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composite section, east-central Japanese archipelago, is a continuous and expanded marine sedimentary
succession well suited to capture terrestrial and marine environmental changes through MIS 19. In this
study, a detailed oxygen isotope chronology is established from late MIS 20 to early MIS 18, supported by
a U-Pb zircon age and the presence of the Matuyama—Brunhes boundary. New pollen, marine micro-
fossil, and planktonic foraminiferal 3'%0 and Mg/Ca paleotemperature records reveal the complex
interplay of climatic influences. Our pollen data suggest that the duration of full interglacial conditions
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during MIS 19 extends from 785.0 to 775.1 ka (9.9 kyr), which offers an important natural baseline in
predicting the duration of the present interglacial. A Younger Dryas-type cooling event is present during
Termination IX, suggesting that such events are linked to this orbital configuration. Millennial- to multi-
millennial-scale variations in our 380 and Mg/Ca records imply that the Subarctic Front fluctuated in the
northwestern Pacific Ocean during late MIS 19, probably in response to East Asian winter monsoon
variability. The climatic setting at this time appears to be related to less severe summer insolation

minima at 65N and/or high winter insolation at 50N. Our records do not support a recently hypothesized
direct coupling between variations in the geomagnetic field intensity and global/regional climate change.
Our highly resolved paleoclimatic and paleoceanographic records, coupled with a well-defined
Matuyama—Brunhes boundary (772.9 ka; duration 1.9 kyr), establish the Chiba composite section as
an exceptional climatic and chronological reference section for the Early—Middle Pleistocene boundary.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

List of abbreviations

AP arboreal pollen

CbCS Chiba composite section

EAWM East Asian winter monsoon

IODP International Ocean Discovery Program/
Integrated Ocean Drilling Program

LAD last appearance datum

MAT Modern analogue technique

MIS marine isotope stage

MJS Montalbano Jonico succession

M-B boundary Matuyama—Brunhes boundary

NIPR National Institute of Polar Research
OoDP Ocean Drilling Program

PTI pollen temperature index

SST sea-surface temperature

Tann mean annual temperature

Tinf Mg/Ca paleothermometry

VPDB Vienna Pee Dee Belemnite

1. Introduction

The Earth experienced fundamental changes in oceanic and
atmospheric circulation, ice sheet distributions, and biotic evolu-
tion during the transition from the Early to Middle Pleistocene (e.g.,
Head and Gibbard, 2005; Head et al., 2008; Head and Gibbard,
2015a). Known previously as the “mid-Pleistocene Revolution” or
“mid-Pleistocene (climate) Transition” (e.g., Maasch, 1988;
Mudelsee and Stattegger, 1997; Mudelsee and Schulz, 1997; Raymo
et al., 1997; Clark et al., 2006; Elderfield et al., 2012), it is now more
properly known as the “Early—Middle Pleistocene transition” (Head
and Gibbard, 2015a). A progressive increase in the amplitude of
climate oscillations, the shift from a 41-ky to quasi-100 ky rhythm,
increasing long-term average global ice volume, and the estab-
lishment of strong asymmetry in global ice volume cycles, all
occurred during this interval (Head and Gibbard, 2015a). Significant
progress has been achieved over recent decades in collecting and
analyzing a wide range of climate records from terrestrial sites,
marine sediment cores, and Antarctic ice cores extending back to
800 ka, and this allows us to understand how minor differences in
external forcing mechanisms can lead to a wide range of responses
for each glacial—interglacial cycle (e.g., Lang and Wolff, 2011;
Berger et al., 2016).

The EPICA Dome C ice core record (Fig. 1a) shows that a small
optimum in the 3D and CO; signal in Marine Isotope Stage (MIS) 1
might place it within the same group of interglacials as MIS 5e, 7e,

9e, and 19c (e.g., Berger et al., 2016). Notwithstanding the influence
of atmospheric CO, concentrations (Ganopolski et al., 2016), MIS 19
is thought to be the closest analogue for evaluating the timing,
duration, and variability of the present interglacial, given the
similar astronomical parameters (phasing between obliquity and
precession) (e.g., Pol et al., 2010; Tzedakis, 2010; Tzedakis et al.,
2012; Yin and Berger, 2012). The lowered amplitude of the 400-
ky eccentricity cycle and the consequent suppression of preces-
sional forcing are very similar for the two stages. The phasing of the
obliquity maximum with the precession minimum is also similar,
although obliquity increased more rapidly at the beginning of MIS 1
than of MIS 19. Detailed climatic reconstructions have revealed a
cooling event at the transition from MIS 20 to MIS 19 (Termination
IX) that is similar to the Younger Dryas cooling that interrupted the
Last Glacial Termination (Termination I). This event appears in at
least one record from the North Atlantic (IODP Site U1308; Hodell
et al., 2008), at Lake Baikal (Prokopenko et al., 2006), in paleolake
sediments within the Mediterranean area (Sulmona; Giaccio et al.,
2015), and at the Montalbano Jonico succession (M]S) in southern
Italy (Maiorano et al., 2016; Simon et al., 2017) (Fig. 1a). However,
the timing, duration, and variability of the interglacial and Termi-
nation IX, including the nature of the Younger Dryas-type cooling
event, are still poorly understood.

Continuous deep-ocean records across this climatic transition
are common, but constructing links between atmospheric circula-
tion, terrestrial environmental change, and biotic evolution have
been hampered by the rarity of sedimentary records from near-
shore areas. Therefore, continuous and highly-resolved marine re-
cords that capture both terrestrial and marine environmental
signals with strong chronological controls are needed to improve
our understanding of the Earth’s climate system. Geomagnetic field
reversal events are additional important datums as they provide
useful near-synchronous time lines that are independent of
astrochronology.

The Japanese archipelago is geographically well suited for
various kinds of paleoclimatic and paleoceanographic studies.
Located at the easternmost margin of the Eurasian Continent and
facing the Pacific Ocean, its marine sedimentary record preserves
the interplay of terrestrial and marine climatic and environmental
changes relating to the westerly jet, East Asian monsoon, and North
Pacific Gyre (subtropical and subpolar) (Fig. 1). The Chiba com-
posite section (CbCS), in the east-central part of the Japanese ar-
chipelago, spans most of the Pleistocene (Kazaoka et al., 2015)
including a well-exposed and continuous marine sedimentary re-
cord across MIS 19. The Matuyama—Brunhes (M—B) magneto-
stratigraphic reversal, which is the primary chronological datum
for the Lower—Middle Pleistocene Subseries boundary (Head et al.,
2008), occurs immediately above a widespread tephra bed, the
Ontake-Byakubi (Byk-E), in the CbCS of the Kokumoto Formation,
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Fig. 1. The Japanese archipelago in its oceanographic, atmospheric and vegetational contexts. (a) and (b) Oceanographic and atmospheric circulation in summer. Location of the
Westerly Jet is based on Zhang and Huang (2011). Positions of the major ocean currents are based on Brown et al. (2001). Ocean temperature gradients are from the World Ocean
Atlas 2013 (Locarnini et al., 2013) drawn with Ocean Data View software (Schlitzer, 2015). Locations of ocean drilling sites, a lake drilling site, outcrop sections, and an Antarctic ice
core are shown (see text for details). TWC = Tsugaru Warm Current; MJS = Montalbano Jonico succession. (c) Potential natural vegetation map of the Japanese archipelago simplified
from Yoshioka (1973). Osaka Bay is indicated (see text for details), along with the general position of the Chiba composite section (see Figs. 2 and 3). Plate boundaries and trenches

are also shown.

Kazusa Group (Suganuma et al., 2015; Hyodo et al., 2016; Okada
et al,, 2017). In particular, the CbCS yields well-preserved marine
microfossils, pollen, paleomagnetic reversal events, and a large
number of tephra beds, allowing a robust chronological and strat-
igraphic framework to be established.

The Boso Peninsula faces the Pacific Ocean where the sub-
tropical Kuroshio and subarctic Oyashio currents meet just south
of the Subarctic Front (Fig. 1a and b). The Kuroshio Current orig-
inates with the North Equatorial Current, flowing along the south
coast of the Japanese archipelago as a part of the wind-driven
subtropical gyre circulation cell. This current plays a crucial role
in transporting warm and saline water towards the pole. The
Oyashio Current is the western component of the
Kamchatka—Alaskan Current and flows along the eastern side of
the Japanese archipelago, carrying cold water towards the equa-
tor. These two currents mix in the region off the Boso Peninsula,
creating the strongest latitudinal sea-surface temperature (SST)
gradient in the northwestern Pacific Ocean (Fig. 1b). The vari-
ability of these two currents exerts considerable influence not
only on the regional climates of East Asia but also on the global
climate system (e.g., Gallagher et al., 2015).

The Subarctic Front shifted northward during the last inter-
glacial and then southward during following glacial (Moore

et al.,, 1980; Thompson and Shackleton, 1980; Yamamoto et al.,
2005). A Younger Dryas-type cooling event during 11-12 ka
interrupted the northward shift of the Kuroshio Front during
Termination 1 (Chinzei et al., 1987). This region is therefore
favorable for understanding the climate dynamics of Termina-
tion I, and should be suitable for investigating older termina-
tions including Termination IX. Evidence of Termination IX is
present in the continuous and expanded sedimentary records of
the CbCS.

