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Abstract 

To test the hypothesis that a Cretaceous hairpin turn is absent in the apparent polar wander path (APWP) of the inner 
arc of southwestern Japanese island (southwest Japan), we refined a mid-Cretaceous (100 Ma) paleomagnetic pole 
from southwest Japan. Red mudstone samples from the 100 Ma Hayama Formation were collected for paleomagnetic 
analysis from eight sites in the Hayama area in the central part of southwest Japan. A high-temperature remanent 
magnetization component carried by hematite was isolated from these sites and was found to be of primary mid-
Cretaceous origin. The primary nature of the magnetization is supported by the detrital character of the magnetic 
carrier. The primary directions provided a paleomagnetic pole (35.0°N, 209.6°E, A95 = 6.1°, N = 8), which represented 
southwest Japan at 100 Ma. This pole falls into a cluster of Cretaceous poles in southwest Japan. An APWP for 
southwest Japan between 110 and 70 Ma was updated to ascertain the stationarity of the pole positions for this 
region. Therefore, it is unlikely that the APWP for southwest Japan experienced a hairpin turn during the Cretaceous.
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Introduction
A series of paleomagnetic poles across geological time-
periods from a continent, cratonic block, or continental 
fragment forms an apparent polar wander path (APWP). 
APWPs from geological domains have been used to 
assess the speed of drift in a domain and the collision 
process between domains.

A hairpin turn (also called a cusp) on an APWP 
reflects an abrupt change in continental motion (Gordon 
et  al. 1984). During the early construction stage of the 
APWP for a region, the age and position of the hairpins 
would change significantly due to lack of data. Westphal 
et al. (1986) built an APWP for Eurasia and identified a 
remarkable hairpin around the mid-Cretaceous period. 
This hairpin in the APWP was revised according to Besse 
and Courtillot (1991), where the Cretaceous hairpin was 
moved to an older age of approximately 120  Ma. These 
authors made further improvements to the APWP, 
moving the Cretaceous hairpin to an even older age 
(~ 140  Ma) and an additional one in the Jurassic (Besse 
and Courtillot 2002).

A hairpin was observed in an APWP for the inner arc 
of the southwestern Japanese islands (henceforth referred 
to as southwest Japan). This region constituted the east-
ernmost part of East Asia during the Mesozoic (Otofuji 

*Correspondence:
Koji Uno
kojiuno@shse.u-hyogo.ac.jp
1 Laboratory of Geosciences, School of Human Science and Environment, 
University of Hyogo, 1‑1‑12 Shinzaike‑honcho, Himeji 670‑0092, Japan
2 Department of Earth Sciences, Okayama University, 3‑1‑1 Tsushimanaka, 
Kita‑ku, Okayama 700‑8530, Japan
3 Faculty of Business Administration, Aichi University, 4‑60‑6 Hiraike‑cho, 
Nakamura‑ku, Nagoya 453‑8777, Japan
4 Department of Earth and Environmental Sciences, Nihon University, 
3‑25‑40 Sakurajosui, Setagaya‑ku, Tokyo 156‑8550, Japan

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40562-023-00275-w&domain=pdf
http://orcid.org/0000-0001-8568-0858


Page 2 of 12Uno et al. Geoscience Letters           (2023) 10:21 

et  al. 1985; Jolivet et  al. 1994; Lee 2008) (Fig.  1a), and 
its APWPs have been proposed from the Early Creta-
ceous onward (Otofuji and Matsuda 1987; Kodama and 
Takeda 2002; Uno et al. 2017, 2021). The mid-Cretaceous 
(100  Ma) paleomagnetic pole for southwest Japan is 
located at a near-sided position with respect to those of 
the previous (110 Ma) and subsequent (90–70 Ma) ages 
(Fig.  1b). As the 110–70  Ma poles for East Asia show 
no significant polar motion (Cogné et  al. 2013), south-
west Japan is postulated to have experienced northward 
tectonic translation as far as 2000  km between 110 and 
100  Ma with respect to East Asia, followed by a south-
ward translation of the same magnitude of this region 
between 100 and 90–70 Ma (Kodama and Takeda 2002). 
However, this successive tectonic movement is unlikely 
within the tectonic setting of the East Asian margins, 
including the relevant oceanic plate motion (Uno et  al. 
2017).

