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late reconstructions of oceanic domains are generally based on paleo-

magnetic and seafloor spreading records. However, uncertainties associ-

ated with such reconstructions grow rapidly with increasing geological
age because the original oceanic plates have been subducted. Here we synthe-
size advances in seismic tomographic mapping of subducted plates now lying '
within the mantle that assist plate reconstructions. Our proposed Japan—-NW fggéi?ﬁ;;;::Oglfggerg]plilrllcc;egl:x
Pacific subduction histories incorporate tomography results and show three jent geochemical studies of arc
distinct stages comparable to those revealed by geochronology, petrology, magmatism throughout]Japan and
and geochemistry. We propose major revisions to previously accepted ideas surrounding regions and develop

an integrated surface-mantle
about the age, kinematics, and identity of the plates outboard of Japan during plate teitonic reconstruction.

the Cretaceous-Paleogene Sanbagawa-Ryoke paired metamorphism. These Finally, we discuss links between
revisions require updates to relevant plate convergence boundary conditions Sanbagawa metamorphism

. (F1G. 2A) and magmatic activity
and thermo-dynamic models. with the plate kinematics, thermal

KeywoRbs: subduction; Pacific; Izanagi; magmatism; tomography; mantle regime, and identity of the plates
outboard of Japan at the time.

INTRODUCTION . _ RECONSTRUCTING JAPAN-NW PACIFIC
Japan has been situated along an active subduction PLATE TECTONIC HISTORY

zone since the Cretaceous and probably earlier (FIG. 1A, . .
1B; e.g., Taira 1988; Maruyama et al. 1997; Isozaki et al. The Pacific plate offshore of Japan shows Mesozoic seafloor

ages that progressively young towards the NNW before
terminating at the trench (F1G. 1A). Global plate recon-
structions based on seafloor spreading restore the present
Pacific seafloor near Japan eastwards into the central Pacific
during the Late Cretaceous, thousands of kilometers away
from its present location (F1G. 1C). Avery large (>6000 km)
reconstruction gap is formed between Japan and the Pacific
plate during the Late Cretaceous, with similarly large
unknown regions along the entire NW Pacific during this
time (F1G. 1C). These plate tectonic uncertainties are among
the largest on Earth for the Mesozoic and Cenozoic eras,
and Pacific realm plate tectonic histories are considered
the most challenging to reconstruct during this period.

2010). However, many details of Japan-NW Pacific plate
tectonic histories remain debated. Reconstructing the
plate tectonic history of any subduction zone is a challenge
because subduction zones are sites where the most robust
plate tectonic constraints (i.e., marine magnetic anoma-
lies and transform faults) are consumed and lost into
Earth’s mantle. As such, plate reconstructions of subduc-
tion zones typically show uncertainties that grow rapidly
with increasing geological age. Here we synthesize recent
results using seismic tomography to map subducted plates
(i.e., slabs) now lying within the mantle and reconstruct
Japan-NW Pacific plate tectonics since the Cretaceous. We
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diversity of proposed Japan plate reconstructions and
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Map of present-day Japan and the NW Pacific showing

(A) regional tectonic setting and (B) plate tectonic
boundaries. Dots in (A) show locations of Cretaceous to Cenozoic
igneous rocks that are color-coded by their U-Pb ages from zircon,
monazite, thorite, and uraninite. See online supplementary
material for references. Blue arrows in (A) show present-day plate
motions of the oceanic plates relative to Eurasia. (C) A global plate
tectonic reconstruction during the Late Cretaceous at 85 Ma
(MODIFIED FROM MULLER ET AL. (2022)) shows an extensive
(>6000 km) unconstrained region (grey area) between Japan and
the existing Pacific plate due to subduction. TTT = trench-trench-
trench triple junction.

ridge-trench intersections are problematic because they
imply very different geological contexts, subducting plate
ages, and thermal regimes during the Sanbagawa and Ryoke
metamorphic events in the Cretaceous (e.g., Wallis et al.
2009; Yamaoka and Wallis 2023).