In this paper, we construct a new high-resolution foraminiferal
oxygen isotope (5'80) stratigraphy for the CbCS with detailed de-
scriptions of the tephra beds and a critical review of published data
from the CbCS and surrounding region. The newly obtained
geochemical paleoceanographic proxies, and marine microfossil
and pollen assemblages tied to the new 3'80 chronology, reveal a
continuous and expanded paleoclimatic and paleoceanographic
record of the glacial—interglacial cycles from late MIS 20 to early
MIS 18, including multi-millennial to millennial scale variations
during Termination IX and the later part of MIS 19. These new
studies indicate that the CbCS satisfies all stratigraphic, geochro-
nologic and logistical requirements for defining the Lower—Middle
Pleistocene Subseries boundary, including a precise and excep-
tional record of the M—B reversal.
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2. Geological and climatic setting of the Chiba composite
section (ChCS)

2.1. Geological setting

The Kazusa Group in the Boso Peninsula, southeastern part
of the Chiba Prefecture, is one of the thickest (~3000m) and
best exposed Lower and Middle Pleistocene sedimentary suc-
cessions in the Japanese archipelago (Ito, 1998) (Fig. 2). The
Group represents the infill of the Kazusa fore-arc basin,
developed in response to the west-north-westward subduction
of the Pacific plate beneath the Philippine Sea plate along the
Japanese archipelago and Izu-Bonin trenches (e.g., Seno and
Takano, 1989), and was deposited within basin plain, subma-
rine fan, slope, shelf, and coastal environments (Katsura, 1984;
Ito and Katsura, 1992). The thickest succession (up to 3000 m)
crops out continuously along the Yoro River (Fig. 3) where
numerous studies based on lithostratigraphy, biostratigraphy,
and paleomagnetic and 3'80 stratigraphy have been focused
(Kazaoka et al., 2015). Well-preserved microfossils (Oda, 1977;
Sato et al., 1988; Cherepanova et al., 2002) and 3'80 stratig-
raphy (Okada and Niitsuma, 1989; Pickering et al., 1999; Tsuji
et al.,, 2005) date the Kazusa Group from 2.4 to 0.45 Ma (Ito
et al., 2016).

The Kokumoto Formation, which includes the M—B bound-
ary, occupies the middle part of the Kazusa Group (Fig. 3). It
varies in thickness from 350 to 400 m and is ~350m thick
along the Yoro River (Kazaoka et al., 2015). It comprises large-
scale alternations between thick silty beds and sand and
thinner silt beds. Tephra beds (Ku0.1, Kul, Ku2, Ku3, Ku5, and
Ku6) provide high-resolution correlation points throughout the
formation (Mitsunashi et al., 1959, 1961; Kazaoka et al., 2015).

2.2. Chiba composite section (CbCS)

2.2.1. Exposure and sections

The CbCS is a well-exposed Lower—Middle Pleistocene bound-
ary succession within the Kokumoto Formation. This composite
section comprises the Yoro River (3517.41’N; 1408.48’E), Yoro-
Tabuchi (3517.41’N; 1408.49’E), Yanagawa (3517.15'N; 1407.88’E),
Urajiro (3516.85'N; 1407.47'E), and Kokusabata (3518.52'N;
14011.89’E) sections (Fig. 3 and Supplementary fig. 1). These sec-
tions display the Lower—Middle Pleistocene boundary interval
along deeply incised river valleys that expose the Kazusa Group
(Kazaoka et al., 2015).

Exposures of the CbCS are dominated by bioturbated silts.
Neither slump structures nor unconformable boundaries are pre-
sent within this interval (Nishida et al., 2016). Although there are
minor sands particularly in the lower part of this succession, the
CbCS is generally thought to be a continuous depositional unit
(Nishida et al., 2016). Nishida et al. (2016) reported paleocurrent
directions from groove casts that are oriented N66E and NS8OE,
which is consistent with the general paleocurrent directions (east
to northeast) for the Kazusa Group (Ito et al., 2016).

2.2.2. Depositional environment
The Kokumoto Formation is interpreted to be a shelf edge to
continental slope deposit (Ito, 1992; Ito and Katsura, 1992; Ito et al.,

2006a; b; Nakamura et al., 2007). The trace fossil assemblages in
the formation also support this interpretation (Nishida et al., 2016).
The ichnogenera of the silty beds of the Yoro-Tabuchi section are
typical of deep-sea siliciclastic systems (Hubbard et al., 2012;
Uchman and Wetzel, 2012; Wetzel and Uchman, 2012), and the
trace fossil assemblages of the Yoro River section are similar to the
deep-water Pleistocene sediments at IODP Site U1385 (the Shack-
leton Site) on the continental slope of the southwestern Iberian
margin (Hodell et al., 2013; Rodriguez-Tovar and Dorador, 2014).

A seismic profile across Tokyo Bay shows that a depositional unit
correlated with the Kokumoto Formation onlaps an inclined surface
(Chiba Prefecture, 2004; Kazaoka et al., 2015), which is consistent
with the interpretation that the Kokumoto Formation was depos-
ited on a stable continental slope (Kazaoka et al., 2015). Kamemaru
(1996) interpreted a water depth of less than 200 m for the Koku-
moto Formation based on benthic foraminiferal assemblages with
sublittoral taxa including Elphidium spp., Cibicides spp. and Pseu-
dononion japonicum. However, the bathyal species Bulimina acu-
leata, Melonis parkerae and Bolivinita quadrilatera are also present
(Itihara et al., 1973; Igarashi and Kamemaru, 2011), suggesting that
the paleodepths were greater than 200 m, and that reworking ac-
counts for the sublittoral species (Kazaoka et al., 2015).

2.2.3. Macrofossil and microfossil records

A number of biostratigraphic studies of macrofossils and mi-
crofossils have been carried out on the Kazusa Group. Microfos-
sils have been used to age constrain the formations in the Kazusa
Group and to estimate changes in oceanic environments around
the Pacific margin of east-central Japan during the Pleistocene
(see Kazaoka et al., 2015 for details). The age of the Kokumoto
Formation is placed between the last appearance datum (LAD) of
the calcareous nannofossil Reticulofenestra asanoi (0.889 + 0.025
Ma in the Ontong Java Plateau; Berger et al., 1994) and the LAD of
Pseudoemiliania lacunosa (0.433 +0.020 Ma in the Ontong Java
Plateau; Berger et al., 1994; Sato et al., 1988). However, while
these datums constrain the succession below and above the
Kokumoto Formation, no calcareous nannofossil biohorizons
have been documented within the formation itself. Some
important planktonic foraminiferal and diatom datums have
been identified (Oda, 1977; Cherepanova et al., 2002). Igarashi
(1996) suggested that the co-occurrences of Globorotalia trun-
catulinoides and Globorotalia tosaensis in the Kokumoto Forma-
tion have an N22 zonal age of Blow (1969). The biostratigraphic
configurations are also supported by the highest occurrences of
two diatom species, Proboscia curvirostris and Nitzschia fossilis, in
the upper part of the Kokumoto Formation (Cherepanova et al.,
2002).

Planktonic foraminiferal assemblages of the Kokumoto Forma-
tion suggest that the Subarctic Front between the subtropical
Kuroshio and subarctic Oyashio currents shifted northward just
after the M—B boundary (Igarashi, 1994). Benthic foraminiferal
assemblages have been used to evaluate depositional environments
within the Kazusa Group (Itihara et al., 1973).

Terrestrial climates during the deposition of the Kazusa Group
were reconstructed by Onishi (1969) based on pollen assemblages.
Dominant occurrences of Pinus, Picea, Tsuga, and Taxodiaceae
(Metasequoia, Cryptomeria, etc.) with minor broad-leaved trees and
herbs were observed. Onishi (1969) also reported that the

Fig. 4. Sampling horizons for the Chiba composite section (CbCS). Detailed stratigraphic correlations between the Urajiro, Yanagawa, Yoro River, Yoro-Tabuchi, and Kokusabata
sections, based on lithological changes and marker tephra beds, are given. The stratigraphic correlations are revised from Okada et al. (2017) to provide more detailed information
about each section. Samples for paleomagnetic (thin black horizontal lines), 3'%0 (light blue rectangles), and Mg/Ca (green rectangles) measurements including previous studies
(Suganuma et al., 2015; Okada et al., 2017), and analyses of pollen (orange rectangles) and marine microfossils (calcareous nannofossil: red rectangles and radiolarians: purple
rectangles), are shown. The black arrows show high resolution sampling intervals (0.2 m spacing) for oxygen isotope analyses. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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disappearance of Metasequoia, a component of the northern
Hemisphere flora from the Late Cretaceous to Quaternary, occurs in
the middle of the Kokumoto Formation.

2.2.4. Tephrostratigrapy

2.2.4.1. Byk-E tephra. Formally known as the Ontake-Byakubi
tephra (Takeshita et al., 2016), the Byk-E is a widely distributed
tephra in the central part of the Boso Peninsula (Okada and
Niitsuma, 1989; Kazaoka et al., 2015; Nanayama et al., 2016). It
is a white pumiceous fine ash deposit 1-7 cm thick, interbedded
with dark gray sandy silt units (or layers) in the middle of the
Kokumoto Formation. The Byk-E tephra is mainly composed of
pumice-type glass shards, and contains abundant hornblende
and small amounts of orthopyroxene and clinopyroxene. The
range in refractive indices of the volcanic glass shards and
hornblende grains are 1.505—1.510 and 1.680—1.703, respectively
(Nishida et al., 2016; Nanayama et al., 2016). Based on lithofacies,
bulk grain composition, mafic mineral composition, major
element composition of hornblende, and stratigraphic relation-
ships, the Byk-E tephra is correlated with the YUT5 bed erupted
from the Older Ontake volcano in the central part of the Japanese
archipelago (Takeshita et al., 2016). Suganuma et al. (2015) dated
the Byk-E tephra to 772.7 + 7.2 ka using U-Pb zircon ages.

