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Pliocene integrated chronostratigraphy
from the Anno Formation, Awa Group,
Boso Peninsula, central Japan, and its
paleoceanographic implications
Yuki Haneda1* and Makoto Okada2

Abstract

The Pliocene climate is one of the best analogs for the climate of a globally warmer future. Here, we present a new
Pliocene integrated chronostratigraphy from the Anno Formation in the uppermost Awa Group, which is
distributed throughout the Boso Peninsula, central Japan, based on paleomagnetic and benthic foraminiferal
oxygen isotope records. This new chronostratigraphy provides valuable constraints for paleoceanographic and
paleoclimatic studies in the northwestern Pacific Ocean, where the number of paleoceanographic records is limited
due to the lack of calcareous microfossils from deep-sea sediment cores, with the exception of some plateaus at
water depths above the calcite compensation depth (CCD). Paleomagnetic results indicate that the Anno
Formation corresponds to the period extending from the Nunivak normal polarity subchronozone (4.493–4.631 Ma)
to Chron C2An.2n (3.116–3.207 Ma), which is just above the Mammoth reversed polarity subchronozone. Although
foraminifera are not found in the middle Anno Formation, our oxygen isotope records from the upper and lower
Anno Formation demonstrate the recording of glacial–interglacial cycles. However, the amplitude of our δ18O
profile is much larger than that of the LR04 stack, with similar to slightly lower glacial values and much lower
interglacial values. This observation implies that the bottom water had lower δ18O values and/or a warmer water
mass during interglacials compared with global average deep-water regions.
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Introduction
During the Pliocene, Earth’s climate was substantially
warmer; it was characterized by limited variations in ice
volume, global temperatures that were ~ 2–3 °C higher
relative to the present day, CO2 concentrations that were
comparable to or higher than those today, suppressed
Northern Hemisphere glaciation, and fully established
East and West Antarctic Ice Sheets (Lisiecki and Raymo
2005; Naish et al. 2009; Lunt et al. 2010; Seki et al. 2010;
Salzmann et al. 2011; De Schepper et al. 2014). There-
fore, the Pliocene climate is one of the best analogs for a
globally warmer future climate (Salzmann et al. 2011).
However, Pliocene paleoceanographic records from the

northwestern Pacific Ocean are limited, which is attrib-
utable to the lack of calcareous microfossils from
deep-sea sediment cores, with the exception of some
plateaus at water depths above the Pacific calcite com-
pensation depth (CCD).
The upper Awa Group is a middle Miocene–upper

Pliocene marine deposit that is distributed throughout
the Boso Peninsula and faces the North Pacific subarctic
front between the Kuroshio and Oyashio Currents,
which are wind-driven western boundary currents
(Suzuki et al. 1995; Qiu 2001; Fig. 1a, b). In this deposit,
calcareous nannofossils, foraminifera, radiolaria, and dia-
toms are well preserved (Oda 1977; Haga and Kotake
1996; Watanabe and Takahashi 2000; Kameo et al. 2002;
Sawada et al. 2009; Kameo et al. 2010; Kameo and
Sekine 2013), and widespread tephra beds are interca-
lated with these sediments (Kurokawa and Higuchi
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2004; Satoguchi et al. 2005; Tamura et al. 2005; Tamura
et al. 2008; Tamura and Yamazaki 2010; Satoguchi and
Nagahashi 2012). Therefore, the Awa Group is known as
a typical Neogene sequence in Japan, and it is suitable
for reconstructing paleoceanographic environments dur-
ing that period in the northwestern Pacific Ocean. How-
ever, no chronostratigraphy with a time resolution

comparable to the span of glacial–interglacial cycles has
yet been established. Here, we present a new Pliocene
integrated chronostratigraphy based on new magnetos-
tratigraphy and oxygen isotope stratigraphy results,
which we constrain using existing calcareous nannofossil
data and the radiometric dating results obtained from
tephra beds in the Anno Formation of the uppermost

(a) (b)

(c) (d)

Fig. 1 Location map of the study site and stratigraphic summary of the Awa Group. a The Japanese archipelago with surface oceanography and
tectonic setting. Surface oceanic currents are drawn after Qiu (2001). Tectonic setting is drawn after Tatsumi et al. (2016). b Distribution of the
Awa and Kazusa Groups on the Boso and Miura Peninsulas based on Mitsunashi and Suda (1980), Unozawa et al. (1983), Sakamoto et al. (1987),
and Takeuchi et al. (2015). c Distribution of the upper Awa Group. The Anno, Kiyosumi, Amatsu, and Kinone Formations in the Futtsu District are
based on Nakajima and Watanabe (2005). The dashed box indicates the study area. d Typical stratigraphies of the upper Awa Group and
lowermost Kazusa Group in the western Boso Peninsula are based on Nakajima and Watanabe (2005), and detailed stratigraphies are based on
previous studies marked with asterisks. Calcareous nannofossil assemblage zonal schemes follow the CN and NN zonal code notations after
Okada and Bukry (1980) and Martini (1971), respectively. Planktonic foraminiferal assemblage zonal schemes follow the N zonal code notation
after Blow (1969). *1 Nakajima and Watanabe (2005), *2 Niitsuma (1976), *3 Kameo and Sekine (2013), and *4 Oda (1977)
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Awa Group. We also discuss the paleoceanographic im-
plications of the benthic foraminiferal oxygen isotope
record.

