeustatic
sea-level rise (Ito 1992).

Nagahama Formation

The basal erosional surface of the Nagahama Formation
and the overlying conglomerates indicate that the depos-
ition of this formation was influenced by preceding ero-
sion by sediment gravity flows in shelf and shelf-margin
environments and the subsequent deposition in response
to downslope migration and aggradation of gravelly bed-
forms from high-density sediment gravity flows (cf., Ito
2019). The shallow incision of its base and its thin strati-
graphic thickness may indicate that the Nagahama For-
mation was formed as an infill of a shallow valley on an
outer-shelf and/or shelf margin (Ito 1992; Ito et al
2006a) (Fig. 11b). An overall fining-upward pattern in
the entire Nagahama Formation is considered to have
been formed by backfilling of the valley in response to
an overall rise in relative sea level.

Sequence stratigraphy of the Chonan, Mandano, and
Nagahama formations

The Chonan Formation is interpreted to have formed
mainly during the marine isotopic stage (MIS) 16
(Okada and Niitsuma 1989; Pickering et al. 1999), and
the Ch2 tephra key bed has yielded a zircon U-Pb age
of 0.61 + 0.02 Ma (Ito et al. 2017). In addition, the Ks11
tephra key bed in the Kasamori Formation is interpreted
to have formed during MIS 13.3 (in the sense of Bassinot
et al. 1994) (0.52 + 0.02 Ma) (Shirai 2001). A strati-
graphic horizon between the Ksl11 and Ks 12 tephra key
beds, which are intercalated in muddy deposits that de-
veloped over the sand-ridge deposits of the upper Man-
dano Formation, was assigned as a sequence boundary
(SB16 in Ito and Katsura 1992). The present interpret-
ation of lithofacies architecture and bounding surface
features (such as the sharp base of the lower Mandano
Formation, the erosional bases of both the middle and
upper Mandano Formation, and the reinterpretation of
the stratigraphic relationship between the Nagahama
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and upper Mandano formations), together with the re-
vised age framework of the Chonan, Mandano, and
Nagahama formations, enable the three formations to be
subdivided into four distinctive depositional stages in
terms of higher-frequency sequence stratigraphy com-
pared to the previous interpretation of Ito and Katsura
(1992) (Figs. 5b and S1).

The development of four packets (PC1-PC4) is con-
sidered to have been induced by active shedding of
coarse-grained clastic particles by both low-density
and high-density sediment gravity flows into shelf-
margin to upper-slope environments during the falling
and lowstand stages of relative sea-level changes (Ito
1992, 1995; Ito and Katsura 1992) (Fig. 11la). Sand-
stone beds coarser than medium grain size, such as
the types 1 and 2 beds, are considered to have
formed from high-density gravity currents (Mulder
and Alexander 2001; Talling et al. 2012).

The muddy horizon that is intercalated with the Ch3
tephra key bed is interpreted to have formed during MIS
16 (Nanayama et al. 2016). This muddy horizon is
encased between PCl and PC2 (Fig. 5a). In addition,
PC2 is overlain by an overall coarsening-upward succes-
sion in the upper Chonan Formation that is replaced by
the lower Mandano Formation with a sharp basal con-
tact (Fig. 5a). From this stratigraphic architecture, we
infer that PC1 and PC2 may have formed during an
overall glacioeustatic sea-level fall from MIS 17 to MIS
16. This sea-level fall was interrupted by a short-term
still-stand at MIS 16.3, which is marked by the develop-
ment of a muddy interval that contains the Ch3 tephra
key bed (Fig. 5b).

An abrupt glacioeustatic sea-level rise and the follow-
ing fall from MIS 16.2 to MIS 15.4 formed an overall
coarsening-upward succession, which is interpreted as
consisting of transgressive and highstand deposits of the
upper Chonan Formation and falling-stage deposits of
the lower Mandano Formation in the southwestern up-
slope area (Fig. 5). The sharp basal surface of the lower
Mandano Formation can be assigned to a regressive sur-
face of marine erosion (in the sense of Plint and Num-
medal 2000). Because the Ch2 tephra key bed is
intercalated in the uppermost part of the lower Man-
dano Formation and the lowest part of PC3 (Machida
et al. 1980; Tokuhashi and Endo 1984) (Fig. 5a), shed-
ding of coarse-grained sediments beyond the shelf mar-
gin may have commenced during the late falling stage,
just before the uppermost part of the lower Mandano
Formation was subjected to slight incision that enabled
the bypassing of coarse-grained sediments to form PC3
in the northeastern downslope area. The ensuing trans-
gression and regression are considered to have formed
the marsh and shallow-marine embayment deposits of
the middle Mandano Formation from MIS 15.4 to MIS
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15.3 (Fig. 5b). During this period, the muddy interval
that contains the Chl tephra key bed replaced PC3 in
the northeastern downslope area (Fig. 5a).