2.2.4.2. Other tephras. Several minor tephra beds are present in the
CbCS (Kazaoka et al.,, 2015; Nishida et al., 2016). Byk is a series of
five individual tephra units, including the Byk-E tephra mentioned
above. Byk-D, -C, and -B tephras, in ascending order, are lenticular
beds of medium-sand-sized scoria 1—5 cm thick, interbedded with
silt, 0.2m, 0.8 m, and 1.4 m above the Byk-E tephra. The Byk-A
tephra, a 9-cm-thick bed of reddish-gray vitric fine ash, is inter-
bedded with silt, 3.6 m above the Byk-E tephra (Nishida et al.,
2016).

The Tap and Tas tephras are in thick and massive siltstones in the
upper part of the CbCS (Kazaoka et al., 2015). The Tap tephra
comprises two layers (Tap-B and Tap-A), and the Tas tephra com-
prises three layers (Tas-C, -B, and -A) (Nishida et al., 2016). The Tap-
A tephra and Tas-A tephra lie at about 8.9 and 5.1 m below the Ku2A
tephra, respectively (Fig. 4).

The well documented and widespread tephra beds Ku2 and Ku1
are present within the CbCS (Kazaoka et al., 2015). The Ku2 consists
of two tephra beds, Ku2B and Ku2A. The Ku2B tephra has a thick-
ness of about 6 cm, and is subdivided into three units in ascending
order: 1) reddish brown fine ash with white coarse-sand-sized
pumice, 2) black, medium-sand-sized scoriaceous tephra, and 3)
reddish brown silt-sized tephra (Satoguchi, 1995). The Ku2A tephra
is a 6—9 cm thick, white medium sand to 30-mm sized pumiceous
ash. The Kul tephra lies 15 m above the Ku2A tephra. It is ~25 cm
thick, varies from gray to white, and has normal grading from very
fine sand to silt-sized ash. The Ku2 and Kul tephras have been
correlated to the Yk8.5 and Yk9a tephras respectively in the
CHOSHI-1 sediment core at the city of Choshi in the easternmost
part of the Boso Peninsula (Fig. 2) (Nakazato et al., 2003). The Kul
tephra correlates with the Hakkoda-Kokumoto (Hkd-Ku) tephra in
the central to northern parts of the main island of Japan (Suzuki
et al., 2005).

2.2.5. Magneto- and oxygen isotope (6'80) stratigraphy

The M—B boundary occurs in the middle of the CbCS within the
Kokumoto Formation (Niitsuma, 1976; Okada and Niitsuma, 1989;
Aida, 1997; Tsunakawa et al., 1999; Suganuma et al., 2015). This
boundary was originally considered to be 1—2 m below the Byk-E
tephra (Niitsuma, 1976; Okada and Niitsuma, 1989; Tsunakawa
et al,, 1999), but Suganuma et al. (2015) using thermal demagne-
tization located it at ~0.8 m above the Byk-E tephra in the Yanagawa

section.

Recently, Okada et al. (2017) described a detailed virtual
geomagnetic pole (VGP) path from the Yoro-Tabuchi section at 10-
cm resolution across the M—B boundary. Although the VGP record
shows several subsequent rebounds, Okada et al. (2017) defined the
zone between 0.25 m and 1.95 m as the directional transition zone
of the M—B boundary, and reported the actual boundary at 1.1 m
above the Byk-E tephra in the Yoro-Tabuchi section. The horizon of
the M—B boundary is nearly consistent with that shown in a drilled
core from the vicinity of this section (Hyodo et al., 2016) and in the
Yanagawa section (Suganuma et al., 2015) (Fig. 4).

A 380 stratigraphy for the Kazusa Group, including the CbCS,
was conducted by Okada and Niitsuma (1989) and Pickering et al.
(1999). MIS 35 to MIS 15 and substages within MIS 21-16 were
identified using graphical correlation to astronomically tuned
isotope records. In the CbCS, the strata are assigned to MIS 21 to MIS
18 (Okada and Niitsuma, 1989; Pickering et al., 1999), with
glacial—interglacial cycles corresponding respectively to sand-
stone—siltstone-dominated units. More recently, Suganuma et al.
(2015) and Okada et al. (2017) constructed a detailed 880 stratig-
raphy for the CbCS for the interval from late MIS 20 to early MIS 18.

2.3. Present oceanographic conditions of the northwestern Pacific
Ocean and climate of the southeastern Japanese archipelago

The Boso Peninsula is situated in the east-central part of the
Japanese archipelago, facing the Pacific Ocean (Fig. 1a and b). The
northwestern Pacific Ocean contains the Subarctic Front between
the subtropical Kuroshio and subarctic Oyashio currents (Fig. 1b).
The Oyashio Current sinks beneath the Kuroshio Current at the
Subarctic Front (Supplementary fig. 3b and c). The annual mean SST
of the Oyashio Current off the northern part of the Japanese ar-
chipelago is 4—8 °C, whereas the Kuroshio Current SST off central
Japan is 20—22 °C (Fig. 1b). Similarly, a sea-surface salinity gradient
is present between Oyashio- (~33.0) and Kuroshio-influenced re-
gions (~34.5) (Supplementary fig. 3a). The Kuroshio Current is
oligotrophic, whereas the Oyashio Current is nutrient-rich. The
interplay between these two current systems accordingly has a
profound impact on the marine biota (Gallagher et al., 2015).

Mountain ranges up to ~3000 m are present in the central part
of the Japanese archipelago, west and north of the Boso Peninsula
(Fig. 1c¢). The summer (June—September) rainfall and mean tem-
perature of Chiba City from 1981 to 2010 were 607 mm and 24.1 °C,
with 1387 mm and 15.7 °C for the annual rainfall and mean tem-
perature (Japan Meteorological Agency). The present natural
vegetation of the Kanto Basin is mainly warm-temperate broad-
leaved evergreen forest. Cool-temperate deciduous broadleaved
and coniferous forests characterize the surrounding higher-relief
ranges of the Kanto Basin as well as the northern part of the
main island of Japan (Fig. 1c; Yoshioka, 1973).

3. An improved age model for the Chiba composite section
(CbCS)

In this study, we construct a new §'80 stratigraphy for the CbCS
based on benthic foraminiferal species from the sample set of
Okada et al. (2017) and Suganuma et al. (2015), and newly obtained
samples from the upper part of the Yoro River section (Fig. 4). In the
age models of Suganuma et al. (2015) and Okada et al. (2017), the
MIS 19—18 boundary within the CbCS was determined by corre-
lating to the much longer 880 record obtained from the CHOSHI-1
core (Kameo et al., 2006). This correlation was based on a visual
correlation of the 8'80 records supported by the stratigraphic po-
sitions of the Kul and Ku2 tephras (Fig. 5). Our new §'0 stratig-
raphy enables us to locate the MIS 19—18 boundary directly,
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Fig. 5. Chronostratigraphic correlations between the Kazusa Group, including the Chiba composite section (CbCS), and the Inubo Group. The CHOSHI-1 core is thought to recover
the homogeneous hemipelagic silt/clay sediments of the Inubo Group (Ozaki, 1958; EI-Masry et al., 2002), and the age model is based on visual matching with the sea level proxy of
Elderfield et al. (2012). The LR0O4 benthic stack (Lisiecki and Raymo, 2005) is also shown for comparison. VPDB: Vienna Pee Dee Belemnite, MIS: Marine Isotope Stage. The ages of the
MIS boundaries follow Lisiecki and Raymo (2005) and are taken from http://www.lorraine-lisiecki.com/LR04_MISboundaries.txt. To refine marker tephra correlation, we have newly
measured major elemental compositions of the volcanic glass shards from these tephra beds (Supplementary table 1 and fig. 2). Our data show that the major elemental com-
positions of Kul and Ku2B are similar those of Yk9a and Yk8.5, confirming this correlation.

resulting in a more reliable age model for the CbCS.

Our new age model for the CbCS is established by correlating to
the sea level proxy curve of Ocean Drilling Program (ODP) Site 1123
(Elderfield et al., 2012) (Fig. 6). Because the sea level proxy curve was
constructed by subtracting the effects of deep-water temperature on
the 3'80 record, this is an ideal target to establish an age model.
Based on benthic foraminiferal 3'30 trends, we assign substages to
MIS 19 using the nomenclature of Railsback et al. (2015) (Fig. 6).
Astronomical ages for each of the substage boundaries are estimated
to be 771.7 ka (MIS 19¢—19b) and 766.6 ka (MIS 19b—19a).

Sedimentation rates in the section generally decrease during
sea-level highstand periods, and increase during lowstands (Fig. 6).
The M—B boundary is in an interval with sedimentation rates of
89 cm/kyr, which is low compared with other intervals in the CbCS
but high enough to minimize PDRM lock-in (Suganuma et al., 2010,
2011).