Geological setting
The upper Awa Group is a middle Miocene–upper Plio-
cene forearc basin-fill deposit situated in the northern
Hayama-Mineoka belt in the Boso Peninsula, which is
located on the Pacific side of central Japan (Ito et al.
2016; Fig. 1a, b). The upper Awa Group consists of the
Kinone, Amatsu, Kiyosumi, and Anno Formations, in as-
cending order, and it is unconformably overlain by the
Kurotaki Formation above the Kurotaki Unconformity;
this formation represents the lowermost Kazusa Group
(Nakajima et al. 1981; Nakajima and Watanabe 2005;
Fig. 1c, d). The erosion of the eastern Awa Group across
this unconformity is larger than that in the western part.
The resultant age gap in the western Boso Peninsula was
inferred to be at least 1 million years based on the calcar-
eous nannofossil biostratigraphy (Kameo and Sekine
2013). In contrast, the erosion reaches down to the
Kiyosumi Formation in the eastern part of the peninsula,
where the Anno Formation is completely missing (Toku-
hashi and Iwawaki 1975).
The Anno Formation is a submarine fan deposit that

settled within a submarine basin above the Kiyosumi
Formation (Nakajima 1978; Tokuhashi 1988). It consists
of the siltstone-dominated alternation of siltstones and
sandstones with intercalated tephra beds. The siltstone
becomes coarser toward the west, while the sandstone
becomes thinner. In the westernmost Boso Peninsula,
the Anno Formation consists of the alternation of sandy
siltstones and tephra beds (Nakajima et al. 1981; Naka-
jima and Watanabe 2005). The uppermost Anno Forma-
tion, which has been named the Kunawa sandstone
member, consists of sandstone and tuffaceous sandstone
(Nakajima and Watanabe 2005). A total of 182 tephra
marker beds labeled An1 through An182 are numbered,
in ascending order, from the bottom to the top of the
formation (Nakajima et al. 1981; Natural History Mu-
seum and Institute, Chiba 1993, 1995, 1996). Some
tephra marker beds (An51, An53, An77, An85, An112,
An129, and An130) are widely recognized throughout
the Japanese Islands and are known as Trb1-Ya4, Sk-Ya5,
Ksg-An77, Znp-Ohta, Ymp-SF8.3, Hgs-An129, and
Sr-Ity, respectively (Kurokawa and Higuchi 2004; Sato-
guchi et al. 2005; Tamura et al. 2005, 2008; Tamura and
Yamazaki 2010; Satoguchi and Nagahashi 2012). In par-
ticular, the Znp-Ohta and Sr-Ity tephra beds, which fa-
cilitate the comparison of Pliocene stratigraphies and
paleoenvironmental records between the Japan Sea and
the northwestern Pacific Ocean, have also been observed
at the deep-sea sediment cores in the Japan Sea (Tada et
al. 2018).

Previous chronostratigraphic studies of the Anno Formation
Magnetostratigraphy (Niitsuma 1976), planktonic fora-
miniferal biostratigraphy (Oda 1977), calcareous nanno-
fossil biostratigraphy (Kameo and Sekine 2013), and
fission track dating (Tokuhashi et al. 2000) studies have
been conducted on the Anno Formation (Fig. 1d).
Niitsuma (1976) analyzed the remanent magnetization
of sedimentary rocks from the upper Awa and Kazusa
Groups using an astatic magnetometer and correlated
the Anno Formation to the interval ranging from the
upper Nunivak normal polarity subchronozone to the
lower Gauss normal polarity chronozone. Meanwhile,
Oda (1977) reported the planktonic foraminiferal assem-
blages of the Awa Group and correlated the lower–mid-
dle Anno Formation with the N18–N19 zones (Blow
1969). However, because these magneto–biostratigraphic
studies were conducted before the current extensive
tephra stratigraphic system was prepared, the strati-
graphic correlations between bioevent horizons, polarity
reversal horizons, and tephra marker beds have
remained ambiguous. More recently, Kameo and Sekine
(2013) correlated the Anno Formation with the calcar-
eous nannofossil zones CN11–CN12a (Okada and Bukry
1980) and NN15–NN16 (Martini 1971), thereby facilitat-
ing the stratigraphic correlations between those bioe-
vents and tephra marker beds.
Some radiometric ages have also been reported for tephra

markers and widespread tephra beds that can be correlated
with those in the Anno Formation. Tokuhashi et al. (2000)
reported fission track ages for An49 (3.9 ± 0.4 Ma) and
An73 (3.7 ± 0.2 Ma) following the ζ-calibration (Hurford
1990a) of tephra marker beds from the lower Anno Forma-
tion. The Kosugaya volcanic ash bed in the Tokai Group
(known as Ksg-An77) was dated to 4.0 ± 0.5 Ma using fis-
sion track dating (Makinouchi et al. 1983). Similarly, the
Nakatsugawa I and II volcanic ash beds in the Tokai Group
correlate to An85 (known as Znp-Ohta) and were dated to
3.97 ± 0.39 Ma and 3.94 ± 0.07 Ma using fission track and
U-Pb dating methods, respectively (Ueki et al. 2018). These
radiometric ages can help constrain the chronostratigraphy
presented below.

Methods/Experimental
Field observations
We conducted lithological observations of the Anno
Formation from the tephra marker bed of An1, which
marks the base of the Anno Formation, to its upper
limit at the Kurotaki Unconformity along the
Shikoma River, where the Awa Group is well exposed
(Fig. 1c). We constructed a 1/2500 route map (Fig. 2)
and a 1/50 lithologic column (Fig. 3), in which the
tephra marker beds follow the reports of Nakajima et
al. (1981), the Natural History Museum and Institute,
Chiba (1993, 1995, 1996), and Nakajima and
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Watanabe (2005), to develop a reliable stratigraphic
framework of the studied sequence.

Paleomagnetic and rock-magnetic measurements
One to four drill cores (with 25-mm diameters) for
rock-magnetic and paleomagnetic measurements were
obtained at 200 horizons from siltstones or sandy silt-
stones (Figs. 2 and 3). These samples were collected
using a portable drill and were oriented with a magnetic
compass. Then, each paleomagnetic core was cut into a
2-cm-long specimen for paleomagnetic and rock-
magnetic measurements at Ibaraki University.
The natural remanent magnetization (NRM) of each

specimen was measured using a three-axis cryogenic
magnetometer (SRM-760R; 2G Enterprises, USA) in a
magnetically shielded room at the National Institute of
Polar Research (NIPR) and the Center for Advanced
Marine Core Research, Kochi University (KCC). To ex-
tract the primary magnetic component that indicates the
geomagnetic field when a given geologic formation was
formed, we conducted two demagnetization experiments