This observation may be relevant to the tectonic 
scenario in southwest Japan. When a hairpin shape in an 
APWP depends on a single pole, that is, when only one 
pole appears to detour, the hairpin may easily disappear 
or move significantly in time and position by subsequent 

improvement of the pole position. For example, Seguin 
and Zhai (1992), one of the pioneering works in the 
construction of APWP for the South China Block, found 
two hairpins in the APWP during the Late Permian 
(251  Ma) and Late Triassic (222  Ma). Each hairpin was 
characterized by a single paleomagnetic pole. Huang 
et al. (2018) refined the APWP for the South China Block, 
in which the former hairpin was moved to an older age of 
the Early Permian (290 Ma) and the latter was moved to 
the Middle Triassic (240 Ma). Therefore, further studies 
in southwest Japan may elucidate whether the hairpin in 
the APWP for this region is an essential element around 
the mid-Cretaceous.

The mid-Cretaceous (100  Ma) Hayama Formation in 
the Hayama area (34.82°N, 133.49°E) in the central part of 
southwest Japan (H in Fig. 1a) was selected as our study 
site. This area is the most suitable for determining the 
Mesozoic paleomagnetic pole, which is representative of 
southwest Japan, as Sonehara et al. (2020) demonstrated 
that the land on which the Hayama Formation was 
deposited was the most stable continental tectonic 
unit in southwest Japan. At present, it is detached from 
East Asia due to the formation of the Japan Sea in the 

Fig. 1  a Tectonic outline map of East Asia and the Japan Arc. G Goshonoura area, Si San’in area, iN Inakura area, H Hayama area (study area), Sy 
Sasayama area. The Median Tectonic Line demarcates southwest Japan into the inner and outer arcs. b Previously proposed APWP for southwest 
Japan, except the 100 Ma pole (Uno et al. 2021). The 100 Ma pole (187.8°N and 40.6°E with A95 = 5.7°) is a site-based mean pole calculated in this 
study using data from Otofuji and Matsuda (1987) and Kodama and Takeda (2002)
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Cenozoic. This letter presents a paleomagnetic pole from 
the 100 Ma Hayama Formation to replace and interpolate 
the Cretaceous APWP for southwest Japan and suggests 
an absence of the Cretaceous hairpin for this region.

Geological setting and sampling
The mid-Cretaceous Hayama Formation is exposed in 
central southwest Japan (Fig.  1a). It is a fluvial deposit 
formed by filling of the river valleys. The Hayama 
Formation, with a total stratigraphic thickness of 
approximately 300  m, is divided into three parts: 
Limestone conglomerate, Eda conglomerate, and Sora 
mudstone members, from the oldest to youngest (Suzuki 
et  al. 2001). The Limestone conglomerate was derived 
from basement limestones of the Carboniferous-Permian 
age. The Eda conglomerate member is mainly composed 
of clast-supported layers consisting of subrounded 
gravels. The Sora mudstone member is composed of 
red mudstones and intercalates a rhyolitic tuff layer 
that yielded a zircon fission track age of 101 ± 4  Ma 
(Suzuki et  al. 2001). No faults affect the distribution of 
the Hayama Formation. The geological structure of the 
Hayama Formation has a largely flat attitude, and no 
folding is inferred to have occurred in this area (Suzuki 
et  al. 2001). The Hayama Formation is overlain by the 
Paleogene Kibi Group that has zircon fission track aged 
35.8–27.1  Ma and shows no significant tilting (Suzuki 
et al. 2003).

Samples of red mudstones from the Sora mudstone 
member (sites HY1–HY8) of the Hayama Formation 
were collected from eight sites for paleomagnetic analysis 
(Fig. 2). The sampling sites were distributed over an area 
of ~ 4 × 1.5  km. Each site contained 7–9 samples. Bed-
ding at the sampling sites was flat or gentle (flat to 6°). All 
samples were collected by hand and oriented in the field 
using a magnetic compass attached to a tripod. Present-
day geomagnetic field declinations at sampling sites were 
determined using the International Geomagnetic Refer-
ence Field (IGRF) model.