Okada et al. (2017) have shown that the mid-horizon of the
directional transition zone, assigned as the M—B boundary, is 1.1 m
above the Byk-E tephra. Our 3'80 stratigraphy indicates that the
M-—B boundary has an astronomical age of 772.9 ka, with a duration
of 1.9 kyr for the directional transition. This age is consistent with a
recalculated radiometric age for the M—B boundary of 771.7 + 7.3
ka using the U-Pb zircon age of Suganuma et al. (2015) and the new
380 chronology.

4. Procedures of paleontological and geochemical analyses
4.1. Pollen analyses

The pollen assemblages were analyzed to determine paleocli-
matic and paleoenvironmental changes from late MIS 20 to early
MIS 18 based on 98 samples from the CbCS (Fig. 4, Supplementary
table 2 and fig. 4). The weight of sediment sample for each pollen
analysis was <2 g. The average pollen concentration for the samples
is 2244 grains/g (with a range from 414 to 6266 grains/g), which is
higher than typical for sediments deposited in open marine
environments.

Samples were subjected to a 10% potassium hydroxide treat-
ment, followed by sieving (to obtain a 1-250 pum fraction) and
decanting partly using a swirling technique. After hydrofluoric acid
treatment, the organic fraction including pollen was then concen-
trated using heavy liquid separation with a zinc chloride solution
(density 1.998—2.002). Acetolysis treatment followed, and without
further sieving the residues were mounted on microscope slides
using glycerine jelly. Fossil pollen grains were identified under a
light microscope at 400 x or 600 x magnification. At least 200
grains of trees and shrubs were counted in each sample. Pollen
grains of herbs and spores of pteridophytes were also identified and
counted. Some typical pollen types obtained from the CbCS are
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shown in Supplementary fig. 5.

Quantitative paleotemperature reconstruction was carried out
by applying the modern analogue technique (MAT) (Nakagawa
et al,, 2002) using Polygon 2.4.4 software based on a surface pol-
len dataset covering the Japanese archipelago (Gotanda et al.,
2002). Pinus is excluded from both fossil and surface pollen data-
sets for the MAT calculation because of the exotic nature of Pinus as
described below.

4.2. Marine microfossils

In this study, we analyzed planktonic foraminifera, calcareous
nannofossils and radioralians for the paleoceanographic interpre-
tation of the CbCS. We reexamined Igarashi’s (1996) samples
(Supplementary table 3) to investigate planktonic foraminiferal
assemblages in addition to Igarashi’s (1994) data. In total, 33
samples from the Kokumoto Formation were analyzed
(Supplementary fig. 6). Each sample was disaggregated using
standard procedures including sodium sulfate and naphtha solu-
tions (Igarashi, 1994, 1996). More than 300 tests of planktonic
foraminifera were picked from the >125 um fraction of each sample
and identified under a binocular microscope. The published data
set from the Kokumoto Formation (Igarashi, 1994) was also used for
the faunal analysis.

Calcareous nannofossils in 63 samples from the CbCS were
examined (Supplementary table 4 and fig. 7). Smear slides were
prepared and a counting technique was applied to distinguish the
overall assemblages throughout the sections. For each sample, 200
specimens were counted, followed by a search for rare species.

Nannofossils were documented using a binocular polarizing mi-
croscope (Olympus BX51) at 1500 x magnification.

For radiolarian analysis, 44 samples were used (Supplementary
table 5). Samples were dried, weighed, and then wet sieved using a
45 um mesh, after which two types of slides were made to quantify
the abundance and faunal analysis based on the standard technique
described in Itaki et al. (2009). Relative abundances (% of total
assemblage) of species were estimated by identifying and counting
more than 200 individuals on a slide, although when radiolarians
were rare, as many as possible were counted.

4.3. Foraminiferal geochemistry

We analyzed foraminiferal 880 from the CbCS not only for
benthic species but also the planktonic species Globigerina bulloides
and Globorotalia inflata. These samples were disaggregated pri-
marily using the sodium sulfate method and partly using a SELFRAG
high voltage pulse fragmentation system installed at the National
Institute of Polar Research (NIPR). The non-magnetic fraction
including foraminifera was concentrated using an isodynamic
separator at Ibaraki University. We manually picked foraminiferal
tests from the non-magnetic fraction for each sample. 3'¥0 mea-
surements were taken using a Finnigan-MAT253 isotope mass
spectrometer coupled with a Kiel IV carbonate preparation device
installed at the Department of Geology and Paleontology, National
Museum of Nature and Science, and a GV instruments IsoPrime
with the Multicarb preparation system installed at the Center for
Advanced Marine Research, Kochi University. JCp-1, CO-1, and NBS-
19 were used as standards to calibrate the measured isotopic values
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to the Vienna Pee Dee Belemnite (VPDB). The standard deviation of
the 3'80 measurements was calculated as 0.049%o from 148 mea-
surements of NBS-19 working standard specimens. We used more
than 20 individuals of G. inflata with a test size greater than 250 um
diameter for each isotopic measurement. For G. bulloides, we used
>250 um size interval for the Yanagawa, Urajiro, and Kokusabata
sections, and 150-250 um size interval for Yoro River and Yoro-
Tabuchi sections. Most measurements on G. bulloides were based on
20 individuals or more, but a few measurements used fewer than
20 individuals where abundances of this species were low.

Mg/Ca analysis was carried out on 74 samples from 73 sampling
intervals (with two samples from one sampling interval) used for
the 5'80 from the CbCS (Fig. 4). Approximately 20 individuals of
G. inflata from the size fraction >250 um were analyzed. The sam-
ples were cleaned using the “reductive” cleaning protocols of Boyle
and Keigwin (1987) with slight modification (Kubota et al., 2010).
Mg/Ca analysis was performed using a Finnigan ELEMENT XR
sector-field inductively coupled plasma mass spectrometer at the
Mutsu Institute for Oceanography (MIO), JAMSTEC. Isotopes of
three elements (>*Mg, 44Ca, “8Ca, and *>Mn) were analyzed using Sc
as the internal standard (Uchida et al., 2008). The relative standard
deviation of Mg/Ca for the replicate measurement of a standard
solution was less than 3%.

5. Results
5.1. Vegetational and climatic reconstructions

The pollen assemblages reveal an excellent record of the
regional climate and environmental variability from late MIS 20 to

early MIS 18 that is consistent with the global glacial—interglacial
climate pattern (Fig. 7). The glacial MIS 20 and MIS 18 are domi-
nated by the boreal conifers Picea, Abies, and Tsuga, whereas the
interglacial MIS 19 is marked by broadleaved trees including
Quercus (subgenus Lepidobalanus, hereafter Quercus), Fagus, Ulmus/
Zelkova and Carpinus/Ostrya. Although Pinus pollen is dominant
throughout the section, it is often overrepresented in deep-sea
sediments because of its buoyant character (Heusser, 1990; Okuda
et al., 2006) and so we omit Pinus from our interpretation. The
occurrence of Metasequoia, an extant coniferous tree that dis-
appeared from Japan by the latest Early Pleistocene (Tai, 1973;
LePage et al., 2005; Momohara, 2005), is largely consistent with our
age model, although it is rare and sporadic throughout our record.
Our palynoflora is mostly represented by tree pollen (80—90% in
total), with no herb pollen or embryophyte spores exceeding
10—20%. Based on the alternation between boreal conifer and
temperate broadleaved trees, our pollen record is divided into three
palynological assemblage zones, CbCS-1 to -3, in ascending order.

Zone CbCS-1 (801.1—785.0 ka) is dominated by the boreal co-
nifers Picea, Abies and Tsuga. The percentage of broadleaved trees
with respect to the total AP (arboreal pollen excluding Pinus) ranges
from 20 to 55%, so the reconstructed vegetation is a subarctic
coniferous and deciduous broadleaved mixed forest, which is today
prevalent between 42°N and 45°N in Japan (see Fig. 1c). The pale-
otemperature based on the MAT is 2—8 °C (mean annual temper-
ature). Zone CbCS-1 represents MIS 20 to early MIS 19. It is
subdivided into subzone CbCS-1a which reflects the full glacial
conditions of MIS 20, and CbCS-1b which spans the transition from
MIS 20 to MIS 19 and is based on the higher values of Quercus and
Fagus.
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Zone CbCS-2 (785.0—769.3 ka) is characterized by abundant
Quercus and Fagus. Boreal conifers (Picea, Abies and Tsuga) decrease,
and other deciduous broadleaved trees (Carpinus/Ostrya, etc.) occur
regularly. The ratio of broadleaved trees to the total AP excluding
Pinus is >40—80%, and therefore the reconstructed vegetation of
zone CbCS-2 is cool-temperate deciduous broadleaved forest,
which is today seen between 35°N and 42°N in Japan (Fig. 1c). The
estimated paleotemperature based on the MAT is 4—12 °C (mean
annual temperature). The upper part of zone CbCS-2 is differenti-
ated as subzone CbCS-2b based on the higher values of temperate
conifers (Cryptomeria, Sciadopitys, etc.), possibly reflecting gradual
cooling during MIS 19b. Thus, subzone CbCS-2a is thought to
represent full interglacial conditions and occurs within MIS 19c.
There appears to be a short temperature anomaly at ~774 ka based
on the MAT. Because of the absence of significant changes in pollen
composition around 774 ka, we consider that the temperature
anomaly is overestimated due to the heterogeneous temporal res-
olution of our data.

