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ABSTRACT

Northwest Pacific-Izanagi subduction histories along Eurasia are poorly constrained due to extensive sub-
duction, which partially consumed the western Pacific plate and the entire Izanagi plate, its hypothesized
conjugate margin. Here we reconstruct NW Pacific-Izanagi plate tectonics since Cretaceous times by map-
ping and structurally restoring (i.e. unfolding) the subducted western Pacific slabs from regional and
global tomography, and re-creating the vanished Izanagi plate as its conjugate rift flank. Unfolding of the
western Pacific slabs based on their cross-sectional areas, corrected for ‘tomographic smearing’, reveals
that 2230 to 5000 km of western Pacific plate was subducted between Kamchatka and the southern Mari-
anas. We add our restored western Pacific and Izanagi plates to a global plate model to reveal that Izanagi
subduction under Eurasia after the mid-Cretaceous was limited between the present Bohai Bay-Yellow
Sea, China, and northern Russia. The southern limit of Izanagi subduction was a NW-SE sinistral trans-
form that intersected Eurasia near present Qingdao, China, and segmented eastern Eurasia continental
magmatism during the late Cretaceous; we call this transform the ‘Qingdao line’. We reconstruct a low-
angle Izanagi-Pacific ridge-trench intersection with Eurasia at ~50 + 10 Ma between Bohai Bay-Yellow
Sea and northern Russia. The ~50 Ma Pacific plate motion change initiated subduction along the Qingdao
line transform, forming the Izu-Bonin-Marianas arcs and reorganizing the Bohai Bay-Yellow Sea faults. We
show tomographic and geodynamic modeling evidence that a 4000 km-long, laterally-continuous, NE-SW
trending, seismically-slow ‘slab gap’ at 1000 + 250 km depth between present northern Sakhalin and
central China is the tomographic signature of the subducted Izanagi-Pacific ridge.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Seafloor magnetic lineations within the northwest Pacific Ocean
are oriented NE-SW and present seafloor ages that decrease north-
westwards towards the western Pacific subduction zones (Fig. 1a)
(e.g. Nakanishi et al., 1989). Based on plate tectonics theory, these
seafloor age patterns imply significant subduction of the western
Pacific plate younger than ~100 Myr and its entire conjugate rift
flank, the conceptual Izanagi plate (e.g. Woods and Davies, 1982;
Engebretson et al., 1985; Miiller et al., 2016). As a result, plate tec-
tonic reconstructions since Cretaceous times for a >8000 km-long
swath of the northwest Pacific margin between SE Asia and north-
ern Russia remain poorly established (Figs. 1b to d) (e.g. Maruyama
et al, 1997; Li et al,, 2014; Seton et al., 2015; Domeier et al., 2017).

Pacific-Panthalassan plate tectonic reconstructions are recog-
nized as the most challenging areas to reconstruct on Earth since
the Mesozoic due to extensive subduction along eastern Eurasia
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(>6000 km since the late Cretaceous) (Miiller et al., 2016; Torsvik
et al,, 2019). These uncertainties create plate reconstruction knowl-
edge gaps for 65% of oceanic areas (up to 45% of Earth’s surface)
during Cenozoic and Mesozoic times (Torsvik et al., 2019) that
hamper our understanding of past global atmospheric CO, (Van
Der Meer et al., 2014), true polar wander (Mitchell et al., 2021),
and supercontinent evolution (Li et al., 2019c), since Panthalassa
was the superocean that surrounded Pangea during early Mesozoic
times. Here we use an unfolded-slab plate tectonic method (Wu
et al,, 2016) with a new update for mitigating tomographic im-
age degradation to reconstruct northwest Pacific and Izanagi plate
tectonic model from western Pacific mantle structure. We show
our plate model is consistent with relatively independent East
Asian regional geology and geochemistry. We compare our mapped
mantle structure to an updated, previously-published geodynamic
model and show a possible Izanagi-Pacific ridge subduction tomo-
graphic signature under East Asia. Our identified subduction realms
within NW Pacific-Panthalassa during Cretaceous times newly de-
fine adjacent subduction domains (i.e. Kula, Junction, and the east-
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Fig. 1. a) Plate tectonic setting of the northwest part of the Pacific plate, northeast Eurasia, and surrounding areas. Rainbow colors indicate seafloor ages from Miiller et
al. (2016). Dashed black line shows the location of profile X-X' in Fig. 2. Black T-shaped markers show location of tomographic transects A to M in this study (detailed
locations are shown in Fig. S3). Red arrows show present Pacific plate motion. b) Inset map showing Kula plate remnant and Kula-Pacific fossil ridge south of the Bering
Sea and Aleutian subduction zone (after Lonsdale, 1998). c) to e) Highly contrasted plate reconstructions of the northwest Pacific plate (blue), the Izanagi plate (green) and
former marginal seas (yellow) have been proposed that can be differentiated by their implied ridge-trench intersections along Eurasia. In c) the Izanagi-Pacific spreading
ridge subducted sub-parallel to the Eurasian margin in the early Cenozoic, based in part on >4000 km of ‘synthetic seafloor isochrons’ (white dashed lines) that extend from
the existing Pacific plate (dark blue polygons to the southeast) (after Whittaker et al., 2007; Seton et al., 2015; Miiller et al., 2016). d) A spreading ridge subducted at a high
angle near Japan in the late Cretaceous that was the Izanagi-Pacific ridge (simplified from Maruyama et al., 1997), the Kula-Pacific ridge (Uyeda and Miyashiro, 1974), or a
former marginal sea spreading ridge (Itoh et al.,, 2017). e) The Izanagi-Pacific spreading ridge inverted in the Cretaceous and formed a south-dipping intra-oceanic subduction
zone (Domeier et al., 2017) that precluded Izanagi-Pacific ridge-trench intersection with Eurasia. Larger red arrows show Pacific and Izanagi plate motion directions. (For
interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