to remove secondary components from the NRMs. Pro-
gressive alternating field demagnetization (pAFD) was
performed in 5- to 10-mT increments from 5 to 80 mT
using an AF demagnetizer with a set of static three-axis
AF demagnetization coils installed on the magnetometer
at the NIPR. Progressive thermal demagnetization
(pThD) was performed at 50 °C increments from 100 to
600 °C using thermal demagnetizers (TDS-1; Natsuhara
Giken, Japan) at the NIPR and KCC. Both progressive
demagnetization techniques were performed on two se-
lected specimens at each horizon.
Two experiments were conducted on selected speci-

mens to identify the magnetic minerals in specimens.
Thermomagnetic experiments were performed using a
thermomagnetic balance (NMB-89; Natsuhara Giken,
Japan) at the KCC. The specimens were heated to 700 °C
and then cooled back to room temperature in a vacuum in
an applied field of 0.3 T. The J-T curves obtained by these
experiments allow us to infer the magnetic minerals in
specimens based on their Curie/Néel temperatures, block-
ing temperatures, and temperatures of thermal alteration.
Low-temperature magnetic experiments were performed
using a Magnetic Property Measurement System (XL5;
Quantum Design, USA) at the KCC. The specimens were
magnetized in a 1 T field and warmed to 300 K after cool-
ing to 10 K in a zero-T field. Such experiments reveal the
magnetic phase transition temperatures of the magnetic
minerals included in a specimen without causing their al-
teration due to heating and/or oxidation.
Measurements of the magnetic hysteresis curve and

first-order reversal curves (FORCs) were performed to
infer the magnetic domain states of the magnetic parti-
cles within the studied specimens. The state of the mag-
netic domain is divided into a single domain (SD), a
multi-domain (MD), and a magnetic vortex state, which
has traditionally been termed the pseudo-single domain
(PSD) (Roberts et al. 2017). The domain state depends
on the grain size of the magnetic particles. The magnetic
grains of the SD and/or vortex state (PSD), in which the
grain size is much finer than that of the MD, play an im-
portant role in paleomagnetism because the magnetic
stability is high enough to keep original magnetic signals
throughout geologic time. Therefore, knowledge about
the magnetic domain of magnetic particles within a
studied sample is significant for validating paleomagnetic
data. Magnetic hysteresis measurements were performed
on selected specimens using an alternating gradient
magnetometer (PMC MicroMag 2900 AGM; Lake Shore
Cryogenics Inc., USA) at the NIPR with a maximum
magnetic field of 0.5 T. The Day diagrams (Day et al.
1977) was used to determine a broad distribution of the
magnetic domain states of ferrimagnetic particles based
on the saturation remanence to saturation magnetization
(Mrs/Ms) ratios and remanence coercivity to coercive

Fig. 2 Locations of tephra marker beds and sampling sites within
the study area
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Fig. 3 Simplified lithology of the Anno Formation within the study area and sampling horizons. The thickness of the sequence is measured from
the base of tephra marker bed An1, which is the boundary between the Kiyosumi and Anno Formations. Sak, Amg, Tkw, and Tak are the names
of slump beds from Nakajima and Watanabe (2005)
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force (Hcr/Hc) ratios, which were observed from the
magnetic hysteresis curves. FORC measurements were
performed on selected samples using a vibrating sample
magnetometer (PCM MicroMag 3900 VSM; Lake Shore
Cryogenics Inc., USA) at the KCC. We measured 143
FORCs for each sample, with a field increment of 2 mT
and an average time of 150 ms, in a 1 T saturating field.
A FORC diagram represents a contour plot of the coer-
civity distribution of magnetic particles within a sample
and their interaction field strengths (Pike et al. 1999;
Roberts et al. 2000; Rowan and Roberts 2006). FORC
distributions were calculated using a smoothing factor of
5 with the free FORCinel software (Harrison and
Feinberg 2008).

Oxygen isotope analysis
Rock samples with dry weights of 300–400 g were ob-
tained at the same horizons as paleomagnetic cores and in
10 horizons representing a total of 210 samples (Figs. 2
and 3). These samples were disaggregated using Na2SO4,
and non-magnetic grains, including fossil foraminifera,
were isolated from magnetic grains using a Frantz mag-
netic isodynamic separator. We manually picked benthic
foraminiferal tests of Bolivinita quadrilatera, Melonis
pompiloides, and Uvigerina spp. from the non-magnetic
and > 100 μm fractions of each sample. Selected foraminif-
eral tests were crashed and cleaned by ultrasonication in
methanol for sample preparation. Oxygen isotope mea-
surements were performed using a Finnigan-MAT 253
isotope ratio mass spectrometer with a Kiel IV carbonate
device installed at the Department of Geology and
Paleontology, National Museum of Nature and Science
(NMNS) and a GV Instruments Ltd. IsoPrime stable iso-
tope mass spectrometer with the Multicarb preparation
system installed at the KCC. JCp-1, CO-1, and NBS-19
were used as analytical standards to calibrate the isotopic
values to the Vienna Pee Dee Belemnite (VPDB). The ana-
lytical precision of the oxygen isotopes obtained from the
replicated CO-1 measurements at the KCC is 0.049‰,
and that for the oxygen isotopes obtained from the repli-
cated NBS-19 measurements at the NMNS is 0.038‰.