Zone CbCS-3 (769.3—751.6 ka) is dominated by boreal conifers
(Picea, Abies and Tsuga) at the expense of broadleaved trees except
Quercus. Although the ratio of broadleaved pollen to the total AP
decreases to 20—40%, zone CbCS-3 differs from zone CbCS-1 in the
persistence of temperate conifers (Cryptomeria, etc.). The estimated
paleotemperature for CbCS-3 based on the MAT is 4—7 °C. The in-
termediate character of zone CbCS-3 reflects that fact that it ex-
tends from the middle of MIS 19b into early MIS 18. The slight
warming observed at ~761—763 ka may represent the interstadial
phase of MIS 19a.

5.2. Marine microfossils

5.2.1. Planktonic foraminifera

A total of 37 species belonging to 11 genera of planktonic fora-
minifera are recognized from 12 samples of Igarashi’s (1996) study
(Supplementary table 3). Preservation is generally good to excellent
with very slight fragmentation. No weathering of the test surfaces,
nor secondary calcification, were observed. The fauna in the CbCS
can be divided into two intervals with their boundary at 3—4 m
above the Byk-E tephra (~770 ka). The lower interval is dominated
by Neogloboquadrina incompta (20—50%) and the dextral form of
Neogloboquadrina pachyderma (15—30%). Above this level, these
two species are rare (3—10%) whereas Globorotalia inflata is com-
mon to abundant (~10—50%). N. incompta presently flourishes in
highly stratified water near the Subarctic Front (Schiebel et al.,
2001; Kuroyanagi and Kawahata, 2004). This species is presently
an indicator of the Tsugaru Warm Current (Oda et al., 1983) because
it dominates in the Japan Sea owing to the highly stratified condi-
tions there (Fig. 1). The dextral form of N. pachyderma is also the
main component of the mixed water region near the Subarctic
Front (Kuroyanagi and Kawahata, 2004). In contrast, G. inflata
typifies the central water mass near the northern margin of the
Kuroshio Current (Vincent and Berger, 1981). Igarashi (1996) noted
that changes in the proportions of these three species at the CbCS
reflect the three major current systems, namely the Oyashio and
Kuroshio currents, and Tsugaru Warm Current (Fig. 1b).

In this study, we calculated the varimax factor loadings and
regional transfer function of PFJ-125 (Takemoto and Oda, 1997),
following the methodology of Imbrie and Kipp (1971), for the
Kokumoto Formation assemblages to interpret the paleoceano-
graphic settings near the M—B boundary. PFJ-125 equations yield
winter and summer SSTs with standard errors of 1.75 °C and 1.17 °C.
Niimura et al. (2006) extended the equations to give the annual
mean SST with a standard error of 1.35 °C. Calculated varimax factor
loadings and reconstructed SSTs using PFJ-125 are shown in Fig. 8,
and Supplementary table 6 and fig. 6. Results of the factor analysis

show high loadings (0.48—0.89) for the second factor in most of the
studied interval, indicating an influence of transitional water
masses. The first factor loading (Kuroshio components) is generally
significant (>0.5) after ~770 ka, whereas quite low values occur for
the lower horizons. The reconstructed annual mean SST ranges
from 16.8 to 21.5°C and shows a sudden increase of ~4°C that
coincides with the faunal change at ~770 ka. Correlating with the
modern surface sediments based on squared chord distance, the
oceanographic settings across the faunal change might compare
with a shift from the region of the Tsugaru Warm Current (sample
MkuY-280) to that of the Kuroshio Current with subsurface cold
water originating from the Oyashio Current (sample MkuY-280)
(Supplementary figs. 3 and 6).

5.2.2. Calcareous nannofossils

At least 15 genera and 17 species of calcareous nannofossils have
been identified (Fig. 10 and Supplementary table 4) based on pre-
liminary results presented by Kameo et al. (2016, 2017), with the
addition of new assemblage data in the present study. The domi-
nant taxa are Gephyrocapsa spp., including Gephyrocapsa omega,
Gephyrocapsa oceanica, and other smaller Gephyrocapsa specimens.
We classified the Gephyrocapsa specimens into small-sized
Gephyrocapsa (<4pum in diameter) and medium-sized Gephyr-
ocapsa (>4 um in diameter) based on the size of the major axis of an
individual coccolith. Gephyrocapsa specimens comprised almost
40%—90% of the total flora with a 70% average. Specimens of
Gephyrocapsa exceeding 4 pm and with a bridge aligned near the
minor axis are present throughout the section. They possibly
correspond to Gephyrocapsa omega, Gephyrocapsa sp. 3 of Rio et al.
(1982), and Gephyrocapsa sp. C, andfor Gephyrocapsa sp. D of
Matsuoka and Okada (1990). Florisphaera profunda, a lower photic
zone species in the low to middle latitudes (Okada and Honjo,
1973), is abundant especially from 787.5 ka (~6—15% of the total
flora). Pseudoemiliania lacunosa, Umbilicosphaera sibogae, and Cal-
cidiscus leptoporus were recorded with abundances of a few percent
(Fig. 10 and Supplementary fig. 7). Two subspecies of Coccolithus
pelagicus are present: Coccolithus pelagicus braarudii, an upwelling
subspecies in the North Atlantic Ocean (Parente et al., 2004), is
more abundant than the cold-water subspecies Coccolithus pelagi-
cus pelagicus especially from 772 ka onwards.

5.2.3. Radiolarians

The total radiolarian concentrations range between 80 and 1300
individuals/g, and show higher values during the peak of MIS 19c.
More than 36 species and species groups have been recorded
(Motoyama et al., 2017). Relative abundance changes of major
radiolarian groups are shown in Supplementary table 5 and fig. 8.

Radiolarian assemblages are characterized by warm water spe-
cies including Dictyocoryne spp., Didymocyrtis spp. and Tetrapyle
spp., especially during MIS 19 in the CbCS. At present, higher
abundances of these groups occur in the Kuroshio Current where
sea-surface temperatures range between 20 and 29 °C (Matsuzaki
and Itaki, 2017). However, Lithomelissa setosa is related to cold
waters ranging between 12 and 18 °C (Matsuzaki and Itaki, 2017)
and tends to increase in abundance when warm water species
decrease. Stylochlamydium venustum predominates in the Oyashio
Current today (e.g., Kruglikova, 1969). Although its relative abun-
dance is less than 3% in the section, it clearly increased during the
glacial MIS 20 and MIS 18 and was absent during MIS 19. Because
this species is predominant in Oyashio waters at present (e.g.,
Kruglikova, 1969), it is likely that the CbCS was in an area where
Kuroshio and Oyashio waters mixed.

The Tr value is a radiolarian-based climate index based on the
ratio of warm- to cold-water species and was originally proposed
by Nigrini (1970). It should serve as a reliable proxy for the Kuroshio
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(high value) and Oyashio (low value) currents in this area. Its value
is defined by the following equation.

Tr = Warm water species/(Warm water species + Cold water
species)

The radiolarian sea-surface temperature index, the Tr value,
fluctuates considerably between 0.2 and 0.8 through the examined
interval (Fig. 9), and the several maxima and minima recorded
likely reflect oscillations of the Kuroshio Current. This pattern is
consistent with the planktonic foraminiferal oxygen isotope record.

Cycladophora davisiana is a known indicator of cold intermedi-
ate water (e.g., Itaki and Ikehara, 2004) and tends to increase in
relative abundance in MIS 18 and MIS 19b. Carpocanarium papil-
losum, Cornutella profunda and Cyrtopela languncula, which are also
known to be deep dwelling species (e.g., Tanaka and Takahashi,
2008), occur sporadically in the section. The presence of these
deep dwellers supports the paleodepth estimation for the CbCS
based on the benthic foraminiferal record.

5.3. Foraminiferal geochemistry

5.3.1. Oxygen isotope (6'%0) stratigraphy
The 3'80pjank record of the CbCS is similar to the benthic 380
record, showing pronounced glacial—interglacial cycles from late

MIS 20 to early MIS 18 (Fig. 9). The high cross-correlation co-
efficients between benthic and planktonic 8'®0 records support
this observation (vs. G. inflata: r=0.858; vs. G. bulloides:
r = 0.779). In detail, multi-millennial to millennial scale variability
is shown in both 5'80pjani records in the later part of MIS 19 and
during Termination IX. The amplitudes of 3'®0pjank variations are
larger than for the benthic 3'80 record, suggesting fluctuations in
surface—subsurface temperature/salinity. Although salinity vari-
ations in the northwestern Pacific Ocean are small
(Supplementary fig. 3), the latitudinal temperature gradient in the
northwestern Pacific Ocean is significant (Fig. 1a and b).
G. bulloides and G. inflata are most abundant at depths shallower
than 50 m and deeper than 100 m, respectively, in the Pacific
Ocean off the Japanese archipelago (Arikawa, 1983; Oba and
Hattori, 1992; Kuroyanagi and Kawahata, 2004). Because
5180p13nk sensitivity to temperature (0.24%o/°C) is higher than for
salinity (0.5%o/salinity) (Oba et al., 2006), the 3'80pjank records
mostly reflect surface (<50m, G. bulloides) and subsurface
(>100m, G. inflata) temperature variability. 880 records from
G. bulloides and G. inflata show relatively consistent trends during
MIS 19, except during Termination IX and the later part of MIS 19.
This suggests that significant surface and subsurface temperature
changes occurred during Termination IX perhaps associated with
a Younger Dryas-type cooling event.
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5.3.2. Mg/Ca

Mg/Ca values were converted to a temperature scale using
Anand et al. (2003) and are shown in Fig. 9. The Mg/Ca temperature
for G. inflata (Tiyf) is regarded as reflecting the subsurface winter
temperature (>100 m) (Oba et al., 2006). The average Tj,¢ from late
MIS 20 to early MIS 18 is ~17 °C, showing potential millennial scale
variations superimposed on orbital scale variations of the
glacial—interglacial cycle. On an orbital scale, the temporal varia-
tions show relatively higher winter temperatures from Termination
IX to MIS 19¢, and lower winter temperatures at MIS 20 and the
later part of MIS 19. In addition, Tjyf reveals millennial scale fluc-
tuations including several spikes of low values during Termination
IX.