ern Tethys) and reveal details of the western Pacific-Panthalassan
superocean during supercontinent break-up.

1.1. Review of northwest Pacific-Izanagi plate tectonic reconstructions

Published northwest Pacific-Izanagi plate models differ on re-
constructed Izanagi and Pacific plate geometries, the existence of
marginal seas and other oceanic plates along Eurasia, and im-
ply contrasted spatio-temporal Izanagi-Pacific ridge-trench inter-
sections with Eurasia (Fig. 1c-e). One class of models reconstructs
a low-angle Izanagi-Pacific ridge-trench intersection with eastern
Eurasia during early Cenozoic times (Fig. 1c¢) (Whittaker et al.,
2007; Seton et al., 2015). The ridge-trench intersection was pre-
ceded by Izanagi subduction and followed by Pacific subduction
afterwards (Fig. 1c). This model assumes the Izanagi-Pacific spread-
ing ridge was active until its subduction (Fig. 1c) (Whittaker et
al., 2007; Seton et al., 2015). The early Cenozoic low-angle ridge-
trench intersection is supported by a widespread 56 Ma to 46 Ma
NE Asian continental arc magmatic hiatus, igneous rock isotopic
changes from enriched to depleted signatures that are consistent
with mantle flow through a slab window, intrusion of mid-ocean
ridge basaltic (MORB) intrusions into unconsolidated forearc sedi-
ments, high heat flow, and uplift between Japan and the Russian
Far East (Kimura et al., 2019; Wu and Wu, 2019). Within this re-
gion, the Hidaka magmatic zone, Hokkaido, Japan, shows evidence
for a slightly younger ridge-trench intersection at 46 to 37 Ma, po-
tentially due to subduction of an offset ridge-transform segment

(Yamasaki et al., 2021). However, it is currently debated whether
the low-angle Izanagi-Pacific ridge-trench intersection was exten-
sive (i.e. stretched from SE Asia to Alaska) (Fig. 1c) (Whittaker et
al., 2007; Seton et al., 2015) or was limited to regions north of SW
Japan (Wu and Wu, 2019) and south of Sakhalin (Vaes et al., 2019).
Some studies dispute the early Cenozoic ridge-trench intersection
and prefer to interpret the geology in terms of stalled subduction,
reorganization into a transform margin, followed by slab break-off
(e.g. Grebennikov et al., 2021).

Other plate models assume the Izanagi-Pacific ridge ceased
spreading by mid- to late-Cretaceous times (Fig. 1d) (Engebret-
son et al, 1985; Maruyama et al., 1997). These models recon-
struct a high-angle Izanagi-Pacific ridge-trench intersection along
eastern Eurasia during the Late Cretaceous that places the Pa-
cific plate south of Japan and the Izanagi plate north of Japan
(Fig. 1d). The predicted ridge-trench intersection is consistent with
high heat flow and rapid exhumation of the Sanbagawa metamor-
phic belt, Japan, during late Cretaceous times (Maruyama et al.,
1997). Adakites and extensive copper-gold deposits near Shanghai,
China (e.g. Li et al., 2014) and adakitic Kitakami granitic plutons
at NE Japan (Osozawa et al., 2019) formed during Early Cretaceous
times have also been explained by this model.

Marginal seas along Eurasia during Cretaceous or early Cenozoic
times have been reconstructed based on accreted, far-traveled, al-
lochthonous oceanic arc remnants (Fig. 1e) (e.g. Konstantinovskaia,
2001; Ueda and Miyashita, 2005; Domeier et al., 2017; Yamasaki
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and Nanayama, 2018; Vaes et al., 2019; Kutyrev et al., 2021). It is
now generally agreed that now-vanished marginal seas once ex-
isted within the north Pacific basin (i.e. Kamchatka and surround-
ing areas) during late Cretaceous to mid-Cenozoic times (Kon-
stantinovskaia, 2001; Domeier et al., 2017; Vaes et al., 2019). This
is supported by an abrupt termination of continental arc magma-
tism along the Okhotsk-Chukotka margin north of Kamchatka at
~78 to 76 Ma, which has been attributed to a shift of the subduc-
tion zone towards the offshore (Akinin and Miller, 2011). However,
the tectonic reconstruction of marginal seas south of Kamchatka,
including Japan and Sikhote-Alin (Ueda and Miyashita, 2005; Itoh
et al, 2017) and southeast China (Fig. 1c to e) (e.g. Miiller et al.,
2016; Wu et al., 2016), remain debated.