The subsequent glacioeustatic sea-level fall from
MIS 15.3 to MIS 15.2 is interpreted to have caused
development of a shallow valley that represents the
base of the Nagahama Formation and may have acted
as a conduit to form PC4 in the northeastern down-
slope area (Fig. 11b). Backfilling of the valley is con-
sidered to have occurred during the late falling and
early transgressive stages, and the active supply of
gravel and sand may have subsequently declined. Be-
cause the coarse-grained coastal and shallow-marine
deposits of the lower Mandano Formation show an
abrupt change downslope into slope deposits of the
coeval Chonan Formation from locations 4 to 5 (see
sections 4 and 5 in Fig. 5a), in association with a dis-
tinct clinoform that shows a downlap termination to
the underlying upper Chonan Formation (Fig. S3b),
the lower Mandano Formation is considered to have
formed as a coarse-grained, shelf-margin delta or fan-
delta system (in the sense of Porebski and Steel 2003)
(Fig. 11). The clinoform and discordance in bedding
within the lower section of the lower Mandano For-
mation (Fig. S3b—c) are interpreted to reflect prograd-
ation and switching of depocenters of the shelf-
margin delta or fan delta.

PC4 was first onlapped by the outer-shelf deposits
of the lower Kasamori Formation in response to the
glacioeustatic sea-level rise from MIS 15.2 to MIS
15.1 (Fig. 5). Subsequently, the middle Mandano and
Nagahama formations were further transgressed by
the sand-ridge deposits of the upper Mandano For-
mation; these sand-ridge deposits were succeeded by
outer-shelf muddy deposits of the middle Kasamori
Formation that contains the Ks12 tephra key bed
and is interpreted to comprise transgressive and
highstand systems tracts (Ito 1992) (Fig. 5a).

Origins of the packets

In terms of the sequence-stratigraphic architectures of
the Chonan, Mandano, and Nagahama formations,
PC1-PC4 are interpreted to have formed during the
falling and lowstand stages of glacioeustatic sea-level
changes as a response to progradation of a coarse-
grained shelf-margin delta or fan delta (Figs. 5 and
11). PU1-PU2 in the upper Umegase Formation and
PK1-PK2 in the Kokumoto Formation are also inter-
preted to have developed in depositional and
sequence-stratigraphic settings similar to those of the
Chonan Formation, although their coeval coastal de-
positional systems are not exposed in outcrop (Figs. 3
and 4).
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Depositional processes of lithofacies types in the packets

Thick- to very thick-bedded sandstones of types 1 and 2
are interpreted to have formed by the amalgamation of
thinner sandstone beds as a result of either recurrent fall
out of suspended loads from sustained high-density sedi-
ment gravity flows (Kneller and Branney 1995) or dis-
continuous fall out of suspended loads from
intermittently occurring waning turbidity currents.
Abrupt downflow thinning of thick- to very thick-
bedded sandstones is also interpreted to be a result of en
masse deposition from sandy debris flows (Shanmugam
1996; Talling et al. 2013a). Because type 1 and 2 sand-
stone beds commonly contain convolute bedding and
possess erosional bases, and laterally show a transition
into type 5 and 6 sandstone beds over a short distance
(Fig. 10), their deposition is considered to have been in-
duced by rapid fall out of sand particles from high-
density sediment gravity flows rather than by en masse
processes in debris flows, although flow transformation
from sandy debris flows to turbulent gravity flows (in
the sense of Fisher 1983) is an alternative possible
process for the lateral variation in lithofacies types.
Abrupt fining and thinning of thick- to very thick-
bedded sandstones can alternatively be interpreted to re-
flect the deposition of sand particles, forming thick- to
very thick-bedded sandstones that may have resulted in
a decrease in the density of the residual sediment gravity
flows, which initially contained lower-density fresh water
and were finally transformed into buoyant flows (Glad-
stone and Pritchard 2010). Buoyant flows are commonly
generated in hyperpycnal flows that are interpreted to be
more widely occurring in river-fed turbidite systems
than previously thought (Stevenson and Peakall 2010).
Consequently, thick- to very thick-bedded sandstones
are expected to have been deposited by hyperpycnal
flows (Plink-Bjorklund and Steel 2004).