Back in Time: Reconstructing Japan—-NW Pacific
Plate Tectonics

Today, Japan is situated at the complex intersection
of four tectonic plates: the Eurasian, North American,
Pacific, and Philippine Sea plates (F1G. 1A, 1B). An offshore
trench-trench-trench (TTT) triple junction to the south

Present-day Japanese margin

of Japan named the “Boso TTT”
marks the intersection of the
Japan, Nankai, and Izu-Bonin
trenches (F1G. 1A). Along the
Japan-Kuril sections, the Pacific
plate subducts WNW under
the Eurasia—North America
continent, whereas along the
Shikoku-Ryukyu trench, the
Philippine Sea plate subducts
WNW beneath Eurasia. South
of the Boso TTT, the Pacific plate
subducts under the Philippine
Sea along the Izu-Bonin trench
to form an intra-oceanic subduc-
tion zone. Subduction of both
the Philippine Sea and the
Pacific plates near Japan has
probably been established since
the Miocene 20 to 15 Ma (e.g.,
Kimura et al 2014).

Pacific Hawall

To go back in time, the Japan
Sea backarc basin should be
suitably “closed” (i.e., reverse
the kinematics of its extensional
opening) to place the Japanese
islands back to their former position along eastern Eurasia
prior to rifting and backarc spreading in the Miocene
(i.e., “pre-rift Japan”). Unfortunately, it remains debated
whether the Japan Sea opened as a saloon-style “double
door”, a broad pull-apart basin, or in some other fashion
(F1G. 2B-2D; van Horne et al. 2017). Still, for the purposes of
aplate reconstruction, the hundreds of kilometers in uncer-
tainties between Japan Sea models are small compared with
extensive gaps (>6000 km) in reconstructing the subducted
oceanic plates (F1Gs. 1C and 2E). In this study, we restore
the Cretaceous Japan-Eurasian margin following a model
that considers both Japan Sea double-door opening and
~500 km left-lateral fault offset along the Eurasian margin
based on geological continuity (Fi1G. 2D; Yamakita and
Otoh 2000). Other reconstructions are possible, and we
use the ~20° azimuthal differences in proposed orienta-
tions of the pre-rift Japan islands (F1G. 2B-2D) to estimate
uncertainty. The uncertainty in the pre-Miocene orienta-
tion of the Japanese islands most significantly affects our
ability to reconstruct Japan-NW Pacific plate convergence
angles back in time because these angles are sensitive to the
orientation and shape of the reconstructed Japan-Eurasian
continental margin. However, subducted oceanic plates
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m Maps of (A) present-day Japan showing the
Sanbagawa belt and other features, and (B-D)
examples of diverse published reconstructions of the Japanese
margin prior to the opening of the Japan Sea backarc basin in the
early Miocene (i.e., pre-rift Japan) (see van Horne et al. 2017 and
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references therein). There is a ~20° azimuthal difference in the
proposed orientation of the pre-rift Japanese islands in (B—-D) that
introduces uncertainty into our reconstructed plate convergence
angles. TTL = Tanakura Tectonic Line; HTL = Hidaka Tectonic Line;
CSF = Central Sikhote-Alin Fault.

ApPRIL 2024




lzanagi
slabs

Older subducted

2000

Depth
(km)

“Pacific slabs

2000 km

Pac2 - -

% velocity
perturbation

-5 FWEA18dVs

5

slabs?

-1 GAP-P4dvp 1

2700

m Three-dimensional view of an east-west tomographic
transect across the Japan subduction zone. East Asian
topography from a digital elevation model is shown at the top
surface. Fast-velocity anomalies in blue show the subducted Pacific
slabs down to ~1100 km depth, the Izanagi slabs between 1300 to
2000 km depths, and older subducted slabs below 2300 km depth.

are a much larger source of uncertainty. Mantle seismic
tomography can help throw light on the nature of these
lost plates (F1G. 1C).

Insights from Mantle Tomography

FIGURE 3 shows a composite tomographic transect across
the East Asian mantle under Japan. We attempt to optimize
imaging tradeoffs by superimposing a higher-resolution
tomography model FWEA18 that has restricted regional
and depth coverage (Tao et al. 2018) on global tomography
GAP-P4 that has wider coverage (Fukao and Obayashi 2013;
F1G. 3). The transect shows three main groups of fast-
velocity anomalies (blue colors in FIG. 3) that we identify
as the following subducted oceanic lithospheric remnants
(i.e., slabs) consistent with previous studies (Seton et al.
2015; Liu et al. 2017; Wu et al. 2022b): (1) the Pacific slabs
from the surface to ~1100 km depths; (2) the Izanagi slabs
from ~1300 to 2000 km depths; and (3) older subducted
slabs below ~2300 km depths to the core-mantle boundary.
A fourth key feature is the prominent slow-velocity “slab
gap” between 1000 to 1250 km depths under the Ordos
basin, China (F1G. 3). The slab gap is a 4000-km-long,
laterally continuous, NE-SW trending anomaly that is
seen within the East Asian mantle (e.g., FI1G. 3; Seton et al.
2015; Wu et al. 2022b). Other tomography models gener-
ally show similar first-order features to those in FIGURE 3
(e.g., Wu et al. 2022D).