The preserved ‘Kula’ plate remnant offshore the Aleutians
(Fig. 1b) adds further complexities to NW Pacific plate recon-
structions because it implies an oceanic ‘Kula plate’ also existed
within the north Pacific basin during the Mesozoic and Ceno-
zoic eras (Woods and Davies, 1982; Lonsdale, 1988). Although the
Kula plate has mostly subducted (Fig. 1b), it may have been ex-
tensive and subducted along northeast Asia during Cretaceous or
early Cenozoic times (Engebretson et al., 1985; Lewis et al., 2002).
Other studies proposed that the Kula plate was spatially limited
to areas east of northern Russia and never subducted along East
Asia (Fig. 1c,e) (e.g. Konstantinovskaia, 2001; Miiller et al.,, 2016;
Domeier et al., 2017; Vaes et al., 2019).

2. Data and methods
2.1. Tomography

We identify subducted western Pacific oceanic lithosphere from
two primary tomographic models: (1) the global P-wave tomogra-
phy MITPO8 (Li et al., 2008); and, (2) the regional, full-waveform
tomography FWEA18 P- and S-wave models, which cover a more
limited area (~32°N to 47°N) along eastern Eurasia (Tao et al.,
2018). To mitigate bias, we compare our results against selected
suites of published P- and S-wave global tomographic models
(Supplemental Text S1). We do not use tomographic vote maps
despite their advantages (Shephard et al., 2017) because some
tomographic models specifically access regional East Asian seis-
mological records.

2.2. 3D slab mapping and unfolding

We map slabs in three-dimensions using the software GOCAD
following Wu et al. (2016). Slabs were mapped from the fol-
lowing criteria: faster-than-average seismic velocity perturbations
(0.2-1% and >1% faster in global and regional tomography, re-
spectively), Benioff zone seismicity, and steep velocity gradients at
the anomaly edges (i.e. clustering of velocity perturbation contour
lines). To create a 3D mid-slab map (e.g. Animation 1), we con-
sider the center of the slab anomaly (i.e. mid-slab) as the most
probable slab location and select 2D mid-slab curves along hun-
dreds of variably-oriented tomographic transects (e.g. Fig. S1) to
form a triangulated mid-slab surface. Tomographic velocities are
extracted along the mid-slab surface nodes to analyze intra-slab
velocity variations (e.g. Animation 1). The 3D mid-slab map en-
ables us to maintain a spatially self-consistent slab model to guide
the slab unfolding, described next.

Slab unfolding The amount of subducted western Pacific oceanic
lithosphere is quantified following the ‘cross-sectional slab area
unfolding’ method of Wu et al. (2016) (Fig. 2) with an update
to address artificial expansion of slab volumes from tomographic
imaging (Fig. 2¢). In this method, the pre-subduction length of
the subducted oceanic lithosphere is structurally restored (i.e. un-
folded) using area conservation and an assumed initial oceanic
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lithospheric thickness (Fig. 2). We first select the slab area from a
spherical Earth-projected tomographic cross-section (dashed white
lines showing the slab edges in Fig. 2a). Our slab edge selections
are necessarily interpretive and we mitigate bias by using two
different criteria: 1) we manually interpret a primary set of slab
edges by following the most closely-spaced velocity perturbation
contours that close around a slab anomaly (i.e. stronger velocity
gradients); and 2) we compute an alternative set of ‘machine-
guided’ slab edges from velocity isocontours. A small number of
shallow (<400 km depth) fast anomalies that are unlikely to be
slabs based on previous studies are manually excluded (e.g. ‘Or-
dos block’ in Fig. 2a; Li et al., 2008). We then structurally restore
(i.e. unfolded) the selected slab area to Earth’s surface (Fig. 2b),
correcting for density-depth changes within the mantle following
PREM (Dziewonski and Anderson, 1981) as in Wu et al. (2016).
Our unfolding assumes a 75 km initial oceanic lithospheric thick-
ness (Fig. 2b) based on Mesozoic western Pacific seafloor ages
(Fig. 1a) and RHCW18 ‘plate model’ thermal structure (Richards et
al., 2018). We check our assumed thickness against the implied
oceanic lithospheric thicknesses from our final plate model and
briefly discuss uncertainties in 3.2.