Paleomagnetism and rock magnetism
The initial natural remanent magnetization (NRM) 
intensity of the red mudstone samples ranged 
between 3.2 × 10–2 and 8.1 × 10–2  A  m−1 (mean of 
4.8 × 10–2 A m−1). A low-temperature component (LTC) 
was identified in samples from all eight sites. It showed 
normal polarity and was removed in the initial stages of 
demagnetization at ~ 200  °C. After removal, a medium-
temperature component (MTC) was observed at all the 
sites. This component is of normal polarity and shows a 
large decay in intensity until its unblocking temperature 
(~ 650  °C). Following the removal of the component, a 

high-temperature component (HTC) that decayed to the 
origin was identified at all the sites and showed normal 
polarity. HTC was eventually unblocked at 695 °C (Fig. 3).

The results of thermal demagnetization of the three-
component isothermal remanent magnetization (IRM) 
showed that the remanent magnetization predomi-
nantly resides in hematite. The high-coercivity (2.5  T) 
magnetization was dominant and showed a relatively 
gradual decay up to 620–650 °C, after which the magneti-
zation abruptly decayed and was completely unblocked 
by 695  °C (Fig.  4a). Another magnetic phase with an 
unblocking temperature of ~ 580  °C was observed in the 
low-coercivity (120 mT) component, suggesting the pres-
ence of a certain amount of magnetite.

The directions of LTC before tilt correction roughly 
conform to the present Earth’s field direction (D = 352.1°, 
I = 49.6°) and geocentric axial dipole field direction 
(D = 0°, I = 54.3°) in the study area (Fig. 5a, Table 1). Con-
sidering its unblocking temperatures, this component 
can be attributed to viscous remanent magnetization. 
MTC was found to pass through 580 °C, the Curie tem-
perature of magnetite, during thermal demagnetization. 
Because MTC may be partly carried by magnetite (the 
presence of which was identified by the IRM experiment) 
and partly by hematite, we separated the components 
before and after 580  °C; we will refer to them as MTC1 

Fig. 2  Geological map of the Hayama Formation in the Hayama area 
(Suzuki et al. 2001). Open circles denote the paleomagnetic sampling 
sites



Page 4 of 12Uno et al. Geoscience Letters           (2023) 10:21 

and MTC2 according to the order of appearance during 
thermal demagnetization. The directions of MTC1 and 
MTC2 before and after the tilt correction are shown in 
Fig.  5a. The directions of both components are close to 
each other, with little change in direction before and after 
the tilt correction. McFadden’s (1990) fold test yielded an 
inconclusive test result at the 95% confidence level for 
both components. The directions of MTC1 and MTC2 
before tilt correction were compared with those of the 
previously observed medium-temperature component 
of Cretaceous red beds from southwest Japan (Inakura 
and Sasayama areas, iN and Sy in Fig.  1a): D = 51.6° 
and I = 54.3°, with α95 = 4.8° (N = 20), calculated using 

directions of the Inakura Formation at 12 sites (Uno 
et al. 2021) and the Sasayama Group at 8 sites (Uno and 
Furukawa 2005). The directions of MTC1 and MTC2 
were similar to those reported previously (Fig. 5b), sug-
gesting secondary magnetization. We next compared 
these directions to the reference direction for southwest 
Japan at 70 and 20 Ma (Uno et al. 2021). The directions of 
MTCs differed from the 70 Ma reference direction, indi-
cating that the age of these directions postdates 70 Ma. 
The directions, in contrast, were similar to the 20  Ma 
reference direction. Furthermore, we observed that the 
directions of each MTC slightly improved clustering 
after tilt correction (Table  1). Therefore, we speculate 

Fig. 3  Representative orthogonal plots and normalized remanence intensity curves of thermal demagnetization results of red mudstones in 
geographic coordinates. Solid and open symbols on orthogonal plots represent projections on the horizontal and vertical planes, respectively. The 
highlighted magnetization component denotes the high-temperature remanent magnetization component
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MTC to be a secondary but pre-folding magnetization 
component. The folding age of the sampled geological 
unit (Hayama Formation) appears to be before 35.8  Ma 
because this formation is covered by the 35.8–27.1  Ma 
Kibi Group with no significant tilting (Suzuki et al. 2003). 
These results suggest that the age of acquisition of MTCs 
is constrained to be after 70 Ma and before 35.8 Ma.