The west-dipping Pacific slabs are revealed by Wadati-
Benioff earthquakes (red spheres in FiG. 3) and accompa-
nying fast-velocity anomalies Pac 1 within the uppermost
~600 km mantle and deeper anomalies Pac2 and possibly
Pac3 that extend ~2000 km westwards below Eurasia to
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The tomography is a composite of a shallower, regional S-wave
tomography FWEA18 (Tao et al. 2018) and a deeper, global P-wave
tomography GAP-P4 (Fukao and Obayashi 2013). Red dots indicate
historic earthquake hypocenters with magnitude My, > 3 after the
year 1905.

regions under Beijing, China (FIG. 3). We “unsubduct” the
Pacific slabs by structurally restoring their cross-sectional
slab areas to a pre-subduction ocean lithospheric thickness
using area conservation (Wuetal. 2022b). For the FIGURE 3
transect, the slab anomalies Pacl and Pac2 account for
a total length of ~4900 + 1200 km of subducted Pacific
Ocean lithosphere; the uncertainties include consideration
of cross-sectional slab areas from alternative tomographic
images (Wu et al. 2022b). Adding the deeper Pac3 slabs
would increase the unsubducted slab lengths by <10%
(400 km), which is within uncertainty. In either case,
the unsubducted Pacific slabs can fill most if not all of
the >6000-km-long plate reconstruction gap between the
Pacific plate and Japan back to the Late Cretaceous (e.g.,
F1G. 1C).

Crucially, input of our structurally restored Pacific slabs
into a quantitative plate reconstruction reveals that Pacific
subduction under Japan and surrounding areas (i.e., Korea,
NE China, Sikhote-Alin) began around 50 + 10 Ma (Wu et
al. 2022b); extrapolation of the present Pacific seafloor ages
near Japan (FI1G. 1A) implies the Pacific plate near Japan at
that time was very young. These results imply subduction
of a trench-parallel Izanagi-Pacific mid-ocean ridge along
Japan at 50+ 10 Ma (Wu et al. 2022b). Our restored western
Pacific plate and Izanagi-Pacific spreading ridge geometry
then allows us to recreate the lost [zanagi plate as its “twin”
(i.e., conjugate rift flank; Wu et al. 2022b).

The slower-velocity “slab gap” at 1000 to 1300 km depths
under the present Ordos basin (FIG. 3) is reproduced by
forward geodynamic models that incorporate trench-
parallel subduction of the Izanagi-Pacific spreading ridge
50+ 10 Ma (Seton et al. 2015; Wu et al. 2022b), which lends
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support to our reconstruction. In these models, the slab gap
was formed by subduction of a warm spreading ridge, and
the gap marked the transition between shallower Pacific
slabs to the east and deeper [zanagi slabs to the west (Seton
etal. 2015; Wu et al. 2022b). The Izanagi slabs in FIGURE 3
are identified on this basis.

The Izanagi slabs at 1300 to 2000 km depths under Japan
(F1G. 3) account for westward subduction under Japan from
the early Cenozoic ~50 Ma to the mid-Cretaceous ~100 Ma
(Wu et al. 2022b; Lin et al. 2022), or Jurassic (Seton et al.
2015). Deeper slabs imaged within the mantle at depths
below ~2300 km likely record subduction before the
mid-Cretaceous. Although their inter-
pretation is less straightforward, forward
geodynamic models and tomographic
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cally depleted compositions (average eNd of +2.6). Igneous
age counts are susceptible to sampling bias but the change
from higher to lower fluxes after ~50 Ma is consistent with
NE Asian magmatic areal addition rates (Wu and Wu 2019)
and the trend is opposite to expected preservation bias.