Results and discussion
Rock-magnetic properties
The results of the thermomagnetic and low-temperature
magnetic analyses of the two selected specimens are
shown in Fig. 4. The thermomagnetic experiments
performed in vacuum demonstrate that the specimens
have a single Curie/blocking temperature at approximately
570 °C, without steep changes occurring throughout the
heating and cooling processes, although the normalized
induced magnetization (J/J0) through cooling is slightly
larger than that through heating (Fig. 4a, b). These results
indicate that the specimens contain (titano)magnetite with

a Curie temperature close to that of magnetite at 585 °C
(e.g., Hunt et al. 1995). The cooling curves are not revers-
ible because of the degradation of iron oxyhydroxides
within the specimens into ferrimagnetic minerals through
heating or the minor thermal alteration of titanomagnetite
(Bowles et al. 2013).
The low-temperature remanence curves (Fig. 4c, d) in-

dicate the presence of a Verwey transition, where the
magnetite transforms from a monoclinic to a cubic
spinel structure between 110 and 120 K (Verwey 1939;
Özdemir et al. 1993); the curves are characterized by a
rapid remanence decline of 30–40% from 10 to 50 K,
with a broad Verwey transition from 100 to 120 K.
Özdemir et al. (1993) reported that the Verwey transi-
tion tends to shift to lower temperatures with a wider
transition temperature range because of maghemitiza-
tion (oxidation) occurring on the surface of magnetite.
The rapid decrease in remanence occurring between 10
and 50 K is considered due to the influence of superpar-
amagnetic particles (Özdemir et al. 1993; Özdemir and
Dunlop 2010).
The Day diagram of selected specimens is shown in

Fig. 5. The boundaries of the magnetic domain state re-
gions for the Day diagram are indicated after Dunlop
(2002). Almost all of the specimens fall into the vortex
state (PSD) (Roberts et al. 2017) region, which can also
be explained as mixtures of particles in the SD and MD
states, although the data distribution is quite wide.
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Fig. 4 Typical results of thermal magnetic and low-temperature
magnetic experiments. Vertical axes indicate normalized values. a, b
Results of thermal magnetic experiments in vacuum. Red and blue
lines indicate induced magnetizations during heating and cooling,
respectively. c, d Results of low-temperature magnetic experiments
using specimens from the same horizons as (a) and (b), respectively
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The FORC diagrams in Fig. 5 show the distributions
of the magnitudes of magnetic interaction (Bi) and co-
ercivity (Bc) for three selected specimens whose data
fall into a wide range of the vortex state (PSD) region
in the Day diagram. In a FORC diagram, the vertical
and horizontal axes provide the magnitudes of Bi and
Bc, respectively. For example, MD particle systems with
weak domain wall pinning give rise to broad distribu-
tions along a vertical axis with low coercivities. In con-
trast, noninteracting uniaxial SD particle systems
produce a sharp ridge-like horizontal distribution with-
out a broad distribution along a vertical axis (Roberts
et al. 2017, and references therein). In Fig. 5, MM11,
which is close to the SD region, shows a horizontal
ridge-like distribution by a coercivity of ~ 90 mT with a
narrow distribution of Bi between ± 20 mT, and it is
similar to the FORC distributions obtained for SD par-
ticle systems (e.g., Pike et al. 1999; Roberts et al. 2000).
HN66, which is close to the MD region, produces a
broad distribution of Bi between ± 60 mT with a high
coercivity of ~ 60 mT. MM15, which falls into an inter-
mediate vortex state (PSD) region in the Day diagram,
shows a distribution as broad as that of HN66 along a
vertical axis but a higher coercivity than HN66. These
two FORC distributions are typical distributions of
magnetic vortex state (PSD) particles (Roberts et al.
2017), although the distribution for HN66 seems to be
reflected in a larger magnetic particle size. Therefore,
the results of the rock-magnetic experiments indicate
that the magnetic particles within the studied speci-
mens generally consist of vortex state (titano)magnetite,
which could acquire detrital remanent magnetization
(DRM) as a primary magnetic signal.

Remanent magnetization
Typical orthogonal vector diagrams (Zijderveld 1967) for
the NRMs obtained from pAFD and pThD are shown in
Fig. 6. Most of the results from pAFD indicate that the
NRMs consist of one or two characteristic remanent
magnetizations (ChRMs). Secondary magnetization com-
ponents were removed at a peak field of 15 mT, and the
remanences demagnetize linearly toward the origin, but
half of the intensity was removed by 10 mT for some
specimens (Fig. 6a). The demagnetization paths for the
pThD results also consist of one or two components,
with the secondary components demagnetized by 200–
300 °C (Fig. 6). The remanences were linearly demagne-
tized toward the origin by 600 °C without any curvilinear
demagnetization paths. These results indicate that both
methods provide almost identical demagnetization paths
for each specimen (Fig. 6b–d), although the specimen in
Fig. 6a had a pAFD path with a partly overlapping coerciv-
ity spectrum. The components linearly demagnetized to-
ward the origin by 600 °C are carried by (titano)magnetite,
which indicates that the primary magnetic signal is DRM.
In Fig. 6e, three components are evident, namely low-

(0–150 °C), medium- (200–350 °C), and high-
temperature (400–600 °C) components in the pThD
result. In contrast, only one component shows a linear
trend to the origin in the pAFD result, which has a dir-
ection similar to the low-temperature component in the
pThD result. Specimens with different demagnetization
patterns between pAFD and pThD, as shown in Fig. 6e,
originate from horizons that record polarity transitions.
This observation indicates that a low-temperature com-
ponent of pThD resulting from a polarity transition is
carried by a magnetically hard but low-Curie/Néel
temperature mineral, such as goethite.
The geomagnetic field decays by approximately one order

of magnitude during polarity transitions based on data sets
derived from marine sediments (e.g., Valet et al. 2005) and
lavas (e.g., Mochizuki et al. 2011). Sediment samples from
transition zones tend to record the field, as there is no clear
univectorial component attenuating to the origin, but as
scattered data points because of the rapidity of geomagnetic
changes in a weak field, which may generate multiple rem-
anence components due to an acquisition mechanism of
DRM (Valet and Fournier 2016). These studies suggest that
a primary remanence recorded by a sedimentary rock dur-
ing a polarity transition may be represented as a noisy com-
ponent, and its intensity becomes much weaker than a
secondary remanence recorded after the post-transitional
recovery of the geomagnetic field.
From the Awa Group, Niitsuma (1976) observed goeth-

ite with a reflecting microscope in specimens with weak
remanence and reported that thermal demagnetization at
200 °C was required to remove secondary remanence.
These observations suggest that the secondary remanence