Sandstone beds that have single or multiple zones of
inverse-to-normal grading in association with alternating
parallel lamination and current-ripple cross-lamination
and internal erosion surfaces (types 3 and 4) are inter-
preted to have formed in response to single or multiple
episodes of waxing and waning of unsteady sediment
gravity flows. Hyperpycnal flows (Mulder et al. 2003;
Zavala et al. 2006) are possible candidate gravity flows
for the development of type 3 and 4 sandstone beds.
Breaching of sandy sediments in response to retrogres-
sive failure of a sandy substrate is an alternative explan-
ation for the initiation of single and multiple episodes of
waxing and waning of sediment gravity flows (Mastber-
gen and Van Den Berg 2003). Because the development
of the four packets (PC1-PC4) in the Chonan Formation
is interpreted to have been induced by the progradation
of a gravelly shelf-margin delta or fan delta, which are
characterized by the development of wave-dominated
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gravelly coasts, active shedding of coarse-grained sedi-
ments beyond the shelf margin is considered to have
been promoted by hyperpycnal flows (Fuse et al. 2013),
although collapse of delta-front sediments cannot neces-
sarily be excluded as a possible mechanism for the ori-
gins of the component sandstone beds of the packets.
Concurrent occurrence of hyperpycnal flows and
collapse-induced gravity flows has been documented in
the modern Sakawa River fan delta in the Sagami Bay,
about 75 km west of the Boso Peninsula (location
marked in the inset of Fig. 1). This fan delta underwent
a large flood event in 1972, and abundant sand and
gravel, together with wood and plant fragments, were
transported from the river mouth into the fan-delta
front and farther downslope area by gravity flows. This
flood event also induced the collapse of the fan-delta
slope, generating submarine landslides and gravity flows
and associated submarine cable breaks (Otsuka et al.
1973). Subsequently, younger surface sediment samples
were collected from this fan-delta slope; some of these
sediments have been interpreted as hyperpycnites (Ike-
hara et al. 2018). The packets in the upper Umegase and
Kokumoto formations contain lithofacies assemblages
that also characterize the four packets of the Chonan
Formation, and are considered to have developed via
processes similar to those involved in the formation of
the packets in the Chonan Formation.

In general, the sandstone beds in the packets of the three
formations have a lenticular geometry, compensation stack-
ing patterns, and laterally discontinuous distribution pat-
terns. These architectural features suggest that the
sandstone beds were formed as lenticular deposits, with
limited downslope and along-slope extents, and the depres-
sions between sand deposits, which were formed by the
preceding depositional events, provided accommodation
volume for the later sand deposition (Fig. 11a). Of the sand-
stone beds that show laterally discontinuous distribution
patterns, some thinned sandstone beds can be farther cor-
related with thicker and coarser sandstone beds in a more
downslope area (Fig. 10). These sandstone-bed distribution
patterns suggest that these sandstone beds were sourced
from different staging points simultaneously in association
with the progradation of a shelf-margin delta or fan delta in
upslope areas (Fig. 11a). In addition, PC1 and PC2 also
show laterally discontinuous distribution patterns, and
thicker sandstone beds are developed in a more downslope
area in PC1 (Fig. 5). These distribution patterns may also
indicate the development of different staging points. Conse-
quently, the depositional setting of the packets in the three
formations is interpreted to be classified as a slope apron or
a ramp, characterized by a linear source system (Heller and
Dickinson 1985; Stow and Johansson 2000; Stow and
Mayall, 2000) that enabled coeval multiple sandbodies to
develop beyond the shelf margin (Fig. 11a).
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Relative timing of formation of the packets