The three distinct episodes of magmatism identified above
correlate with our Japanese margin plate-tectonic periods
from tomography (colored bars in FIG. 4A): (1) a transi-
tion period between ~135 to 100 Ma when subduction
of marginal sea(s) along Eurasia terminated and Izanagi
subduction began (green and red bars in FIG. 4A); (2) a ~100
to 50 Ma period of Izanagi subduction along Eurasia (green

studies suggest that backarc basins and

. . ) | Neogene | Paleogene |Late Cretaceous| Early Cretaceous
intra-oceanic subduction zones formed § !

offshore of Japan prior to 85 or 100 Ma “ Marginal sea plate?
(van der Meer 2012; Lin et al. 2022). I . :

Such ideas are supported by geological Izanagi plate

studies of subduction complexes in Pacific plate

Hokkaido, Japan (Ueda and Miyashita
2005). Despite some uncertainty prior
to 105 + 20 Ma, we provisionally recon-

Philippine Sea plate

« 3

struct marginal sea subduction along
Japan, with the Izanagi plate subducting

n= 887

offshore of Japan along an intra-oceanic
subduction zone (F1Gs. 4 and 5A).

30 - Russian Far East
Korea
20 1 Japan

LINKING JAPAN
SUBDUCTION HISTORY FROM
TOMOGRAPHY TO NE ASIAN

10 1

Igneous age counts

ARC MAGMATISM 0

In most regions of the Earth, subduc-
tion produces arc magmatism. During
subduction, release of volatiles (e.g., H,O
and CO;) from a subducting plate lowers
the melting point of nearby solid mantle
rocks; the resulting melt rises buoyantly
towards the surface. Therefore, arc

120 1

80 1

Whole-rock Sr/Y

Igneous rock with
Si02>56 wt.%

Adakites with

|Sr/Y>40

n=919

magmatic spatiotemporal patterns
provide a test of subduction histories
independent from tomography. The
chemical composition of arc magmatism
may also provide additional insights
on the nature of subduction. Here we
compare our tomography-derived NE
Asian plate tectonic history (F1G. 4A)
to the 140 to 0 Ma magmatic record of
Japan and the surrounding area synthe- -15

Whole-rock eNd(T)

sized from published igneous rock 0
geochronology and geochemistry (FIG.

4B-4D). As with all natural systems,

there is data bias towards better sampled regions like SW
Japan but sampling distribution maps (not shown here)
show adequate regional coverage overall (e.g., FIG. 1A).

Northeast Asian magmatic histories reveal three main
episodes characterized by distinct geochemical composi-
tions and magmatic fluxes based on igneous age counts
(F1G. 4B-4D): (1) magmatism from ~135 to 100 Ma shows
moderate fluxes, adakitic signatures with elevated average
Sr/Y ratios of 27.8 that are distinct from typical arc magma-
tism, and relatively depleted ¢éNd isotopic compositions that
average 0.0 (see brief explanation of eNd in FIG. 4 caption);
(2) magmatism between 100 to 50 Ma shows the highest
fluxes, the lowest average Sr/Y ratio of 11.0, and relatively
isotopically enriched compositions (average eNd of —4.6);
and, (3) magmatism younger than 50 Ma shows the lowest
magmatic flux, an average Sr/Y ratio of 19.5, and isotopi-
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m Timeline plot from 0 to 140 Ma showing a comparison
between (A) subducting plates along Japan from

tomography (this study) and (B-D) largely independent
constraints from NE Asian magmatic history. (B) Igneous rock age
histogram constrained by zircon, monazite, uraninite, and thorite
U-Pb ages from 808 plutonic and 79 volcanic rocks. (C) Igneous
rock Sr/Y ratios. (D) Igneous rock eNd isotopic composition (see
online supplementary material for references). Adakitic magma
show Sr/Y > 40 (Defant and Kepezhinskas 2001) are distinct from
typical arc magmatism and may have origins that include melting
of a subducted slab. Igneous rock eNd isotopic compositions are
used to trace the magmatic source: “depleted” mantle showing
eNd from 10 to 0 is thought to originate from the upper mantle or
deep mantle, whereas “enriched” mantle showing eNd from -30 to
0 may contain continental crustal material. Gray lines in (€) and
(D) show moving averages within a 20-data point window for Sr/Y
and 30-point window for eNd.
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bar in F1G. 4A); and (3) Pacific subduction along Eurasia
from ~50 Ma to present (blue bar in FIG. 4A). The elevated
Sr/Y magmatism from 135 to ~100 Ma (F1G. 4C) coincides
with the time of initiation of Izanagi subduction along
the Japanese margin or just before. Among the possible
origins for high Sr/Y magmatism, we consider subducted
slab melting due to elevated thermal conditions during a
plate reorganization or partial melting of deep, thickened
crust during intra-oceanic arc accretion as our preferred
mechanisms. A 56 to 46 Ma magmatic hiatus (F1G. 4B) along
the Japanese arc has been linked to Izanagi-Pacific ridge
subduction (Wu and Wu 2019; Yamaoka and Wallis 2023).
The significant increase in ¢Nd after 56 to 46 Ma (F1G. 4D)
has been related to infiltration of isotopically depleted
sub-slab mantle into the mantle wedge across an Izanagi-
Pacific slab window during ridge subduction (Wu and Wu
2019). Japan magmatism may also show a response to the
~23 to 15 Ma Japan Sea opening, with a flare-up (FIG. 4B)
and a wider distribution in ¢Nd(T) isotopic values from
-5 to +10 in contrast to the 50 to 20 Ma ¢Nd(T) that are
generally between 0 to +5 (FI1G. 4D). More widely spread
Nd isotopic values imply that the magmatism had multiple
sources including depleted mantle and enriched conti-
nental crust under the regional thermal conditions during
Japan Sea opening. After ~15 Ma, Japan magmatism shows
mixed signals from the modern configuration of Philippine
Sea plate subduction along the Nankai trough and Pacific
plate subduction along the Japan trench (FiG. 1).