Fig. 5 Day diagram of hysteresis parameters and FORC diagrams for
selected specimens. SD single domain, PSD pseudo-single domain,
MD multi-domain; after Dunlop (2002)
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is likely carried by goethite, which is characterized by a
very high coercivity but a low Néel temperature of ap-
proximately 100–150 °C (O’Reilly 1984). The coercivity of
goethite varies from ~ 25 to ~ 314 mT depending on its
crystalline size (Dekkers 1989), and it could not be satu-
rated even in an applied field of 57 T (Rochette et al. 2005).
On the other hand, poorly crystalline nanophase goethite
has low coercivity (Till et al. 2015, 2017). Although these
studies indicate that the coercivity of goethite varies within
a few orders of magnitude depending on the type of goeth-
ite, the secondary remanence carried by goethite is gener-
ally difficult to remove by AF demagnetization due to its

high coercivity, and its thermal demagnetization is suitable.
Therefore, the low-temperature component (Fig. 6e), which
is probably composed of the chemical remanent
magnetization (CRM) carried by goethite, may be dominant
in the NRM from polarity transition horizons where pThD
is needed to remove the CRM originating from goethite.
Thus, we use the virtual geomagnetic pole (VGPs) from the
ChRMs obtained from the pThD results to distinguish geo-
magnetic polarities (Additional file 1: Table S1).
The ChRM declinations from both demagnetization

methods clearly indicate a clockwise rotation of declina-
tions (Fig. 7b), which implies that the Anno Formation

(a) (b)

(c)

(e)

(d)

Fig. 6 Typical results of progressive alternating field demagnetization (pAFD) and progressive thermal demagnetization (pThD). a, e Results from
the polarity transitions. b, c Results from the normal palarity zones. d Result from the reversed polarity zone. Blue, light green, and red arrows in
(e) represent low- (0–150 °C), medium- (200–350 °C), and high-temperature (400–600 °C) declination components, respectively
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along the Shikoma River experienced a regional tectonic
rotation as described below. The ChRM declination
anomalies (degrees from geographic north) from pThD are
shown in Fig. 7a, where reversed polarity declinations were
converted into normal polarity ones, except for the transi-
tional zones, which are indicated as vertical gray bars. The
declination anomalies undergo a stepwise change at the
stratigraphic position of 223 m. We took the averages and
95% confidence limits of the declinations within their re-
spective stratigraphic segments as follows: 26.3 ± 4.0° for 0–
223 m and 9.0 ± 3.0° for 223–307 m. Consequently, we cor-
rected the ChRM declinations by subtracting these averages
before making VGP calculations. Then, we identified mag-
netic polarities based on the VGP latitudes, where latitudes
of > 45° denote normal polarity, latitudes of < − 45° denote
reversed polarity, and latitudes of < |45|° denote inter-
mediate polarity. Therefore, we identified six polarity tran-
sitions over stratigraphic intervals of 9.1–10.9 m, 50.75–

55.4 m, 64.2–70.1 m, 222.45–223.7 m, 294.1–298 m, and
305.95–309.7 m (Fig. 7d, f; Additional file 1: Table S1).

Magnetostratigraphy
The VGP latitude variations plotted with tephra marker
beds and other data obtained from previous studies and
the resultant polarity reversal horizons in the Anno
Formation are shown in Fig. 8 and Table 1. The calcar-
eous nannofossil biostratigraphy of the Anno Formation
was reconstructed by Kameo and Sekine (2013), who
correlated the stratigraphic intervals of the tephra
marker beds between An94 and An100, An117 and
An128, and An146 and An158 to the last occurrence
(LO) of Reticulofenestra pseudoumbilicus (3.79 Ma; Lou-
rens et al. 2004), the LO of Sphenolithus spp. (3.65 Ma;
Lourens et al. 2004), and the LO of Reticulofenestra min-
utula var. A (3.31–3.44 Ma; Kameo and Takayama
1999), respectively (Fig. 8a–c). We note that the LO of
R. pseudoumbilicus is represented between An94 and
An102 in Fig. 8 because An100 was not observed in the
Shikoma River section. We correlated the polarity zones
using the Geomagnetic Polarity Time Scale 2012 (Ogg
2012) based on the calcareous nannofossil stratigraphy
(Kameo and Sekine 2013). The basal age of the Anno
Formation was reported to be approximately 4.5 Ma be-
cause the LO of Amaurolithus spp. correlates to just
below Ky31 (Kameo et al. 2010), which is the uppermost
tephra marker bed for the Kiyosumi Formation. There-
fore, the lowermost polarity transition, which is observed
at the 9.1–10.9 m interval between tephra marker beds
An3 and An4, corresponds to the top of the Nunivak
normal polarity subchronozone (4.493 Ma). The polarity
transitions observed at 50.75–55.4 m and 64.2–70.1 m
are correlated to the bottom (4.300 Ma) and top
(4.187 Ma) of the Cochiti normal polarity subchrono-
zone, respectively. These correlations are consistent with
the fission track age of the An49 bed (3.9 ± 0.4 Ma;
Tokuhashi et al. 2000) and the stratigraphic position of
the LO of R. pseudoumbilicus (3.79 Ma), which is lo-
cated approximately 70 m above this horizon (Kameo
and Sekine 2013; Fig. 8c). The polarity transition at
222.45–223.7 m (between An129 and An130) is corre-
lated to the Gilbert–Gauss boundary (3.596 Ma) because
the interval between An117 and An128 corresponds to
the LO of Sphenolithus spp. at 3.65 Ma (Kameo and
Sekine 2013; Fig. 8). Based on the stratigraphic position
of the LO of R. minutula var. A (3.31–3.44 Ma) (Kameo
and Sekine 2013), the polarity transitions at 294.1–
298 m (just below An155) and 305.95–309.7 m (within
An157) correspond to the bottom (3.330 Ma) and top
(3.207 Ma) of the Mammoth reversed polarity subchro-
nozone, respectively.
Tectonic rotations associated with the collision of the