Active delivery of coarse-grained sediments beyond the
shelf-margin into deep-water environments has been
considered to occur during the falling and lowstand
stages of relative sea level in terms of the sequence-
stratigraphic model (e.g., Posamentier and Allen 1999).
Subsequently, the joint operation of several factors, in-
cluding the positions of canyon heads relative to coastal
and river-mouth areas, the shelf width, and the inten-
sities of longshore currents and fluvial discharges, has
been interpreted to vary the timing of the onset of active
delivery of coarse-grained sediments beyond the shelf-
margin into deep-water environments, particularly dur-
ing the Quaternary (Covault and Graham 2010; Sweet
and Blum 2016). However, these studies have focused
mainly on submarine canyon—submarine fan systems,
and the timing in other deep-water systems, such as
slope apron and ramp systems, is not yet clearly under-
stood. Because the packets of the upper Umegase and
Kokumoto formations, as well as those of the Chonan
Formation, are interpreted to have formed as slope
aprons or ramps (Fig. 11), the relative timing of forma-
tion of the packets can explain some of the variation in
the active delivery of coarse-grained sediments beyond
the shelf-margin into deep-water environments in an ac-
tive margin setting.

On the basis of the age framework of the upper Ume-
gase and Kokumoto formations, we investigated the rela-
tive timing of the initial and final delivery of coarse-
grained sediments in the development of PU1-PU2 in
the upper Umegase Formation and of PK1-PK2 in the
Kokumoto Formation with respect to the oxygen iso-
topic sea-level index as an allogenic control.

Upper Umegase Formation

The age framework of the upper Umegase Formation is
based on magnetostratigraphy, oxygen isotopic stratig-
raphy, and nannofossil datums (Sato et al. 1988; Okada
and Niitsuma 1989; Pickering et al. 1999). Except for
those of Pickering et al. (1999), the age data indicate that
the stratigraphic horizons containing the U4 and U3
tephra key beds can be assigned to MIS 24 and MIS 23,
respectively (Kazaoka et al. 2015). PU1 and PU2 are
interpreted to have formed after the abandonment of
submarine-fan channel deposits and were included in
the falling- and lowstand deposits of DS 11 of Ito and
Katsura (1992). On the basis of the age framework de-
scribed above, the packets are considered to have formed
mainly during the falling and lowstand stages from MIS
23 to MIS 22 (Fig. 3). The separation of PU1 and PU2
by a muddy horizon, which contains the U2 tephra key
bed (cf. Mitsunashi et al. 1959; Geological Survey of
Japan 1961), is considered to have developed in response
to an ephemeral lateral shift of a river mouth on the
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shelf-margin delta or fan delta, or alternatively to have
been induced by a minor glacioeustatic sea-level rise be-
tween MIS 23 and MIS 24 that interrupted an overall
sea-level fall, as proposed by Lisiecki and Raymo (2005).

Kokumoto Formation

A detailed age framework for the Kokumoto Formation
has been proposed in previous studies (Pickering et al.
1999; Kazaoka et al. 2015; Nishida et al. 2016). Tentative
correlations of the bases and tops of the two packets
(PK1-PK2) were made by Nishida et al. (2016) on the
basis of the sequence-stratigraphic interpretation of Ito
(1992) and Ito and Katsura (1992). PK1 and PK2 are
considered to have been deposited between MIS 21.1
and MIS 20.2 and between MIS 18.4 and MIS 18.3, re-
spectively (Fig. 4). Additional oxygen isotopic data from
a composite section for a stratigraphic horizon between
the upper part of PK1 and the lower part of PK1 (Suga-
numa et al. 2018) indicate that deposition of PK2 com-
menced during the late stage of MIS18 when the
eustatic sea level fell approximately 60 m from the high-
est stage of MIS 19, although a minor eustatic sea-level
rise occurred during this overall falling stage (Elderfield
et al. 2012), similar to the ephemeral rise during MIS
18.3 reported by Bassinot et al. (1994). The minor gla-
cioeustatic sea-level rise seems to have been documented
in the formation of muddy deposits in the upper part of
PK2 in location 7 in Fig. 4. The muddy deposits, which
contain the Lower—Middle Pleistocene Subseries bound-
ary, show an overall fining-upward pattern above PK1
(Fig. 4), and are interpreted to have formed close to the
highest stage of eustatic sea level of Elderfield et al.
(2012). This proposed boundary horizon is also consid-
ered to be in the uppermost transgressive systems tract
(= downlap surface) (Fig. 4), and to have a higher poten-
tial for preserving tephra beds, although the age reso-
lution may be limited by the development of a
condensed section along the downlap surface horizon.