FIGURE 5 shows schematic maps and cross sections incor-
porating our Japan-NW Pacific plate reconstructions and
information on magmatism.

IMPLICATIONS FOR SANBAGAWA
METAMORPHISM, JAPAN
The Sanbagawa metamorphic belt spans the Kyushu,

Shikoku, and SW Honshu islands of Japan before disap-
pearing offshore to the east (FI1G. 2A). The well-studied,

coarse-grained, eclogite-bearinglithology of the Sanbagawa
belt, central Shikoku, shows a distinct metamorphic stage
at ~120 Ma followed by the dominantly observed and
most widespread stage of metamorphism at ~90 Ma that
we herein call the “main metamorphism” (FiG. 6E; Endo
etal. 2012). Counterclockwise pressure—temperature (P-T)
paths are recorded at ~120 Ma, whereas the Sanbagawa
main metamorphism at ~90 Ma shows clockwise P-T paths
(F1G. 6F). In other words, the Sanbagawa belt contains units
that were heated at ~120 Ma, isobarically cooled (i.e., fixed
at the upper plate), then experienced another temperature
rise at ~90 Ma, followed by cooling and exhumation. The
counterclockwise P-T paths are interpreted to reflect a
phase of “hot” subduction initiation at ~120 Ma, followed
by transition to a colder, steady-state subduction zone.
Similar counterclockwise P-T paths were also reported
at the Cretaceous-aged Kamuikotan metamorphic belt
in Hokkaido (FIG. 2A), suggesting a common subduction
initiation around 120-130 Ma along the paleo-Japan arc
(Takeshita et al. 2023).

Our plate model and magmatic analyses support a change
in subduction boundary conditions along the Japanese
margin around 105 + 20 Ma that we ascribe to Izanagi
subduction initiation (F1Gs. 4-6). Although subduction
boundary conditions prior to 105 + 20 Ma are not fully clear,
after 105 or 100 Ma, our plate model indicates the Izanagi
plate subducting under Japan was formed of relatively
old (>80 My) and cold oceanic lithosphere (F1Gs. 5B and
6B). By the Sanbagawa main metamorphism at 90 Ma, the
subducting Izanagi plate was still relatively old (>60 My)
and cold (FiGs. 5B and 6B). This challenges traditional
tectonic models that invoke subduction of young and hot
oceanic lithosphere under the Sanbagawa belt at 90 Ma
from a ridge-trench intersection “slab window.” Instead,
our model supports Sanbagawa models that infer an older
(i.e., atleast 60 My) subducting plate at 90 Ma, based mainly
on the age difference between the formation of Besshi-type
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m Maps and cross sections showing plate reconstruc-
tions of the Japanese margin at (A) 135 Ma,

(B) 85 Ma, and (C) 40 Ma from this study. MODIFIED FROM WU ET
AL. (20224, 20228). Japan is restored along the Eurasian margin
following Yamakita and Otoh (2000) (i.e., FiG. 2D). During the
main period of Sanbagawa eclogite facies metamorphism ~90 Ma,
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the cross section in (B) shows that the subducting Izanagi plate is
likely older (>60 My ages) and colder than proposed by traditional
models that invoke subduction of young, hot lithosphere near a
spreading ridge at ~90 Ma. MTL = Median Tectonic line; KFZ =
Kurosegawa fault zone.
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~90 Ma (see other chapters in this issue).
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Immediately after the main metamor-
phism at 90 Ma, the Sanbagawa and
Ryoke belts show strong orogen-parallel
stretching with top-to-the-west sense of
shear that has been linked to sinistral
oblique convergence (Wallis et al. 2009).