Izu-Bonin Arc with the Japanese Honshu Arc have been

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 7 Paleomagnetic direction profiles for the studied sequence. a
Declination anomaly of declinations from true north (0°) deduced
from the ChRM directions from pThD results. The horizontal dashed
line and light blue shading indicate the average declination and its
95% confidence limit for each stratigraphic interval, respectively. b
Declinations of ChRMs from pAFD (red) and pThD (gray) and
corrected declinations from pThD in which the average declinations
are adjusted to true north (blue). c Inclinations of ChRM directions
from pAFD (red) and pThD results (blue). d Virtual geomagnetic pole
(VGP) latitudes from corrected ChRM directions from pThD
results shown in (b) and (c). Black, white, and gray circles indicate
normal, reversed, and intermediate polarities, respectively. e
Maximum angular deviation (MAD) values of ChRMs from pThD
results. The horizontal dashed line indicates MAD of 15°, which is
the criterion for extracting of ChRMs in this study. f Polarities based
on the VGP latitudes shown in (d). Black, white, and gray bars
indicate normal, reversed, and intermediate polarities, respectively
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Fig. 8 (See legend on next page.)
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recognized from Miocene–Pleistocene sediments in the
Boso and Miura Peninsulas (Fig. 1a). Amano (1991)
identified four accreted thrust-bounded blocks (i.e., the
Kushigata-yama, Misaka, Tanzawa, and Izu blocks)
within the Izu collision zone (ICZ) (Fig. 1a) and pro-
posed that these blocks collided at 12, 9–7, 5–3, and
1 Ma, respectively. Based on paleomagnetic measure-
ments in the southern Boso Peninsula, Kotake et al.
(1995) reported an early Pleistocene clockwise rotation
of 10–13° associated with the Izu block collision. Yama-
moto and Kawakami (2005) also reported that a late
Miocene accretionary prism and early Pliocene
trench-slope cover sediments in the southern Boso
Peninsula underwent clockwise rotations of up to 80°
between 6.80 and 3.75 Ma due to the collisions of the
Tanzawa and/or Izu blocks. In the Miura Peninsula (Fig.
1a), the late Miocene sediments underwent clockwise ro-
tation due to the Izu-Bonin Arc collision, which occurred
after 4 Ma (Yoshida et al. 1984). Moreover, the
paleomagnetic record of Pliocene sediments during the
Mammoth reversed polarity subchronozone in the Miura
Peninsula shows a clockwise rotation of 28.4° (Utsunomiya
et al. 2017). Several paleomagnetic studies have implied
that the collisions of the Izu-Bonin Arc affected the
paleomagnetic directions of Miocene–Pleistocene sedi-
ments in the Boso and Miura Peninsulas. Based on our
paleomagnetic record, the paleomagnetic declinations in
the Anno Formation exhibit clockwise rotation, and the
trend of declination anomalies varies at approximately

3.6 Ma (Figs. 7 and 8). These results indicate that the
Anno Formation in the western Boso Peninsula was af-
fected by the collisions of the Tanzawa and/or Izu blocks.

Oxygen isotope stratigraphy
Oxygen isotope analyses were mainly conducted on the 0–
59 m and 221–315 m stratigraphic intervals because only a
small number of foraminiferal tests were obtained from the
interval between 59 and 221 m. The foraminifera species
used for stable isotope analyses should be identical in a
stratigraphic sequence because of differences in the isotopic
values between different species, even if they are from the
same rock sample. In this study, there are three dominant
benthic foraminifera, Uvigerina spp., B. quadrilatera, and
M. pompiloides. Therefore, we carried out an interspecies
correlation to calibrate the δ18O values obtained from B.
quadrilatera (δ18OBo) and M. pompiloides (δ18OMe) to the
δ18O values of Uvigerina spp. (δ18OUv), which is a genus
that is globally used to construct oxygen isotope stratigra-
phies. We extracted 18 sets from B. quadrilatera and M.
pompiloides and 11 sets from B. quadrilatera and Uviger-
ina spp. in which these 2 species coexist in the same rock
sample, and we obtained the average differences between
these pairs of species as follows: δ18OBo − δ18OMe = 0.56 ±
0.09‰ and δ18OBo − δ18OUv = − 0.16 ± 0.22‰ (errors are
standard deviations). Therefore, we corrected δ18OBo and
δ18OMe to δ18OUv using additional values of 0.16‰ and
0.72‰, respectively (Additional file 2: Table S2).
The resultant oxygen isotope profile fluctuates between

1.68 and 3.61‰, with an average value of 2.72‰ (Fig. 8;
Additional file 3: Table S3). To reconstruct an age model
for the Anno Formation, our oxygen isotope profile was
correlated with the LR04 stack as a target curve (Lisiecki
and Raymo 2005). Based on the visual correlation between
the oxygen isotope profile of the Anno Formation and the
LR04 stack, we assigned 24 tie points where the LR04
stack exhibited either a peak or a trough to complete the
magnetostratigraphy (Fig. 9; Table 1). Based on the result-
ant age model, the stratigraphic interval between tephra
marker beds An1 and An30 corresponds to marine iso-
tope stage (MIS) N4 through Co4, although MIS CN1,
CN2, CN3, CN6, and CN7 are missing because they are

(See figure on previous page.)
Fig. 8 Summary of geochronological data for the Anno Formation. a Tephra marker beds and slump bed names. Red tephra marker beds
indicate widespread tephra. b Lithological column for the study area. c Age constraints from previous studies. Vertical arrows indicate the
calcareous nannofossil data from Kameo and Sekine (2013). Red triangles indicate radiometric ages for tephra marker beds from previous studies
as follows: *1 An85 from Ueki et al. (2018), *2 An77 from Makinouchi et al. (1983), and *3 An73 and An49 from Tokuhashi et al. (2000). d Polarities
based on the vertual geomagnetic pole (VGP) latitudes shown in Fig. 7d. Colored squares indicate polarities (black: normal; white: reversed; gray:
intermediate). e Variation of the VGP latiutde shown in Fig. 7d. f Oxygen isotope stratigraphy of the Anno Formation. g Age model based on
correlating the oxygen isotope profile of the Anno Formation with the LR04 benthic stack from Lisiecki and Raymo (2005). Letters and numbers
represent marine isotope stages (MISs) from the LR04 benthic stack, and colors indicate the following: red: interglacial; blue: glacial; gray: stages
not observed in this study. h Geomagnetic Polarity Time Scale 2012 from Ogg (2012).
i Pliocene subepoch based on Hilgen et al. (2012). Darker shading represents polarity reversal horizons. Light shading represents the hiatus of the
Sak slump bed. Dashed gray boxes are shown in Fig. 9. VPDB Vienna Pee Dee Belemnite