We improve the method of Wu et al. (2016) by adding a correc-
tion for the artificial expansion of tomographically-imaged slab ar-
eas due to blurring, or ‘tomographic smearing’ (e.g. Simmons et al.,
2019). We base our ‘tomographic smearing correction’ on the dif-
ference between input and output slab areas from nearby synthetic
slab resolution tests (Fig. 2c). Although such tests offer optimistic
views on resolution, they provide some measure of imaging arti-
facts on our slab unfolding. We analyze the three available MITPO8
resolution tests within the local area (Li, 2007). We find that after
inversion, the output Pacific slab areas expanded by an average of
~25% (maximum 41%; minimum 12%) (Fig. S4). Ideally, a spatially-
varying correction would be applied but do not have sufficient res-
olution tests. Therefore, we take a pragmatic approach to examine
the range of possibility by considering three cases: a ‘mean’ case
tomographic smearing correction of 25% (i.e. we reduce our cross-
sectional slab areas from global tomography by 25%) (Fig. 2d);
and ‘minimum’ and ‘maximum’ tomographic smearing correction
cases of 10% and 40%, respectively. We do not apply a tomo-
graphic smearing correction to the regional, full-waveform tomog-
raphy FWEA18 because point spread resolution tests show only
relatively minor smearing at depths of interest (i.e. above 900 km)
and the imaged slabs show relatively narrower and higher velocity
perturbation anomalies (3.5 to 5% perturbations compared to 1%)
compared to global tomography (e.g. Figs. S2, S3) (Tao et al., 2018).

Unfolded-slab plate tectonic modeling We build a quantitative ‘un-
folded-slab plate tectonic model’ by adding our unfolded Pacific
slabs to a seafloor spreading-based, global plate reconstruction
with corrected Pacific-Panthalassa angular velocities (i.e. Earthbyte
Model R) (Matthews et al., 2016; Torsvik et al., 2019). Plate kine-
matics are developed by attaching unfolded slab lengths to their
present-day subduction zones and assigning the associated plate
motions within the software GPlates. We reconstruct our unfolded
slabs as straight lines and not kinked (e.g. Fuston and Wu, 2020;
Parsons et al., 2021) because our final model reconstructs sub-
duction of the western Pacific slabs under Eurasia after ~50 Ma;
during this period Pacific plate motions were westwards and rel-
atively stable. We impose synthetic seafloor isochrons on the un-
folded western Pacific slabs and reconstruct the Izanagi plate as its
conjugate margin assuming symmetric spreading (Fig. S7). Asym-
metric spreading is possible but our assumed symmetric spreading
is most straightforward and accounts for >90% of Earth’s seafloor
spreading within our reconstruction time period (e.g. Miiller et al.,
2016).
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3. Results from the modern western Pacific trenches (Figs. 3¢, S1; Animation
1). Our extracted tomographic velocities along our western Pacific
3.1. Western Pacific 3D mid-slab map mid-slab generally shows fast velocities (Fig. 3b) with the excep-

tion of a slower velocity ‘slab gap’ under NE China, which has been

We map a western Pacific mid-slab surface between Kamchatka noted in other tomographic studies (e.g. Tang et al.,, 2014; Tao et
(55°N) and near-equatorial latitudes from seismicity and MITPOS al., 2018). The northernmost region along Kurile-Kamchatka shows
tomography (Fig. 3a). Our mapped slabs follow relatively faster a swath of deeper subducted slabs down to ~900 km depths
velocity anomalies that show seismicity and extend downwards (Figs. 3a, c). The northern edge of that slab abruptly terminates
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around 55°N along Kamchatka (Fig. 3a, c). Continuing south to
28°N, the western Pacific slabs extend westwards and lie sub-
horizontally within the mantle transition zone (i.e. 410 to 660
km depths) under China, Korea and Japan (Fig. 3a, c). The slab
structure abruptly changes from sub-horizontal north of 28°N to
sub-vertical south of 28°N (Fig. 3a). This first-order structural fea-
ture has been well-documented in previous studies (e.g. van der
Hilst and Seno, 1993). South of 28°N, the sub-vertical western
Pacific slabs strike SSE and extend down to ~1100 km depths
(Fig. 3a, Animation 1). We also map two swaths of detached slabs
D1 and D2 near the southern Marianas and south of the central
Marianas (Fig. 3a, Animation 1). The detached slabs D1 and D2 are
seen in other tomographic models (Miller et al., 2006; Jaxybula-

tov et al., 2013) and do not appear very well-resolved based on
their lower P-wave perturbations and weaker gradients compared
to northern areas (e.g. Fig. S1m,n). Overall, our mapped western
Pacific slab geometries are generally consistent with previous to-
mographic studies (e.g. van der Hilst and Seno, 1993; Miller et al.,
2006; Jaxybulatov et al., 2013) and provide a comprehensive 3D
view of both seismic and aseismic subducted slabs along the west-