Variation in the relative timing of packet deposition

The timing of the initial deposition of the packets in the
upper Umegase, Kokumoto, and Chonan formations var-
ies within a single formation and between the three for-
mations, although the packets developed mainly during
the falling and lowstand stages of glacioeustatic sea-level
changes. The variation is considered to have been con-
trolled by the width of the shelf, the positions of river
mouths relative to the shelf margin, the amounts of
coarse-grained sediment discharges, and the magnitude
and rate of falls in relative sea level.

The youngest packets of each formation were abruptly
replaced by muddy deposits in the basal parts of the
overlying formations, such as the basal parts of the
Kokumoto, Kakinokidai, and Kasamori formations (Figs.
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3, 4, and 5), although the replacement of PK2 by the
basal muddy deposits of the Kakinokidai Formation oc-
curred during the latest stage of glacioeustatic sea-level
fall (Fig. 4). An abrupt reduction in the active delivery of
coarse-grained sediments beyond the shelf margin may
have been a response to the storage of coarse-grained
sediments at river mouths on the shelf-margin deltas or
fan deltas. The earlier replacement of PK2 with the
muddy deposits during a late stage of glacioeustatic sea-
level fall is considered to have been induced by the
activation of basin subsidence, giving rise to an early
commencement of relative sea-level rise before MIS18.2.
Autogenic processes, such as the lateral migration of a
staging point for the coarse-grained sediment supply and
a short-lived decrease in the sediment discharge from
the river system, may also have caused the abrupt aban-
donment of packet formation for PK2 and the other
packets.

Conclusions

Mapping of tephra key beds within heterogeneous litho-
facies assemblages can provide a detailed chronostrati-
graphic framework for elucidating spatial and temporal
variations in depositional systems from coastal to
shallow-marine and deep-water environments. This
study sought to clarify (1) the origins of DWMSs in rela-
tions to coeval coastal depositional systems, and (2) the
relative timing of the active delivery of coarse-grained
sediments beyond the shelf margin within a chrono-
stratigraphic framework based on the mapping of tephra
key beds and oxygen isotopic data. The present case
study was based on detailed outcrop investigations of (in
ascending order) the upper Umegase, Kokumoto, and
Chonan formations of the Pleistocene Kazusa Group on
the Boso Peninsula, central Japan. The main conclusions
of the study are as follows.

1. Packets of thick- to very thick-bedded sandstones,
which are assigned to DWMSs, are interpreted to
have developed in response to the progradation of
gravelly shelf-margin deltas or fan deltas during the
falling and lowstand stages of relative sea-level
changes, which were controlled primarily by
glacioeustasy.

2. DWMSs and associated sandstone beds generally
show a lenticular geometry and compensation
stacking patterns. Their lateral changes in bed
thickness and grains sizes suggest that they formed
in multi-sourced systems on the shelf-margin deltas
or fan deltas, such as a slope apron or a ramp.

3. Initiation of sediment gravity flows, which formed
DWMSs and associated sandstone beds, is
considered to have been caused by hyperpycnal
flows, in association with breaching and/or collapse
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of coarse-grained substrates on the shelf-margin
deltas or fan deltas in response to flood events.

4. The relative timing of the initial deposition and
abandonment of the packets varies within and
between the three studied formations. The variation
is considered to have been caused by interaction
between glacial and interglacial sea-level changes
and basin subsidence superimposed by processes
operated within the shelf-margin delta or fan-delta
systems, such as the lateral migration of a staging
point for the supply of coarse-grained sediment and
a short-lived decrease in sediment discharge from
the fluvial system.

5. Two packets are developed in the Kokumoto
Formation, below and above a muddy interval that
contains the Lower—Middle Pleistocene Subseries
boundary (GSSP). On the basis of sequence-
stratigraphic classification of these deposits, the
GSSP horizon is interpreted to have formed in the
uppermost part of a transgressive systems tract and
can be assigned to a condensed section. This depo-
sitional setting likely promoted the development of
the international type section for the Lower—Middle
Pleistocene Subseries boundary in the Kazusa fore-
arc basin.
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Additional file 1: Figure S1. Sequence-stratigraphic classification and
spatial and temporal variations in depositional systems of the Kazusa
Group on the Boso Peninsula, central Japan. Modified from Ito and
Katsura (1992) and Ito et al. (2016). The red arrow on the right side of
section 13 indicates the stratigraphic position of the Chiba composite
section. The inset map shows the locations of the measured sections.