Table 1 Stratigraphic positions for the polarity reversal horizons

Polarity boundary Transitional zone Mid-thickness (m) Age (Ma)

Top (m) Bottom (m)

Mammoth top 309.7 305.95 307.83 3.207

Mammoth bottom 298 294.1 296.05 3.330

Gilbert–Gauss 223.7 222.45 223.08 3.596

Cochiti top 70.1 64.2 67.15 4.187

Cochiti bottom 55.4 50.75 53.08 4.300

Nunivak top 10.1 9.9 10 4.493
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barren of fossil foraminifera (Table 2). In contrast, in the
oxygen isotope profile for the upper Anno Formation, for-
aminifera were yielded from almost every horizon, which
correspond to MIS Gi1 through KM5 (Table 2). However,
MIS M1 and KM6 are missing because of the hiatus by a
slump bed known as the Sak slump (Figs. 3, 8 and 9).
Nakajima and Watanabe (2005) reported that the

Sak slump, which is located between tephra marker
beds An155 and An157 in the uppermost Anno For-
mation along the Shikoma and Minato Rivers (Fig.
1c), has eroded strata with a thickness of approxi-
mately 8–15 m. The An156 bed, which has been rec-
ognized in other sections, is missing along the

Shikoma and Minato Rivers (Nakajima and Wata-
nabe 2005; Figs. 8 and 9). The polarity transitions
that correspond to the bottom and top of the Mam-
moth reversed polarity subchronozone contain tran-
sitional features with VGP paths that traverse
intermediate latitudes across both boundaries (Fig.
7). The δ18O value at the 303.4 m horizon (MM23
in Additional file 3: Table S3), which is the highest
value in our oxygen isotope record, should corres-
pond to MIS M2 (Fig. 8), which is one of the four
largest Pliocene short cooling events (De Schepper
et al. 2014). These observations suggest that the
slump bed is intercalated within the Mammoth reversed

(a)

(b)

Fig. 9 Age-thickness correlations for the Anno Formation based on Table 2. a δ18O profile on the 221–315 m stratigraphic interval shown in Fig.
8. b δ18O on the 0–59 m stratigraphic interval shown in Fig. 8. Closed blue circles indicate tie points with the LR04 benthic stack. Light gray
shading represents a hiatus interval. Dashed vertical lines represent average δ18O values of the Anno Formation at interglacial (red) and
glacial peaks
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polarity subchronozone between MIS M2 and KM5. There-
fore, the Sak slump bed may have eroded strata for a dur-
ation of approximately 90 kyr, which extends from
immediately after the peak of MIS M2 (3.295 Ma) to just
before the polarity switch at the termination of the Mam-
moth subchron (3.207 Ma).
An age model based on our chronostratigraphy of the

Anno Formation is shown with the calcareous nannofossil
bioevents (Kameo and Sekine 2013) and radiometric ages
of tephra marker beds (Makinouchi et al. 1983; Tokuhashi
et al. 2000; Ueki et al. 2018) in Fig. 10. The sedimentation
rates estimated from our chronostratigraphy vary between
2 and 61 cm/kyr. The horizon with the lowest value corre-
sponds to the hiatus mentioned above.

Pliocene paleoceanographic implications for the
northwestern Pacific Ocean
The amplitude of our δ18O profile is larger than that of
the LR04 stack within the same time interval, and it is
suppressed after 3.4 Ma (Fig. 9). Comparing the average

δ18O values of each interglacial and glacial between our
δ18O record and the LR04 stack until 3.4 Ma reveals that
the average difference (0.63‰) at interglacial peak points
is obviously larger than that (0.24‰) at glacial peak
points (Fig. 9). On the other hand, from 3.4 to 3.3Ma,
the average differences at interglacial (0.25‰) and glacial
peaks (0.14‰) are more comparable than those until
3.4 Ma (Fig. 9). This observation implies that a warm
water mass and/or a lower-δ18O seawater component in-
fluenced only interglacial benthic δ18O until 3.4 Ma. The
local hydrographic variations during interglacial periods
until 3.4 Ma correspond to ~ 2.7 °C higher bottom water
temperatures (deduced by − 0.23‰/°C; Erez and Luz
1983) or ~ 1.2 psu lower salinity (deduced by + 0.52‰/
psu; Oba et al. 2006) relative to the global average. The de-
positional water depth of the Anno Formation is believed
to be between 1000 and 2800 m based on benthic forami-
niferal assemblages (Hatta and Tokuhashi 1984). This is
comparable to the average core depth of approximately
2800 m used in the LR04 stack between 3 and 4.5 Ma
(Lisiecki and Raymo 2005). Considering the paleodepth of
the sedimentary basin, these variations may have been at-
tributed to deep or intermediate waters.
In the modern deep North Pacific Ocean, the Pacific