ern Pacific (Animation 1).
3.2. Western Pacific slab unfolding

We interpret western Pacific cross-sectional slab areas along 14
MITP18 tomographic transects between 11°N to 53°N latitudes
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(Figs. S2) and five FWEA18 transects between ~30°N to 49°N
latitudes (Fig. S3). All transects were roughly oriented along the
present Pacific plate convergence direction (Fig. 1a). Our slab un-
folding from MITPO8 global tomography between 11°N to 53°N
corrected for ‘mean case’ 25% tomographic smearing (see Methods
in 2.2) reveals pre-subduction western Pacific slab lengths between
2235 km and 4933 km (Fig. 4a, Table S1). Our Pacific slabs from
FWEA18 P- and S-wave tomography show unfolded slab lengths
of ~3500 km and 5200 km within its area of coverage 32°N to
47°N (Table S1). The lengths are generally comparable to the ‘mean
case’ smearing-corrected MITPO8 unfolded slab lengths within the
same area (3000 km and 4900 km) (Table S1); further comparisons
are made below. We display our MITP08 unfolded slab lengths
with the existing Pacific plate to show the pre-subducted size
of the western Pacific plate (Fig. 4a). We do not implement the
shorter length along Transect H in our unfolded western Pacific
slab boundary (blue dashed line in Fig. 4a) because it occurs along
the interpreted slab ‘hole’ above a possible mantle upwelling under
NE China (Figs. 2b; S1 to S3) (Tang et al., 2014), which may have
distorted or partially destroyed the slabs (i.e. reduced slab areas).

Comparison to slab unfolding from other tomography and alternative
slabedges We compare our western Pacific slab unfolding (Fig. 4b)
to other global tomography along Transects F to ] (Fig. 1), which
is the area of common coverage for all five tomography used in
this study (MITPO8, UUPQ7, GAPP4, FWEA18 S-wave, FWEA18 P-
wave; see Text S1 for more information). We estimate unfolded
slab lengths from both manually-selected and computer-generated
slab edges (i.e. isovalues) for the three global tomography (Fig. S6;
Tables S2 and S3). We do not calculate isovalue slab edges for

FWEA18 because it was unavailable at this stage of the study. In
total, eight unfolded slab lengths are produced per transect. We
find the unfolded slab lengths from all estimates generally plot
within the range of our 10% minimum to 40% maximum tomo-
graphic smearing correction cases from MITP0O8 (yellow area in Fig.
S6a). Therefore, we will later account for uncertainties from the
various tomographic model and selected slab edges by considering
our minimum and maximum cases within the plate tectonic model
(Figs. S6b to d).

Uncertainty from assumed pre-subduction lithospheric thickness We
test our assumed 75 km pre-subduction ocean lithospheric thick-
ness for slab unfolding (Fig. 2b) along a central Transect G by com-
paring against the lithospheric thicknesses implied by the seafloor
isochrons our final plate model (Fig. 5). Estimates of oceanic
lithospheric thicknesses from its age are an active research area;
nonetheless, we compute lithospheric thicknesses from age us-
ing the 1175°C isotherm from the RHCW18 plate model, which
fits with the lithosphere-asthenosphere boundary from azimuthal
anisotropy studies (Richards et al., 2018). Our final plate model
implies the subducted Pacific slabs had an average thickness of 86
km, which is 14% thicker than our assumed constant 75 km thick-
ness (Table S4). We re-compute our slab unfolding using a 14%
thicker pre-subduction lithosphere thickness and find the unfolded
slab length is shorter than our mean case but within the range
of our minimum and maximum cases (red diamond in Fig. S6).
This suggests that lithospheric thickness uncertainties can be ade-
quately captured by our minimum and maximum cases (Figs. S6b
to d), with minor preference for the maximum case (i.e. shorter
slab lengths in Fig. S6d) over the minimum case.
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3.3. Western Pacific total subduction duration from slab unfolding (i.e. Philippine Sea plate or other vanished plates), which are con-
troversial. North of 32°N (i.e. Japan, Kuril and Kamchatka trenches),

Following Wu et al. (2016), we estimate Pacific slab subduction our mean case implies the western Pacific slabs began to subduct

duration by comparing our unfolded slab lengths to Pacific-Eurasia
plate convergence history from a global plate model (Fig. S5). We
do not compute Pacific slab subduction durations for areas south
of ~32°N because they require reconstructed marginal sea motions

along Eurasia at ~50 £ 10 Ma (red area in Fig. 4b). We reverse Pa-
cific plate motions and attach the unfolded Pacific slabs within the
global plate model to show this graphically (Fig. 4c). Moving back-
wards in time, the leading edge of our reconstructed western Pa-
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cific plate fits best (i.e. minimal overlap) with the eastern Eurasian
margin around 55 Ma (Fig. 4c). Comparison to our minimum and
maximum cases indicate a wider time range ~40 to ~70 Ma, or
55+15 Ma (Fig. S6b to d). Although we did not compute Pacific
slab subduction durations for areas south of 32°N due to probable
intra-oceanic subduction, we note our final plate model generates a
~50 Ma Pacific subduction duration along the Izu-Bonin-Marianas
(IBM) (Figs. 5d,e), which is consistent with well-known IBM sub-
duction initiation (Li et al., 2019a).