The eight directions of HTC had a precision parameter 
(k value) ranging from 38.0 to 148.9 (Table 1). The mean 
directions before and after tilt correction were D = 66.7° 
and I = 45.8° with α95 = 5.2° and D = 65.8° and I = 45.9° 

with α95 = 5.2°, respectively (Fig.  5c, d). The former 
mean direction is significantly different from the present 
Earth’s field direction and the geocentric axial dipole field 
direction in the study area. Since the Hayama Formation 
formed at approximately 100 Ma, the dominance (100%) 
of normal polarity for HTC is expected based on the 
geomagnetic polarity time scale (Cretaceous Normal 
Superchron, CNS, 121–84  Ma, Ogg 2020), if this 
component is of primary origin.

There was no difference in the precision parameter 
of the mean directions before and after tilt correction 

Fig. 4  a Thermal demagnetization of the orthogonal three-component IRM: circles indicate the low-coercivity component of the 0.12 T field, 
triangles indicate the medium-coercivity component of the 0.4 T field, and squares indicate the high-coercivity component of the 2.5 T field. b 
Plot of IRMZ versus IRMX showing the gradient of the best-fit correlation line, providing an estimate of the inclination shallowing in sediments. c 
TiO2–FeO–1/2Fe2O3 ternary diagram showing chemical compositions of hematite grains in a sample with a laboratory unblocking temperature of 
685 °C (HY4-3). Minor components are allocated as follows: FeO = ΣR2+ = Fe2+ + Mg + Mn; Fe2O3 = 1/2ΣR3+ = 1/2(Fe3+ + Al); TiO2 = ΣR4+ = Ti + Si. 
d Normalized remanence intensity curves for representative samples. An abrupt decay in intensity is observed in the shaded temperature range 
(650–695 °C), which is characteristic of DRM (Jiang et al. 2015)
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(Fig.  5c, d, Table  1). The fold test of McFadden (1990) 
yielded an inconclusive test result at the 95% confidence 
level. As the bedding attitudes at the eight sampling sites 
had very shallow dipping (flat to 6°), the fold test was not 
effective in detecting a pre-folding origin for HTC. It 
should also be noted that α95 remained constant at 5.2° 
after tilt correction.

We calculated the IRMZ/IRMX ratio for each site and 
applied it to tilt-corrected inclination (Fig.  4b, Table  1). 
The inclination flattening of the sites was up to 2.9°. The 
mean tilt-corrected direction of the Hayama Formation 
after inclination correction was D = 65.9° and I = 48.1°, 
with α95 = 5.2° (N = 8) (Fig.  5e). This direction can be 
regarded as the representative direction of the Hayama 
area during the mid-Cretaceous (100 Ma).

Observations of polished thin sections under reflected 
light were conducted to identify the presence of iron 
oxides in the sampled rock. Subangular to subrounded 
Fe-Ti grains, up to tens of micrometers in size, were spo-
radically distributed throughout the sample. These grains 
as well as other particles such as quartz, feldspar, and 

lithic fragments, constitute the detrital material (Fig. 6). 
The Fe-Ti grains revealed a distinctive reflection anisot-
ropy under polarized reflected light, indicating that these 
grains belong to the ilmenite-hematite solid solution 
series (Battey 1967).

Chemical composition analysis of the grains was 
performed using a sample with a laboratory unblocking 
temperature of 685  °C (HY4-3). They are composed of 
iron oxides with small quantities of titanium and ionic 
substitutions by other cations (i.e. nearly pure hematite 
with minor titanium, Fig. 4c), which predicts a laboratory 
unblocking temperature of ~ 680  °C. The chemical 
composition data support a close connection between 
the observed and expected unblocking temperatures 
of hematite, suggesting that the detrital hematite grains 
are correlated with the HTC carrier of the studied red 
mudstone.