Deep Water (PDW) is recognized at depths of 2000–
3000 m as the return flow of the south-sourced Circumpo-
lar Deep Water (CDW) (e.g., Mantyla and Reid 1983). In
addition, a north-sourced intermediate water characterized
by a salinity minimum at a depth of ~ 300–800 m has been
recognized and defined as the North Pacific Intermediate
Water (NPIW) (Reid 1965). A deep-water body is not gen-
erated in the modern North Pacific. On the other hand,
Burls et al. (2017) suggested that the formation of subarctic
North Pacific Deep Water (NPDW), which was warmer
and fresher than modern deep-water in the North Pacific,
constructed a Pacific meridional overturning circulation
(PMOC) cell during the Pliocene based on complementary
measurement and modeling evidence. They also reported
orbitally paced maxima in the calcium carbonate mass ac-
cumulation rate (CaCO3 MAR), with accompanying pig-
ment and total organic carbon measurements supporting
deep-ocean ventilation-driven preservation as their cause
(Burls et al. 2017). Enhanced north-sourced deep-water
ventilation during the early Pliocene has also been recog-
nized in the northeastern Pacific based on benthic δ13C re-
cords (Kwiek and Ravelo 1999; Ravelo and Andreasen
2000). Moreover, a deep western boundary current at a
water depth of 1000–2000 m flowing along the western
margin of the North Pacific Ocean was simulated (Burls et
al. 2017). These results imply that the Pliocene warm
NPDW could have migrated into the sedimentary basin of
the Anno Formation. This local hydrographic influence was
suppressed at approximately 3.4 Ma (Fig. 9), when benthic
δ13C records in the northeastern Pacific decreased, and

Table 2 Age model based on the oxygen isotope record for
the Anno Formation

Sample name Thickness (m) Age (Ma) MIS

MM32 307.7 3.19 KM5

MM26 304.9 3.20 KM5

MM23 303.35 3.30 M2

MM14 298.8 3.32 MG1

MM11 297 3.34 MG2

HN06 283.6 3.37 MG3

HN09 278.6 3.38 MG4

HN12 272.4 3.41 MG5

HN17 264.5 3.46 MG6

HN22 254.9 3.50 MG7

HN26 251.2 3.53 MG8

HN32 246.2 3.54 MG9

HN43 236.8 3.56 MG10

HN48 230.8 3.57 MG11

HN49 229.7 3.58 MG12

HN57 221.7 3.60 Gi1

HN148 51.3 4.30 Co4

HN91 47.7 4.33 CN1?

HN99 36.1 4.37 CN4

HN105 27.2 4.39 CN5

HN110 21.1 4.45 CN8

HN113 13.9 4.48 N1

HN149 10.9 4.49 N2

HN119 7.4 4.52 N3

HN123 3.2 4.54 N4
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south-sourced deep-water was dominant (Kwiek and
Ravelo 1999; Mix et al. 1995). These observations imply
that the Pliocene deep Pacific circulation began to cease in
stages, eventually becoming similar to its modern mode at
approximately 3.4 Ma.
In the CaCO3 MAR record (Haug et al. 1995) used in

Burls et al. (2017), an interval of poor CaCO3 preserva-
tion has been recognized around 4 Ma, which corre-
sponds to the foraminifera-barren interval observed in
the middle Anno Formation between 3.6 and 4.3 Ma
(Fig. 8). Interestingly, a hiatus missing depositions be-
tween 3.6 and 4.3 Ma was recognized from the Antarctic
Drilling Program’s (ANDRILL) AND-1B core from the
Ross Embayment, which implies non-glacial erosion or
non-deposition, possibly due to bottom water currents
that were invigorated by modest ice sheet expansion
during this time interval (McKay et al. 2012). In
addition, a modeling study showed that ice advances in
the Pacific sector of East Antarctica could invigorate the
expansion of CDW into the deep North Pacific basin
(Hill et al. 2017). Therefore, the lack of foraminifera in
the middle Anno Formation is presumably explained by
the shallowing of the CCD due to the enhanced penetra-
tion of south-sourced deep-water into the sedimentary
basin instead of north-sourced deep-water.

Conclusions
Based on paleomagnetic and oxygen isotopic data, the new,
integrated chronostratigraphy of the Pliocene Anno Forma-
tion, which is located in the Boso Peninsula, central Japan,
reveals the relationship between the tephra marker beds,
Pliocene MISs, and geomagnetic reversal boundaries within

the Anno Formation. Rock-magnetic experiments reveal
that specimens from the Anno Formation contain vortex
state (PSD) (titano) magnetites that can preserve reliable
paleomagnetic signals. Paleomagnetic results illustrate that
pAFD cannot remove the secondary magnetizations of po-
larity transition intervals and that pThD was suitable for
reconstructing the magnetostratigraphy of the Anno
Formation.
The Anno Formation corresponds to the period

from the Nunivak normal polarity subchron to Chron
C2An.2n, which corresponds to just after the Mam-
moth reversed polarity subchron. Although fossil for-
aminifera are not found in the middle Anno
Formation, our oxygen isotope records from the
upper and lower Anno Formation reveal glacial–inter-
glacial cycles. However, the amplitude of our δ18O
profile is much larger than that of the LR04 stack,
which is associated with similar to slightly lower gla-
cial values and much lower interglacial values. The
paleodepth of the Anno Formation based on benthic
foraminiferal assemblage analyses and our oxygen iso-
tope stratigraphy imply that the sedimentary basin
during the Pliocene was occupied by water with
lower-δ18O values and/or by a warmer water mass
during interglacial periods compared with the global
average deep-water variation.

Additional files

Additional file 1: Table S1. Directions of ChRM components and VGPs
from the Anno Formation within the study area analyzed at the NMNS

Fig. 10 Age versus thickness diagram for the Anno Formation. Data points are based on the polarity reversal events and marine isotope stages
(MISs) listed in Tables 1 and 2, in addition to calcareous nannofossil bioevents (Kameo and Sekine 2013) and radiometric ages (Makinouchi et al.
1983; Tokuhashi et al. 2000; Ueki et al. 2018). The Geomagnetic Polarity Time Scale (GPTS) 2012 is based on Ogg (2012)

Haneda and Okada Progress in Earth and Planetary Science             (2019) 6:6 Page 14 of 17

https://doi.org/10.1186/s40645-018-0248-8


and KCC. Corrected declinations were estimated by correcting the back
anomalies of declinations through rotation. (XLSX 29.9 kb)

Additional file 2: Table S2. Oxygen isotope data used for the
interspecies correlation. (XLSX 11.4 kb)

Additional file 3: Table S3. Oxygen isotope values from the Anno
Formation within the study area analyzed at the NIPR and KCC. Corrected
δ18O data represent the values after the interspecies correlation. Average
δ18O values are used for the oxygen isotope stratigraphy. (XLSX 22.6 kb)
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