Subducting slab age (Myrs)

120

Although our plate model indicates a
shift from oblique-dextral to oblique-
sinistral convergence sometime between
100 and 80 Ma (F1G. 6D, 6E) that could be
related to the stretching trends, overall,
our predicted plate convergence is nearly
orthogonal at 90 Ma. This raises obvious
questions for future studies to explore,

801 Izanagi-Pacific
ridge subduction
40
0

n Convergence velocity (cm/yr)

25

with the caveat that we have a limited
ability to reconstruct past plate conver-
gence angles along the Japanese margin
because the pre-rift Japanese margin
orientation during the Cretaceous is
not easily reconstructed (F1G. 2B-2D).
During the Late Cretaceous, our plate
model robustly predicts ultra-fast (10-25
cm/y) subduction of the Izanagi plate

Convergence angle (°) Sinistral under Japan between ~100 to 55 Ma (FIG.
6C), raising questions on how ultra-fast
0 Orthogonal subduction rates affect metamorphic
belts. For example, could very fast subduc-
20 Dextral tion rates warm a subduction zone by
40 shear heating (see other chapters in this
- issue) without the need to subduct a young
604 and warm oceanic plate? Spatiotemporally
Exhumation history of Sanbagawa belt in Shikoku synchronous, high-activity magmatism
o5 (pressure in GPa) Eclogite facies along Japan dur1ng the Late Cretacequs
. N o ‘main’ metamorphism (Yamaf;)ka and Wallis 2023) seems consis-
) o tent with our modeled ultra-fast subduc-
2 - Pressure *’"‘90 Ma [ Units showing main . .
GPa metamorphism, including tion because magma flux is Stl‘OIlgly
Shirataki unit Early met. . .
154 15 o controlled by the supply of volatiles (i.e.,
. ﬁ Eclogite unit with coarse- l . .
1 grained lithologies {? water), and rapid subduction would result
14 ~120 Ma in higher volatile input rates.
05 Temp°C 600 900 '§ The most recent phase of Sanbagawa belt
S . ? uplift and exhumation occurred after 56
0 T T T T T T T T Ma based on zircon fission-track cooling

T T T T T
0 10 20 30 40 50 60 70 80 90 100 110
Summary timeline plot comparing (A-D) Cretaceous

m to present-day plate movements near Japan from this

study, and (E, F) published Sanbagawa belt exhumation history for
Shikoku island, Japan. (A) Identity of subducting oceanic plates
along Japan. (B) Age of subducting plate. (€) Subducting plate
convergence velocities relative to Eurasia. (D) Subducting plate
convergence angle. In (E), depositional times are older than ~120
to 110 Ma for the earlier-metamorphosed, coarse-grained body in
the eclogite unit (Okamoto et al. 2004; Endo et al. 2012), older than
~100-90 Ma for the Shirataki unit (Endo et al. 2018; Aoki et al.
2019), and older than ~80 Ma in the Oboke unit (Aoki et al. 2007).
Inset plot (F) shows a pressure-temperature history for the early to
eclogite facies metamorphism in (E). The eclogite and Shirataki
units encountered their peak metamorphism between ~90 to 85
Ma (Wallis et al. 2009). All three units had their final stage of
erosion-related exhumation before 46 Ma (Narita et al. 1999; Wallis
et al. 2004). (B-D) are calculated for a NE Japan reference point in
fixed Eurasia at present 40° N, 140° E. Due to uncertainties in
restoring the Japan Sea opening, the convergence angles in

(D) older than 15 Ma are calculated relative to a NE-SW oriented
Eurasian margin; slightly oblique plate convergence between 0° +
15° angles are considered orthogonal (orange bar).

ELEMENTS

y-N

120 130 140 ages (Wallis et al. 2004) and before
46 Ma based on microfossils from the
Hiwadatoge formation that unconform-
ably overlies the belt (Narita et al. 1999). Mid-ocean ridge
subduction is known to uplift and exhume rocks in the
upper plate; thus, we relate the final stage of erosion-related
exhumation of the Sanbagawa metamorphic rocks to
Izanagi-Pacific ridge subduction in the early Cenozoic (FIG.
6B; Kimura et al. 2019; Wu and Wu 2019). Finally, a phase
of Sanbagawa belt post-orogenic secondary reheating after
30 Ma may indicate igneous activity related to Philippine
Sea plate subduction along SW Japan or Japan Sea opening
after the mid-Miocene.
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