6. Discussion
6.1. Terrestrial paleoclimate from late MIS 20 to early MIS 18

6.1.1. Japanese archipelago

We have correlated the pollen record from the CbCS to other
pollen records in Japan (GS-SB-1, CHOSHI-1, and Osaka Bay in
Figs.1c and 2), as shown by the summary in Fig. 11. The MAT results
generated here from earlier published records are based on the
same version of Polygon 2.4.4 as used for the CbCS (Pinus is also
excluded from the analysis). The correlation of these records is
initially based on the published age model for each record, and then
tuned by the paleomagnetic timescale, 380 records, marker
tephras, U-Pb zircon age, etc., as available.

Our palynological data for CbCS are consistent with an adjacent
record from a drilled core, GS-SB-1, in the northwestern Kanto
Basin (Fig. 2). Although the GS-SB-1 record has low resolution

(Hongo et al., 2011), Quercus pollen is abundant across the M—B
boundary (Ueki et al., 2009). The Quercus zone in GS-SB-1
(264.4—291.1 m in depth) occurs in marine deposits overlain and
underlain by terrestrial sediments, therefore likely representing a
warm highstand in MIS 19 alternating with sea level lows during
MIS 20 and MIS 18. The MAT spectra from MIS 19 in GS-SB-1 sug-
gest paleotemperatures of 9—10 °C, consistent with the CbCS.

The CHOSHI-1 core, from the northeast Boso Peninsula (Fig. 2),
has yielded a 780 to 400 ka pollen record. The pollen-rich muds of
CHOSHI-1 were deposited in stagnant, anaerobic marine environ-
ments (Okuda et al., 2006). Although the full interglacial state of
MIS 19c is rather ambigous in CHOSHI-1, the MIS 20—18 obliquity-
scale temperature variations are clear.

A 1700-m long sediment core from Higashinada in Osaka Bay
(Osaka Bay core) (Fig. 1b) has yielded a detailed MIS 19 pollen re-
cord (Kitaba et al., 2009, 2012; 2013, 2017). The upper part of the
Osaka Bay core has intermittent marine clay layers (Ma-1 to Ma13)
that alternate with freshwater sediments, representing trans-
gressions and regressions due to interglacial—glacial sea level
change (Kariya et al.,, 2010; Kitaba et al., 2011). The authors con-
structed a 1,000,000 year chronology for this section. MIS 19 is
located at a depth of 407—385 m, and contains the M—B boundary
at 400.22 m, and the Ma4 marine layer (Hyodo et al., 2006) that was
deposited during the sea-level highstand (Biswas et al., 1999)
(Fig. 11). Kitaba et al. (2009) documented a marked palynological
change and a thermal maximum event at ~400 m, at the M—B
transition, rather than at the peak of MIS 19. This thermal event is
characterized by abundant Quercus subgenus Cyclobalanopsis
(hereafter Cyclobalanopsis), an evergreen oak and warm-temperate
proxy. However, such a maximum has not been observed in the
pollen records of the Kanto basin (CbCS, CHOSHI-1, or GS-SB-1).
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Although the timing of the termination and warming and
thermal maximum are generally in-phase between records from
the Kanto Basin, the apparent delay in the thermal maximum in
Osaka Bay requires consideration. Hyodo and Kitaba (2015) inter-
preted a ~4000 year time lag between the thermal maximum
inferred from pollen and the sea level maximum inferred from
diatom assemblages (Kitaba et al., 2013). They interpreted a cooling
event in the middle of the paleomagnetic intensity low during the

paleomagnetic reversal.

A possible explanation for this apparent timing relates to the age
model of the Osaka Bay core, which was based on sea level records
that might have been affected by local as well as eustatic effects.
Another source of uncertainty relates to the pollen record of MIS 19
in Japan. In Osaka Bay, Cyclobalanopsis in the Ma4 marine clay co-
occurs with abundant Fagus and Quercus subgenus Lepidobalanus
(Kitaba et al., 2013; Hyodo and Kitaba, 2015). The Cyclo-

M—B transition, and suggested a causal link with the balanopsis—Fagus—Lepidobalanus association is not present in the
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Fig. 13. Paleoclimatic changes during MIS 20 through MIS 18. (a) 65N insolation in June. (b) Magnetic susceptibility (MS) from the Xifeng section of the central Chinese Loess Plateau
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and 1.0 m spacing). (h) The LR04 benthic stack (Lisiecki and Raymo, 2005). Suggested position of the Younger Dryas-type cooling event is shown by blue arrows. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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modern vegetation of Japan (Nakanishi et al., 1983) or in surface
pollen datasets (Gotanda et al., 2002) because Cyclobalanopsis is
warm-temperate whereas Fagus and Lepidobalanus are cool-
temperate taxa in Japan (see Fig. 1c). A no-modern-analogue situ-
ation would reduce the reliability of the quantitative paleo-
temperature reconstructions based on MAT. Nevertheless, we
acknowledge that our CbCS palynoflora also contains small
numbers of taxa such as Metasequoia that are no longer present in
Japan. This is one reason why we propose here the broadleaved/AP
ratio (broadleaved pollen to the total AP excluding Pinus) as a
substitute temperature proxy. Fig. 11 shows good agreement be-
tween the broadleaved/AP trends from Osaka Bay and the CbCS,

and global 3'30 stratigraphy.

The influence of the geomagnetic field intensity on global
climate has been proposed by many workers (Kitaba et al., 2017 and
references therein) and it remains a topic of debate. The influence
assumes the effects of cloud formation induced by galactic cosmic
rays (Svensmark and Friis-Christensen, 1997). Nonetheless, our
results from the CbCS are not consistent with those of Osaka Bay.
Kitaba et al. (2012) reported a significant cooling coincident with a
paleomagnetic intensity low during 785—776 ka in their record.
However, the only interpreted cold signal at ~774 ka in the CbCS is
less than 2000 years in duration and therefore shorter. Also, the
duration of the geomagnetic field-intensity low in the CbCS (Okada
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et al., 2017) is from 776 to 760 ka based on our new age model.
Therefore, a direct coupling between the geomagnetic field in-
tensity and regional/global climate is not apparent from the CbCS
record. Further studies on the hypothesized link between the
geomagnetic field reversal and terrestrial climate are required.

6.1.2. Northern Hemisphere

A correlation of pollen with benthic 3'80 records between the
CbCS and the MJS in southern Italy (Bertini et al., 2015; Marino
et al., 2015; Toti, 2015; Maiorano et al., 2016; Simon et al., 2017)
shows that the two records are generally consistent with each
other, and the main paleoclimate signals seen in the MJS are
observed in the CbCS under higher resolution (Fig. 12). Importantly,
a Younger Dryas-type cooling event is recognized during Termi-
nation IX in the MJS and in the benthic 8'80 records of the ChCS,
suggesting that these records reflect a global climatic signal.
However, the timing of the initiation of full interglacial conditions
as inferred from the pollen records is not identical in these two
records.

In MJS, the pollen temperature index (PTI) and arboreal pollen
percentage (AP%) reflect successive changes in temperature and
precipitation, resulting in the alternation between deciduous forest
and grassland (Marino et al., 2015) (Fig. 12). Based on this record,
Marino et al. (2015) suggested that forest expansion associated
with the warm and humid conditions of MIS 19 persisted from 782
to 759.3 ka. Although this onset of warm and humid conditions
coincides with MIS 19c (19.3 in their record), the initiation of full
interglacial conditions (based on the “MIS 19 plateau”) lags by 1500
years the benthic 50 records of the MJS (thin dashed line in
Fig. 12). In contrast, the initiation of full interglacial conditions at
the CbCS coincides with changes in the benthic 80 records (based
on the “MIS 19 plateau”). In addition, Marino et al. (2015) suggested
that the lowering of PTI and AP% values at 771.8 ka and subsequent

increase occurred during MIS 19b and MIS 19a, which may correlate
to the brief cooling interval at ~774 ka in the CbCS. If this correlation
is correct, it implies that MIS 19b is not fully represented in the MJS
benthic 3'%0 data.

A correlation between the Japanese archipelago and north-
eastern Asian continent is summarized in Fig. 13. The patterns are
similar between Japan (CbCS), East Siberia (Lake Baikal and Lake
El'gygytgyn) and the Chinese Loess Plateau. Prokopenko et al.
(2006) documented biogenic silica and diatom maxima at about
786—780 Kka, reflecting the highest lacustrine productivity levels
during MIS 19c in Lake Baikal. These peaks are followed by two
successive highs of biogenic silica (%) representing additional
maxima in the later part of MIS 19.