Fig. 5  a Equal-area projections of mean directions (with an associated 95% confidence limit) of LTC, MTC1, and MTC2, b and those depicted along 
with the directions of the previously observed medium-temperature component of Cretaceous red beds from southwest Japan (Uno and Furukawa 
2005; Uno et al. 2021) and the reference direction for southwest Japan at 70 and 20 Ma (Uno et al. 2021). The asterisk and diamond represent the 
present Earth’s field direction and axial dipole field direction, respectively. c–e Site-mean directions of HTC. The red symbols represent the mean 
direction and associated 95% confidence limit
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Discussion
HTC that resides in hematite can be regarded as the 
primary detrital remanent magnetization (DRM) 
carried by specular hematite. The remanence carried by 
specular hematite typically has unblocking temperatures 
above ~ 650  °C and can be discriminated from the 
remanence carried by pigmentary hematite, which 
generally has unblocking temperatures below ~ 650  °C 
(Jiang et  al. 2015). As pigmentary hematite occurs 
through a chemical process (i.e. hematite pigmentation) 
after the deposition of strata, it possesses secondary 
chemical remanent magnetization (CRM). The observed 
HTC most commonly appeared above ~ 650  °C and 
was unblocked by 695  °C. Jiang et  al. (2015) further 
argued that based on the shape of remanence intensity 
curves during thermal demagnetization, DRM carried 
by specular hematite can be distinguished from CRM 
carried by pigmentary hematite. DRM decays abruptly 
at temperatures above 650  °C, whereas CRM gradually 
decays and is unblocked at ~ 650  °C. We present the 
normalized intensity curves of the studied samples in 
Fig.  4d. An abrupt decrease in the intensity is observed 
in the temperature range of 650–695  °C, indicating a 
DRM-type shape. Therefore, HTC can be ascribed to 
the primary magnetization carried by specular hematite, 
which was ascertained by microscopic observation.

The authors of a previous paleomagnetic study of 
southwest Japan at ~ 100  Ma (Kodama and Takeda 
2002) performed microscopic observations of red 
beds, and found no presence of specular hematite. 
Several researchers who have analyzed the remanent 
magnetization of red beds have emphasized the 
importance of finding detrital specular hematite in 
samples by microscopic examination (e.g. Tsuchiyama 
et al. 2016; Swanson-Hysell et al. 2019). The present study 
marks the first discovery of detrital specular hematite 
correlated with the primary magnetization in red beds 
of ~ 100 Ma in this region, which is of great importance 

for the construction of reliable APWPs based on reliable 
datasets.

The angular standard deviation (ASD) may 
be calculated using the sample- and site-based 
paleomagnetic poles of HTC of the Hayama Formation, 
yielding 12.1° and 8.9°, respectively. These values appear 
to be similar to those expected for a paleolatitude of 
the study area at the time of deposition (ASD =  ~ 8–14° 
at a paleolatitude of 29.1°, Biggin et  al. 2008). The ASD 
of our data was derived from samples of fine sediments 
(mudstone) that could potentially contain a long-
term geomagnetic field direction in a single specimen. 
Therefore, our dataset appears to represent the averaged 
geomagnetic field directions rather than a fairly short-
term or spot-reading of the geomagnetic field direction.

A mid-Cretaceous (100 Ma) paleomagnetic pole for the 
Hayama area in southwest Japan was calculated based on 
the representative paleomagnetic directions of this area. 
It is located at 35.0°N and 209.6°E with A95 = 6.1° (N = 8). 
The reliability of the pole was assessed using the criteria 
of Huang et al. (2018), which is a reinterpretation of the 
Van der Voo (1990) criteria. According to Huang et  al. 
(2018), a paleomagnetic pole that can be incorporated 
into the pole database for a region needs to yield a quality 
factor ≥ 4 to meet the following criteria: (1) treatment by 
progressive demagnetization using principal component 
analysis (Kirschvink 1980), (2) 24 or more samples 
yielding a 95% confidence limit (A95) of < 16°, and (3) no 
suspicion of remagnetization or evidence of significant 
local rotation. The pole for the Hayama area meets these 
criteria with a quality factor of 4 and is considered to be 
a representative candidate for southwest Japan at 100 Ma. 
This pole corresponds to reliability scores of 4 and 3, 
using the criteria of Van der Voo (1990) and Meert et al. 
(2020), respectively.