Additional file 2: Figure S2. Outcrop photographs of the Chonan
Formation. a Muddy deposits containing the Ch1 tephra key bed,
underlain and overlain by PC3 and PC4, respectively (Oto, Ichihara City). b
Very thick-bedded sandstone bed occurring just below the Ch2 tephra
key bed and containing convolute bedding and minor normal grading in
the uppermost part (Itabu, Ichihara City). € Normally graded, medium- to
very fine-grained sandstones and graded siltstones containing abundant
plant fragments (Koshikiya, Ichihara City). d Inversely and normally graded
sandstone bed with current-ripple cross-lamination and parallel
lamination in PC3 (Heizo, Ichihara City). e Alternation of current-ripple
cross-lamination and parallel-lamination within a sandstone bed that also
contains massive and normally graded bedding and an internal erosion
surface (Koshikiya, Ichihara City). f Ungraded, very thin- to thin-bedded,
medium- to fine-grained sandstone beds (arrowed) (Koshikiya, Ichihara
City). g Hummocky cross-stratified, fine-grained sandstone bed (Kururioyatsu,
Kimitsu City). h Unconformable contact between the Ichijiku and
Chonan formations (Okuradai, Kimitsu City).

Additional file 3: Figure S3. Outcrop photographs of the Mandano
Formation. a Sharp basal contact between the Chonan and lower
Mandano formations (Minowa, Kimitsu City). b Distinct clinoform in the
lower part of the Mandano Formation (Mandano, Ichihara City). ¢ Scour
and bedding discordance in the lower section of the lower Mandano
Formation (Minowa, Kimitsu City). € Medium- to very coarse-grained

sandstones and intercalated pebble-sized conglomerates in the middle
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section of the lower Mandano Formation (Minowa, Kimitsu City). Trough
cross-stratified conglomerates rest on a sharp contact.

Additional file 4: Figure S4. a Lithofacies succession from the lower to
the middle and upper parts of the Mandano Formation (Yoshino, Kimitsu
City). The basal parts of the middle and upper Mandano Formation show
slightly erosional contacts. Ch1 and Ch2 are tephra key beds that are also
intercalated in the Chonan Formation (see a and b in Fig S2). b Block
sample of muddy deposits of the middle Mandano Formation containing
shallow-marine molluscan shells (Minowa, Kimitsu City). ¢ Lithofacies suc-
cession from the lower to upper parts of the Mandano Formation
(Yoshino, Kimitsu City). Muddy deposits of the middle Mandano Forma-
tion were removed by the erosional base of the upper Mandano Forma-
tion that is characterized by trough cross-stratification and shows an
overall fining-upward pattern. d Shallow-marine molluscan fossils interca-
lated in trough cross-stratified medium- to very coarse-grained sand-
stones of the upper Mandano Formation (Yoshino, Kimitsu City).

Additional file 5: Figure S5. Outcrop photographs of the Nagahama
Formation. a Gently undulating waveforms and foreset bedding in
conglomerates and overlying pebbly sandstones in the basal part of the
Nagahama Formation (Tsukuriki, Kimitsu City). Solid and dotted red lines
indicates an unconformable contact. b Trough cross-bedded conglomer-
ates in the basal part of the Nagahama Formation (Sasage, Futtsu City).
The solid red line indicates an unconformable contact. ¢ Lithofacies suc-
cession from the Ichijiku to the Nagahama and the upper Mandano for-
mations (Manobori, Kimitsu City). A person is circled for scale.

Additional file 6: Figure S6. Outcrop photographs of the lithofacies
types summarized in Table 1. Solid white and black arrows indicate the
base and top of each sandstone bed, respectively. a Very thick-bedded,
ungraded and convoluted, medium-grained sandstone bed of the Ume-
gase Formation (Type 1). b Very thick-bedded, ungraded and convoluted
sandstone bed, with minor normal grading in the uppermost 10 cm of
the Umegase Formation (Type 2). ¢ Climbing-ripple-laminated, fine- to
very fine-grained sandstone bed with inverse and normal grading of the
Kokumoto Formation (Type 3). d Type 4 sandstone bed with alternating
parallel laminations and current-ripple cross-laminations of the Kokumoto
Formation. e Medium-bedded, ungraded, medium- to fine-grained sand-
stone bed of the Umegase Formation (Type 5). f Normally graded sand-
stone bed with parallel laminations with lignite (L) and current-ripple
cross-laminations in the uppermost 3 cm of the Umegase Formation
(Type 6).
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