Comparison to previous slab unfolding studies Previous studies esti-
mate a total subduction duration of 30 to 25 Ma for the subducted
western Pacific slabs along Japan (Liu et al., 2017; Tao et al., 2018),
which is significantly younger than our 50 + 10 Ma mean case
estimate (Fig. 4b) and outside of our minimum/maximum cases
(i.e. 55+15 Ma) (Figs. S6b to d). Although a minor source of dis-
crepancy could be our inclusion of smaller slab fragments near the
Pacific slab leading edge (Figs. S2, S3), the main reason for the dif-
ferences stems from the respective slab unfolding methods. The
previous studies measure the amount of subducted slab from its
‘line length’ and assume that slabs do not thicken after subduc-
tion (Liu et al., 2017; Tao et al., 2018). In contrast, our method will
estimate longer slab lengths because it considers the slab cross-
sectional area (Fig. 2). This approach allows for post-subduction
slab thickening due to slab buckling and thickening, which is seen
in geodynamic models (e.g. Cizkova and Bina, 2013). Therefore, we
consider the previous studies indicate a minimum subduction du-
ration for the Pacific slabs.

3.4. Tectonic significance of the reconstructed western Pacific plate
leading edge

Our results imply the western Pacific plate leading edge inter-
sected eastern Eurasia around 50 4+ 10 Ma along Korea, Japan and
the Russian Far East (Fig. 4b,c), with a wider range of possibility
between 40 and 70 Ma (Fig. S6b to d). Within this time win-
dow, our results show a spatiotemporal match to the widespread
56 to 46 Ma Pacific-Izanagi ridge-trench intersection along Eura-
sia between Japan to Sikhote-Alin, Russian Far East (Wu and Wu,
2019; Kimura et al., 2019). Whittaker et al. (2007) also indepen-
dently reconstructed the missing western Pacific plate from syn-
thetic seafloor isochrons and concluded the Izanagi-Pacific spread-
ing ridge intersected the Eurasian margin between ~60 Ma to 50
Ma (e.g. Fig. 1a). Therefore, we interpret the Izanagi-Pacific spread-
ing ridge was located at the leading edge of our reconstructed
Pacific plate. We proceed to build our tomography-led plate model
using this inference and will further compare our model against a
wider swath of geological and geophysical evidence in Section 4.

3.5. Unfolded-slab plate reconstruction of the NW Pacific-Izanagi plates

We reconstruct past plate kinematics by imposing a map of past
ages of the Pacific Ocean on our unfolded Pacific slabs using the
software GPlates (Figs. 5 and S7) (Miiller et al., 2018). As men-
tioned in 3.4, the synthetic seafloor isochrons of Whittaker et al.
(2007) are generally compatible with our slab unfolding. There-
fore, we use an updated version of the Whittaker et al. (2007)
Pacific synthetic seafloor isochrons (Miiller et al., 2016) but only
impose these isochrons within the limits of our unfolded west-
ern Pacific slab only (Fig. S7a,b). Our adapted synthetic seafloor
isochrons includes two areas (A and B in Fig. S7b) that are not di-
rectly supported by our slab unfolding but are plausible. In Area
A we reconstruct additional ocean lithosphere within the north
Pacific to maintain a NW-younging ocean basin seafloor age pro-
gression (Fig. S7b) even though we did not find slabs under Eurasia
to directly support this inference. The Area A lithosphere may have
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subducted along northern Pacific backarc basins during the Late
Cretaceous to Eocene (e.g. Domeier et al., 2017; Vaes et al., 2019)
or could have been captured to form the Bering Sea, which has
an unknown origin (Cooper et al., 1976). We mapped slabs within
Area B (detached slab D2 in Fig. 3a) but they were not unfolded
due to tomographic resolution and Caroline Sea plate reconstruc-
tion uncertainties; thus, we inferred the Area B lithosphere based
on the minimum extent of the eastern Pacific triangle.

We reconstruct the Izanagi plate and its seafloor isochrons by
assuming a conjugate rift flank and symmetric spreading from the
western Pacific plate (Fig. S7c). This results in a fully-reconstructed
Pacific-Izanagi ocean basin age sequence formed by the existing
Pacific plate, our unfolded western Pacific slabs, and an Izanagi
conjugate rift flank (Fig. S7c). We add our restored Izanagi and
Pacific plates into a global plate model (Matthews et al., 2016)
with Pacific-Panthalassa corrections (Model R; Torsvik et al., 2019)
to create an unfolded-slab Izanagi-Pacific plate kinematic model
(Fig. 5; Animations 2, 3). The northern Pacific backarc basins are
modeled by fragmenting the Izanagi plate during an 85 Ma plate
reorganization in the northern Pacific to move the subduction zone
offshore following paleomagnetic and magmatic constraints (e.g.
Akinin and Miller, 2011; Domeier et al., 2017; Vaes et al., 2019).
We do not model Eurasian backarc basins south of Kamchatka
due to lack of agreement; instead, we discuss these possibilities
in Section 4. We produce a more complete plate reconstruction to
the present-day by merging our Izanagi-Pacific plate reconstruction
with a published ‘tomographic’ East Asian plate reconstruction af-
ter 52 Ma (Wu et al., 2016).