To obtain a more accurate estimate of the mid-Creta-
ceous (100 Ma) paleomagnetic pole for southwest Japan, 
we examined the previously reported 100  Ma pole for 

Fig. 6  Photomicrographs of sample HY4-3 in a plane and b polarized reflected light, showing hematite grain as detrital particles
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this region. The previously reported 100  Ma pole was 
led from the San’in and Goshonoura areas (Si and G in 
Fig. 1a) by Otofuji and Matsuda (1987) and Kodama and 
Takeda (2002), respectively. A mean pole obtained by 
averaging the data from the two studies is illustrated in 
Fig.  1b (187.8°N and 40.6°E with A95 = 5.7°). The pole is 
located on the near side with respect to other Cretaceous 
poles in southwest Japan. We assumed that the pole on 
the near side resulted from the inadequate isolation of a 
high-temperature component from lower-temperature 
secondary components and/or insufficient interpreta-
tion of the geological structures of the studied rocks. 
Kodama and Takeda (2002) identified the component 
C (high-temperature component) that appears at tem-
peratures of 440  °C or higher. However, careful exami-
nation of the demagnetization trajectory helped identify 
a true high-temperature component at temperatures 
above 580–620  °C. Figure  7 illustrates the magnetiza-
tion components separated at temperatures between 
580 and 620 °C, after which a magnetization component 
with lower inclination values emerges on the orthogonal 

vector diagram. This suggests that a component with a 
shallower inclination should have been derived. On the 
other hand, Otofuji and Matsuda (1987) identified a high-
temperature component using the 100  Ma welded tuff. 
They adopted a tilt-corrected direction as the primary 
nature without field tests. We conducted the fold test 
of McFadden (1990) using their dataset, and an incon-
clusive test result was obtained at the 95% confidence 
level (ξ1 = 9.05 and 14.9 before and after tilt correction, 
respectively, and a critical value of ξc = 5.34 at the 95% 
confidence level), but the classical fold test of McElhinny 
(1964) provided a negative test result at the 95% confi-
dence level (k1/k2 = 1.81, N = 21). It is difficult to identify 
the paleohorizontal plane in the outcrops of the welded 
tuff as an eutaxitic structure, defined by stretched pumice 
lineation, cannot always indicate a paleohorizontal plane 
(Otofuji et  al. 2015). Attempts by Otofuji and Matsuda 
(1987) to retrieve paleomagnetic directions at 100  Ma 
using welded tuff may have been unsuccessful.

Consequently, at present, the 100  Ma paleomagnetic 
pole that is representative of southwest Japan is derived 
from the data of the Hayama area, the central part of 
southwest Japan. This area is the most stable continental 
tectonic unit in southwest Japan (Kibi Plateau, Sonehara 
et  al. 2020) and is suitable for providing a paleomag-
netic pole that represents a tectonic domain. The 100 Ma 
paleomagnetic pole for southwest Japan defined in this 
study interpolates the Cretaceous APWP for this region 
as the Cretaceous dataset is composed of 110, 90, 80, 
and 70  Ma paleomagnetic poles. The 100  Ma pole falls 
into a cluster of Cretaceous poles in southwest Japan. An 

Fig. 7  Analysis of the orthogonal plots of thermal demagnetization 
results of Kodama and Takeda (2002) showing a true component C 
(high-temperature component)

Fig. 8  APWP for southwest Japan from the Early Cretaceous to 
Miocene (with an associated 95% confidence limit). Pole data after 
Uno et al. (2021) except for 100 Ma
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updated Cretaceous APWP for southwest Japan further 
confirmed a standstill polar position during 110–70 Ma, 
as suggested by Uno et al. (2021) (Fig. 8). The quiescence 
in polar motion during this time interval is consistent 
with the ~ 130–70  Ma stagnation of pole positions in 
East Asia as well as Europe (Torsvik et  al. 2012; Cogné 
et al. 2013). Therefore, it is unlikely that the APWP for 
southwest Japan experienced a hairpin turn during the 
Cretaceous.

The addition of the newly obtained 100  Ma pole to 
the APWP data for southwest Japan has helped confirm 
the absence of the hypothesized Cretaceous tectonic 
movement. The APWP for southwest Japan has been 
renewed, and we can summarize the tectonic movements 
that have affected southwest Japan since 110 Ma. During 
the Cretaceous, when southwest Japan was attached 
to East Asia, it behaved as a stable integral part of 
the continental interior. The tectonics of southwest 
Japan after the Cretaceous may be described in terms 
of tectonic rotations without significant latitudinal 
displacement relative to East Asia. The net rotation 
degree after the Cretaceous was calculated as the rotation 
angle with respect to the 70 Ma pole for East Asia, which 
is located at 79.7°N and 219.5°E with A95 = 3.3° (Cogné 
et  al. 2013), leading to a 61.1 ± 10.6° clockwise rotation 
with 6.4 ± 9.4° insignificant poleward displacement. 
This large rotation is interpreted as a superimposition 
of two tectonic rotations of different ages for southwest 
Japan with respect to East Asia: the earlier rotation is 
considered to have occurred between 70 and 20  Ma, 
and the later rotation between 20 and 12  Ma (further 
constrained by Uno et al. 2021 to be between ~ 17.5 and 
14.2 Ma).