Lake El'gygytgyn in the far east of Russia is a ~3.6 myr old impact
crater lake (Layer, 2000), and provides a unique and continuous
sediment archive of the terrestrial Arctic (Wennrich et al., 2016).
The Middle and Late Pleistocene interval of this record shows
pronounced glacial—interglacial cyclicity (Wennrich et al., 2016),
suggesting that the lake and its catchment were strongly suscep-
tible to orbitally-driven climate change. A distinct peak in Si/Ti
during MIS 19 is followed by two highs (Fig. 13).

The loess—paleosol sequence of the Chinese Loess Plateau also
hosts an important continental archive of past East Asian monsoon
variability (e.g., An, 2000). Monsoon variability at orbital to
millennial scales, revealed by magnetic susceptibility and particle
size, has been dynamically linked to changes in external solar
insolation and internal boundary conditions including ice volume
and ocean—atmosphere energy exchange (Clemens et al., 2008).
The magnetic susceptibility record from the Lingtai section shows a
marked peak within MIS 19¢ (Sun et al., 2010), whereas the Xifeng
section shows a broader peak through MIS 19 (Guo et al., 2009)
(Fig. 13). This discrepancy may originate from the location of the
studied sites and/or the age model between the sections. The
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Fig. 15. Schematic representation of the north/south migration of the westerly jet and the Subarctic Front between the subtropical Kuroshio and subarctic Oyashio currents in the
northwestern Pacific Ocean. (a) A weaker East Asian winter monsoon (EAWM) led to a northward migration of the Subarctic Front. (b) A stronger EAWM caused the southward
migration of the Subarctic Front. Locations of the CbCS, Osaka Bay core, Lake Baikal, Lake El'gygytgyn (East Siberia), and Chinese loess paleosol sections (Lingtai and Xifeng) are
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chronological framework for loess—paleosol sequences is generally
based on paleomagnetic records and is refined using an orbital
tuning approach for the last 3.6 Ma (e.g., Sun et al., 2006). However,
remagnetization affects the paleomagnetic record of
loess—paleosol sequences, and the detection of geomagnetic vari-
ations may also be hindered by weak field strength within the
sediments, which then requires measurement of multiple sets of
subsamples (Liu et al, 2015). The actual position of the M—B
boundary in Chinese loess successions has been reviewed in detail
by Head and Gibbard (2015a) and Liu et al. (2015), with Head and
Gibbard noting the need for more research to resolve issues of
equivalency with the marine record.

Records from Lake Baikal, Lake El'gygytgyn, and the Chinese
loess—paleosol sequences all show warm climates during MIS 19c,
similar to the pollen records of the Pacific margin of east central
Japan (Fig. 13). In addition, a Younger Dryas-type cooling event is
also recognized during Termination IX in the Lake Baikal record and
apparently in the CbCS. These similarities indicate that the climate
system in the eastern part of the Eurasian Continent is controlled by
a dominant climatic component, presumably involving the Eastern
Asian monsoon.

6.2. Paleoceanography

Paleoceanographic  records from the CbCS yield
surface—subsurface instability in the northwestern Pacific Ocean
during Termination IX and the later part of MIS 19 (Fig. 9). During
Termination IX, the brief reduction in surface and subsurface
temperatures associated with the radiolarian sea-surface temper-
ature index (Tr value) is clearly recognized. The Tjyr also shows a
short plateau during this interval. This paleoceanographic pertur-
bation is thought to be a younger Dryas-type cooling event. For the
later part of MIS 19, several minima in the 3'80pjank record of
G. bulloides suggest high SST events occurring against a global
cooling trend toward the next glacial. The marine microfossil re-
cords support the existence of these high SST events. For example,
the tropical—subtropical planktonic foraminifera G. ruber increases
in relative abundance during this interval. It is worth noting that
the lightest 3'®0pjank values for G. bulloides and highest relative
abundance of G. ruber occur after the apparent peak temperatures
of MIS 19c.

It is known that variations in the position of the Subarctic Front
between the subtropical Kuroshio and subarctic Oyashio currents
occurred at orbital (Moore et al., 1980; Thompson and Shackleton,
1980; Chinzei et al., 1987) and millennial time scales, causing large
SST changes in the mixing zone between these currents (Oba et al.,
2006; Yamamoto et al., 2005). Thus, the warmer SSTs during the
later part of MIS 19 most likely correspond to northward shifts of
the Subarctic Front. In contrast, the lower Tj,r and large difference
in 380,120k between G. inflata and G. bulloides (A5'80pyj.inf) during
this interval suggest a larger vertical density (representing tem-
perature) gradient between surface and subsurface waters and
stratification of the ocean (Figs. 9 and 14). This is supported by the
near-surface ocean stratification and intensified intermediate

water suggested by the increased abundances of . profunda and
C. davisiana, respectively. The life span of planktonic foraminifera
is thought to be approximately one lunar cycle (Bijma et al., 1990;
Hemleben et al., 1989; Spindler et al., 1979; Erez et al., 1991;
Jonkers et al., 2015) or several months (Spindler et al., 1979;
Jonkers et al., 2010), and G. bulloides and G. inflata preferentially
dwell in the cold seasons around Japan (Kuroyanagi and
Kawahata, 2004). Therefore, higher Ad'®0pyLin Values corre-
spond to weaker winter mixing, which is likely to be controlled by
the wind strength in winter, namely that of the East Asian winter
monsoon (EAWM) (=Siberian High and Aleutian Low). Our ob-
servations suggest that the warmer SSTs and slight increase in
A3'0pyLinf values during the later part of MIS 19 represent a
weaker wind-driven mixing and northward migration of the
Subarctic Front via a shift in the position of the westerly jet due to
the weaker EAWM during this interval (Fig. 15). A weaker EAWM
is also confirmed by grain-size variations in loess-paleosol se-
quences on the Chinese Loess Plateau (Guo et al., 2009; Sun et al.,
2010) (Fig. 14), which represents an accepted proxy for the EAWM
(e.g., Sun et al., 2006).

The intensity of the EAWM is controlled by the thermal contrast
between the Siberian High and Aleutian Low (Fig. 15). In other
words, a weak EAWM reflects relatively warmer conditions in
Siberia and/or a colder northwestern Pacific Ocean. Hao et al.
(2012) suggested that a weak summer insolation minimum at
65N caused a weak Siberian High and resulting weak EAWM winds
due to a reduction in ice and snow accumulation in this orbital
configuration. However, we here propose that enhanced winter
insolation at 50N may also contribute to a weak Siberian High, and
consequently a weak EAWM in this orbital configuration and under
ice-free conditions (Fig. 14). The relatively small thermal contrast
between Siberia and the northwestern Pacific Ocean causes the
northern shift of the Subarctic Front and a more stratified near-
surface water column (Fig. 15). This hypothesis further suggests
that multi-millennial- to millennial-scale fluctuations may be
enhanced in this region due to the lower temperature gradient
between high and low latitudes.

6.3. Orbital configuration for MIS 19 and the Younger Dryas-type
cooling event

The paleoclimatic and paleoceanographic records of the CbCS
accord well with glacial—interglacial orbital forcing for the interval
from late MIS 20 to early MIS 18. The regional vegetation inferred
from the pollen record, and the planktonic foraminiferal records
(380 and Tipy) all suggest that temperatures in this area were cooler
during MIS 19 than today. This is reasonably explained by CO,
concentrations during MIS 19 (Bereiter et al., 2015) that were lower
than Holocene preindustrial CO; levels (280 ppm), and conforms to
the pattern of stronger interglacials from MIS 11 onwards (Head
and Gibbard, 2015a).

In Fig. 16, we compare our late MIS 20 to early MIS 18 records to
global datasets. The deuterium isotope record of the EPICA Dome C
ice core, 5'80 records from the North Atlantic (IODP Site 1308) and

Fig. 16. Paleoclimatic and paleoceanographic changes through MIS 19. (a) 65N insolation in June and precession parameter and obliquity. (b) Deuterium isotope (Augustin et al.,
2004), and temperature change (DTs) (Jouzel et al., 2007) from deuterium content, and CO, concentration (Bereiter et al., 2015) records of the European Project for Ice Coring in
Antarctica (EPICA) Dome C ice core. (c) LR04 benthic stack (Lisiecki and Raymo, 2005) and sea level proxy (Elderfield et al., 2012). (d) 3'®0 record from the Montalbano Jonico
succession, Italy (Simon et al., 2017). (e) 3'0 stratigraphy from the Sulmona lake sediments, central ltaly (Giaccio et al., 2015). (f) 5'30 records of Ocean Drilling Program (ODP) Site
983 (Channell and Kleiven, 2000) and Integrated Ocean Drilling Program (IODP) Site 1308 (Hodell et al., 2008) from the North Atlantic. (g) 3'®0 records from the Indian Ocean (Valet
et al,, 2014). (h) A synthetic record of Greenland climate variability (3'%0) based on the thermal bipolar seesaw model (Barker et al., 2011). (i) 3'®Ostratigraphy of benthic and
planktonic foraminifera with the broadleaved pollen percentage (%) from the Chiba composite section. brown/blue lines are from the Yanagawa, Urajiro, and Kokusabata sections
(1.0 m spacing), and orange and light blue lines are from the Yoro River and Yoro-Tabuchi sections (0.2 and 1.0 m spacing). A black arrow indicates a length of the full interglacial
condition inferred from the pollen record (CbCS-2a). Location of the Younger Dryas-type cooling event is shown by a blue arrow. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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Indian Ocean (Valet et al., 2014), the LR04 benthic stack (Lisiecki
and Raymo, 2005) and the sea level proxy (Elderfield et al., 2012),
5'80 and CaCOs records from the Sulmona lake sediments, central
Italy (Giaccio et al., 2015), and a synthetic record of Greenland
climate variability based on the thermal bipolar seesaw model
(Barker et al., 2011), all show generally similar variations, including
their internal structures. A Younger Dryas-type cooling event in-
terrupts Termination IX in the North Atlantic, Indian Ocean, Sul-
mona lake records, and the synthetic Greenland climatic record, as
well as the MJS as already discussed. In the later part of MIS 19,
multi-millennial to millennial scale variations are also present.
These rapid climatic changes are most likely explained by disrup-
tions/reactivations of the Meridional Overturning Circulation
(MOC) (Tzedakis et al., 2012). A similar rapid climatic change in the
EPICA Dome C ice core is explained by the bipolar-seesaw mecha-
nism (Stocker and Johnsen, 2003). The generally consistent changes
in paleoclimatic and paleoceanographic records, in amplitude and
timing, even at the multi-millennial to millennial scale during
Termination X and the later part of MIS 19, suggest teleconnections
between the Pacific and Atlantic, and with the Indian Ocean
(Fig. 16).