Izanagi-Pacific plate reconstruction since 120 Ma Fig. 5 shows our
unfolded-slab reconstruction since the Early Cretaceous 120 Ma.
Note that the leading edge of our reconstructed Izanagi plate
(green fill in Fig. 5) is shown with a dashed line to indicate
that the plate could be more extensive towards the northwest.
This is because our reconstructed Izanagi plate only includes the
mid-ocean ridge basalt (MORB) crust formed at the Izanagi-Pacific
spreading ridge (i.e. a minimume-size estimate). It is possible the
Izanagi plate leading edge also included older Panthalassan Ocean
crust that was rifted apart during initial Izanagi-Pacific spreading
(e.g. Ueda and Miyashita, 2005); therefore, we do not emphasize
our predictions for the start of Izanagi subduction along Eurasia.
In contrast, the lateral edges of our reconstructed Izanagi plate are
more tightly constrained by the slab unfolding, particularly the SW
Izanagi margin, and are tested by magmatism in Section 4. Ani-
mations 2 and 3 show the birth of the Pacific triangle within the
central Pacific at 190 Ma and progressive spreading of the Izanagi
and Pacific rift flanks.

At 120 Ma, the Pacific triangle is located within central Pacific-
Panthalassa (Fig. 5a) and the Izanagi-Pacific ridge is actively
spreading (Fig. 5a). The SW and NE lateral edges of the Izanagi
plate are bounded by transform-like plate boundaries within the
central Pacific (Fig. 5a). By 100 Ma, the Izanagi MORB crust formed
by Izanagi-Pacific spreading reaches eastern Eurasia and begins to
subduct under NE Japan and Sikhote-Alin (Fig. 5b; Animations 2,3).
By the late Cretaceous (~85 Ma), the entire width of the Izanagi
plate subducts along Eurasia between Korea and northern Russia
(Fig. 5c; Animations 2,3). The Izanagi plate is laterally bounded by
transform faults; we call the SW transform the ‘Qingdao line’ be-
cause it intersects Eurasia near present Qingdao, China (Fig. 5b, c).
Our reconstruction method does not provide enough detail to re-
construct the Qingdao line as a transform fault sensu stricto and it
might be instead a long-offset, ‘leaky’ transform fault with small
ridge segments (e.g. Lodolo et al.,, 2013). The northernmost Izanagi
plate subducts under the north Pacific backarc basins offshore of
northeast Eurasia and Alaska (Fig. 5c). The subduction polarity of
the north Pacific backarc basins is uncertain; we reconstruct north-
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dipping subduction here but other studies have also reconstructed
south-dipping subduction (Domeier et al., 2017; Vaes et al., 2019).
The transform fault bounding the northern Izanagi plate intersects
and subducts under the northern Pacific backarc basins at ~85 Ma
(Fig. 5c; Animations).

At 55 Ma the Izanagi-Pacific ridge intersects Eurasia at a low
angle between SW Japan/Korea and Kamchatka (Fig. 5d). Following
the global model, westward Pacific plate motions after ~50 Ma ini-
tiates subduction along the Qingdao line transform to form the Izu-
Bonin-Marianas intra-oceanic subduction zone (Fig. 5e; Animations
2,3). The ~50 Ma subduction initiation ruptures a <3000 km-
length of the Qingdao line transform between Bohai Bay-Yellow
Sea and the Philippine Sea plate, linking the tectonics of the two
distant areas. After 45 Ma, the western Pacific subduction zone
that formed along the Qingdao line is progressively overridden by
the Philippine Sea plate as it moves northwards from the equator
to its present location (Animations 2,3).

4. Discussion
4.1. Comparison to East Asian magmatism and geochemistry

We test our tomographic Izanagi-NW Pacific plate tectonic re-
construction (Fig. 5) against a wide swath (~4500 km) of relatively
independent Eurasian continental magmatism along China, Japan,
Korea and Sikhote-Alin, Russian Far East (Fig. 6). One testable
feature is our reconstructed southern limit of Izanagi subduction
along eastern Eurasia between mid-Cretaceous and early Ceno-
zoic times along the ‘Qingdao line’ sinistral transform (Figs. 5,
6e), which segments Izanagi from another subduction realm to
the south that we tentatively call ‘South China’ (Fig. 5, 6e). Our
maximum and minimum case models indicate the Qingdao line
intersected Eurasia between ~30°N near present Hangzhou, China,
and ~35°N near the southern Korean peninsula (Figs. S6b to d);
our preferred ‘mean case’ location is near the Bohai Bay-Yellow
Sea area, China (Figs. 5, 6e).