Conclusions
As the roundtrip oscillation in the APWP for southwest 
Japan was assumed to be approximately 100  Ma, which 
predicts extraordinary latitudinal tectonic translation, we 
evaluated the paleomagnetic pole for this region during 
the Cretaceous. The position of the updated 100 Ma pole 
for southwest Japan was obtained from the remanence 
carried by detrital specular hematite, and is consistent 
with the poles of the previous (110 Ma) and subsequent 
(90–70  Ma) ages. This leads to the conclusion that the 
APWP for southwest Japan did not include a hairpin 
turn during the Cretaceous. With the new 100 Ma pole, 
we updated the APWP for southwest Japan from the 
Early Cretaceous (110  Ma) onward, showing that the 
tectonics that affected southwest Japan are essentially 
described in terms of cumulative clockwise rotation 
after the Cretaceous with respect to the stable East Asian 
continent.

Methods
In the laboratory, each oriented hand sample was cored 
and cut into cylindrical specimens with a diameter 
of 25  mm and length of 22  mm. Samples from two 
sites (HY7 and HY8) were friable and challenging to 
drill to produce a standard-size sample, resulting in 
some samples being discarded. NRMs were measured 
using a Natsuhara SMM-85 spinner magnetometer. 
The samples were subjected to progressive thermal 
demagnetization using a Natsuhara TDS-1 thermal 
demagnetizer in a series of 50  °C steps from 200 to 
500  °C. The demagnetization steps of 5, 10, 20, 30, and 
40 °C were used at temperatures above 580 °C. Results for 
each sample were plotted on orthogonal vector diagrams 
(Zijderveld 1967) to interpret magnetic components, as 
well as on equal-area projections, to evaluate directional 
stability. After visual inspection of these diagrams 
and projections, the paleomagnetic directions were 
determined by principal component analysis based on 
non-anchored fits (Kirschvink 1980) using at least three 
demagnetization steps. The maximum angular deviation 
(MAD) values of the computed linear fits were below 15°. 
Paleomagnetic data were analyzed using Hatakeyama’s 
(2018) software applications.

Experiments were conducted on the selected samples. 
Thermal demagnetization of a three-component 
IRM (Lowrie 1990) was conducted using a magnetic 
measurement pulse magnetizer (MMPM10) to determine 
the ferromagnetic mineral content. IRMs of 2.5, 0.4, and 
0.12 T were applied sequentially to three orthogonal axes 
of each sample.

To obtain a high-fidelity record of the Cretaceous 
magnetic field of the Hayama area, we assessed the 
inclination shallowing of the remanent magnetization 
component of the Hayama Formation using the 
anisotropy of the IRM and correction method of Hodych 
and Buchan (1994). A representative sample was selected 
from each site. A magnetic field of up to 800  mT was 
progressively applied 45° to the bedding plane of the 
samples to avoid field-impressed anisotropy. IRM was 
measured at each step parallel (IRMX) and perpendicular 
(IRMZ) to the bedding plane. IRMZ was plotted against 
IRMX, and the IRMZ/IRMX ratio was calculated based on 
the slope of the least-squares fit line for each plot. This 
ratio can be used to indicate the amount of inclination 
shallowing using tan IN/tan IF = IRMZ/IRMX, where IN is 
the inclination of the remanence and IF is the inclination 
of the field in which it was acquired.

The polished thin sections of the red mudstone samples 
were examined using a Carl Zeiss optical microscope to 
identify the occurrence and texture of iron oxides.

A JEOL JXA8200 electron probe microanalyzer at 
Kochi University was used to determine the chemical 
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compositions of the iron oxides. The operating conditions 
were 12  nA beam current, 15  kV accelerating voltage, 
and beam diameter of 5 μm. As the total iron content is 
expressed as FeO, analytical data for the iron oxides were 
recalculated based on oxide stoichiometry to determine 
the Fe2O3 and FeO contents from the total iron content 
(Saito et al. 2007).
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