Our pollen data suggest that full MIS 19 interglacial conditions
extend from 785.0 to 775.1 ka (9.9 kyr), corresponding to a peak in
benthic foraminiferal 5'80. However, the onset of full interglacial
conditions inferred from Mediterranean vegetation records tends
to be delayed relative to marine oxygen isotope signals, both in MIS
5a (Shackleton et al., 2003) and MIS 19c¢ (Marino et al., 2015). Since
the orbital configurations of MIS 1 and 19 are similar and the
vegetation record from the CbCS is generally in phase with global
climate change from MIS 20 to 18, this paleoclimatic record appears
to be especially well suited for predicting the natural duration of
the present interglacial.

In contrast, a discrepancy exists in the Sulmona lake records in
terms of the early onset of deglaciation. Although the Sulmona age
model is based on high-precision “°Ar/*°Ar chronology, its
lacustrine paleoclimatic proxies cannot be directly tuned orbitally.
Hence, the putatively old M—B boundary age of 794 ka from the
Sulmona lake sediments (Sagnotti et al., 2016; see recalculation in
Channell, 2017) requires explanation when compared with recent
estimates of 770—774 ka from numerous studies of this boundary
elsewhere (e.g., Simon et al., 2018; Channell, 2017; Channell et al.,
2016; Head and Gibbard, 2015a; Suganuma et al., 2015; Valet et al.,
2014). Although the high precision of “°Ar/*®Ar chronology is
acknowledged, its accuracy relies on assumptions that can be
questioned (Head and Gibbard, 2015a). Aside from this uncer-
tainty, a recent reanalysis of the paleomagnetic record at Sulmona
concludes that this section carries a strong modern overprint and
does not preserve a reliable and highly resolvable record of the
M-B boundary (Evans and Muxworthy, 2018). It appears therefore
that discrepancies in the Sulmona lake records can now be
disregarded.

Younger Dryas-type cooling events have rarely been docu-
mented in paleoclimate records from the last million years, other
than for terminations I and IX (inceptions of MIS 1 and 19). As-
tronomical configurations (phasing between obliquity and pre-
cession) between MIS 1 and 19 are similar and may therefore
provide common mechanisms for these events. Based on this
similarity, we suggest that the very low eccentricity with the
consequent suppression of precessional forcing amplitude, in
combination with the obliquity phasing, is a key to triggering the
Younger Dryas-type cooling event. It should also be noted that the
preceding glacial stages (last glacial maximum and MIS 20—-22)
for both MIS 1 and 19 were pronounced, and extensive ice sheets
may have established conditions favorable for the interruption of
deglaciation.

7. Conclusions

The Chiba composite section (CbCS), in the east-central part of
the Japanese archipelago facing the northwestern Pacific Ocean, is a
well-exposed, continuous and thick marine silty sedimentary suc-
cession spanning the Lower—Middle Pleistocene boundary. In this
study, we present a new high-resolution foraminiferal 880 stra-
tigraphy for the section, constrained by accurate U-Pb dating and a
finely resolved Matuyama—Brunhes polarity reversal. The results
show that the section hosts one of the most expanded and com-
plete sedimentary records available for the interval from late MIS
20 to early MIS 18. The M—B boundary has an astronomical age of
772.9 ka and is directly comparable to North Atlantic and Indian
Ocean estimates.

New pollen data show that the ratio of broadleaved tree pollen
to the total arboreal pollen excluding Pinus (broadleaved/AP)
significantly expanded during MIS 19c, while boreal coniferous
trees decreased during the peak of MIS 19 and then increased again
by MIS 18. The vegetation record is consistent with other pollen
records from east-central Japan, and generally reproduces paleo-
climatic variations seen in the Montalbano Jonico succession (M]S)
of southern Italy but at higher resolution. Comparison of the pollen
record with paleoclimatic records from eastern Eurasia (Lake Bai-
kal, Lake EI'gygytgyn, and the Chinese Loess Plateau) suggest that
all paleoclimatic perturbations are in-phase, including the Younger
Dryas-type cooling event during Termination IX, and millennial-
scale climatic instability in the later part of MIS 19. These data
suggest that regional-scale vegetational changes from the CbCS
reflect glacial—interglacial global climate from late MIS 20 to early
MIS 18. The possible influence of Earth’s magnetic field intensity on
regional/global climate, as recently suggested from the pollen re-
cord of Osaka Bay in western Japan, is not supported by our record.

Mg/Ca paleotemperatures for G. inflata (Tiyf) and radiolarian
concentrations, both from the CbCS, suggest that ocean tempera-
tures and biogenic production in the northwestern Pacific Ocean
were modulated by glacial—interglacial orbital forcing from late
MIS 20 to early MIS 18. In addition, marine microfossil assemblages
and 880 planktonic trends reveal clear multi-millennial to
millennial scale variations during Termination IX and the later part
of MIS 19. Data from our paleoceanographic proxies indicate that
fluctuations of the Subarctic Front in the northwestern Pacific
occurred during glacial to interglacial, and interglacial to glacial,
transitions.

The northward migration of the Kuroshio Current at ~770 ka
following the MIS 19 maximum, influenced by the North
Pacific—Siberian pressure contrasts, is thought to be caused by a
weakening of the EAWM (East Asian winter monsoon). Although
the less-severe summer insolation minima at 65N have been pro-
posed as the cause of the weak Siberian High (Hao et al., 2012), we
also suggest that enhanced winter insolation at 50N led to the weak
Siberian High, and a weak EAWM in this orbital configuration. Due
to the smaller temperature gradient between the high and low
latitudes of East Asia, multi-millennial- to millennial-scale climatic
and paleoceanographic fluctuations may be enhanced in the later
part of MIS 19 in this setting.

Regional vegetation and geochemical records (oceanic paleo-
temperature proxies) suggest that the temperature in this area was
lower during MIS 19 than today, which is reasonably explained by
the lowered atmospheric CO, concentrations during MIS 19
(Bereiter et al., 2015). The duration of full interglacial conditions
during MIS 19 is estimated to be 9.9 kyr (785.0—775.1 ka) which has
relevance in predicting the natural duration of the present inter-
glacial. Paleoclimatic records from other sites in the Northern
Hemisphere, including the CbCS, show persistent multi-millennial
to millennial scale variations, especially during Termination IX
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and the later part of MIS 19. These synchronous changes suggest
Pacific, Atlantic, and Indian teleconnections. We propose that the
reduced amplitude of the 400-ky eccentricity cycle and preces-
sional forcing combined with the obliquity phasing, along with
extensive preceding glaciations, may have triggered the Younger
Dryas-type cooling events in terminations I and IX (MIS 1 and 19).

Our records of the CbCS demonstrate the importance of
millennial-scale resolution in understanding the Earth’s climate
system, especially during MIS 19. The M—B boundary is the primary
chronological marker for the Lower—Middle Pleistocene Subseries
boundary (Head et al., 2008), which is in the process of being
defined by a Global Boundary Stratotype Section and Point (GSSP;
Head and Gibbard, 2015b). Our detailed analyses show that the
CbCS would serve as a uniquely suitable location for the Middle
Pleistocene GSSP.
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Fig. 5. Chronostratigraphic correlations between the Kazusa Group, including the Chiba composite section (CbCS), and the Inubo Group. The CHOSHI-1 core is thought to recover
the homogeneous hemipelagic silt/clay sediments of the Inubo Group (Ozaki, 1958; El-Masry et al., 2002), and the age model is based on visual matching with the sea level proxy of
Elderfield et al. (2012). The LR04 benthic stack (Lisiecki and Raymo, 2005) is also shown for comparison. VPDB: Vienna Pee Dee Belemnite, MIS: Marine Isotope Stage. The ages of the
MIS boundaries follow Lisiecki and Raymo (2005) and are taken from http://www.lorraine-lisiecki.com/LR04_MISboundaries.txt. To refine marker tephra correlation, we have newly
measured major elemental compositions of the volcanic glass shards from these tephra beds (Supplementary Table 1 and Fig. 2). Our data show that the major elemental com-
positions of Kul and Ku2B are similar those of Yk9a and Yk8.5, confirming this correlation. Oxygen isotopes in the CHOSHI-1 core and the Yoro River section are from Kameo et al.

(2006) and Pickering et al. (1999), respectively.
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