Eurasian magmatism from the mid-Cretaceous to present shows
a stark contrast across our predicted Qingdao line (Fig. 6a to d).
Areas north of the Qingdao line show abundant magmatism with
enriched isotopic signatures after ~110 Ma that is interrupted by
a 56 Ma to 46 Ma magmatic gap, followed by another period of
magmatism after 46 Ma (Fig. 6a, b). These observations fit with
our modeled Izanagi-Pacific realm in terms of continuous Izanagi
subduction since ~100 Ma, a 50 + 10 Ma Izanagi-Pacific ridge
subduction, and, Pacific subduction after ~50 Ma (Fig. 5). In con-
trast, southeast China magmatism south of the Qingdao line termi-
nates around ~80 Ma to 70 Ma (Figs. 6¢, d) and does not resemble
magmatism north of our modeled Qingdao line. Other evidence
shows the southeast China magmatic arcs spatially advanced to-
wards the Chinese coast between 145 Ma and 90 Ma (Li et al,
2014). These arc migration patterns do not continue north of the
Qingdao line, which further supports our inference that southeast
China was separate from the Izanagi realm. We do not include NE
China and eastern North China igneous rocks in our Fig. 6 analysis
because of younger deformation and subsidence around Bohai Bay-
Yellow Sea; however, most igneous rocks in these areas are older
than mid-Cretaceous (youngest ~73 Ma) (e.g. Wang et al., 2019),
which fits with south China magmatism (Fig. 6¢,d). Further south,
magmatism within SE Asia terminates around 80 Ma to 70 Ma (e.g.
Hennig et al., 2017) similar to southeast China (Fig. 6¢,d). There-
fore, on the basis of our unfolded-slab plate model and relatively
independent magmatism, we interpret that SE Asia and southeast
China have not resided within the Izanagi realm since the mid-
Cretaceous ~100 Ma. Instead, these areas may belong to a separate
‘junction’ subduction realm between Tethys and Panthalassa (see
44.1).
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4.2. 50 £ 10 Ma low-angle Izanagi-Pacific ridge-trench intersection
with Eurasia

Our tomographic plate model generally affirms previous stud-
ies that show a low-angle Izanagi-Pacific ridge-trench intersection
with Eurasia in the early Cenozoic (Figs. 4c and 5d). However, in
contrast to previous models (Fig. 1c), we limit the ridge subduc-
tion to a smaller area between Kamchatka, Sikhote-Alin, Russia,
Japan and southernmost Korea (Fig. 5d). Our various cases indi-
cate the Izanagi-Pacific ridge-trench intersection south limit was
between present southern Korea to Hangzhou, eastern China (Figs.
S6b to d); indeed, we are not aware of any geological evidence
for ridge-trench intersection south of these areas during the early
Cenozoic. The northern limit of Izanagi-Pacific ridge-trench inter-
section along Kamchatka is difficult to fully evaluate because the
ridge-trench intersection likely occurred along now-vanished north
Pacific backarc basins (Fig. 5d) (Konstantinovskaia, 2001; Domeier
et al, 2017; Vaes et al., 2019). Our preferred timing for the Izanagi-
Pacific ridge-trench intersection is 50£10 Ma (Fig. 4b). Although
this timing generally fits with regional magmatism (Fig. 6a, b), the
specific Izanagi-Pacific ridge-transform offsets in our plate model
(Fig. 5) are extrapolated from the present Pacific plate and not
specifically resolved by our reconstruction method. Such variations
could explain slightly older or younger ridge-trench intersection
ages in localized regions (e.g. 46 to 37 Ma within the Hidaka belt,
Japan; Yamasaki et al., 2021).

Our modeled Pacific-Izanagi ridge-trench intersection with
Eurasia (Fig. 5) and the magmatic evidence (Fig. 6) challenges
previous studies that reconstruct backarc basins along Japan and
Sikhote-Alin during the early Cenozoic (e.g. Domeier et al., 2017;
Itoh et al., 2017). If such backarc basins existed, they would
have precluded tectonic interaction between the Pacific plate and
Eurasian continent, similar to the role of the Philippine Sea plate
between the Pacific and Eurasia today (e.g. Fig. 1a). For earlier
times, it is possible that backarc basins existed along Japan and
Sikhote-Alin but were closed and subducted by ~100 to 85 Ma
(Ueda and Miyashita, 2005; Boschman et al, 2021). Previously,
high heat flow and metamorphism within the Sanbagawa belt
around this period (mid- to Late Cretaceous) was explained by
Izanagi-Pacific ridge-trench intersection (Maruyama et al., 1997)
but this is now incompatible with our results. Instead, future
studies should investigate whether accretion or subduction of an
intra-oceanic arc during final closure of a backarc basin could ac-
count for Sanbagawa belt tectonics during the Cretaceous (Wu et
al,, 2022).

Evidence from predicted and imaged mantle structure under East Asia
Forward geodynamic models show that low-angle Izanagi-Pacific
ridge-trench intersection along Eurasia between 60 Ma to 50 Ma
may produce a recognizable, slow-velocity tomographic ‘slab gap’
between the shallower Pacific and deeper Izanagi slabs (Seton et
al.,, 2015). The ridge subduction slab gap was shown in three to-
mographic cross-sections between southern Japan and Sikhote-Alin
(Seton et al., 2015), which are within our modeled Izanagi-Pacific
subduction realm; however, the full extent of the tomographic
slab gap is unknown and is further examined here. We first test
whether a ridge subduction slab gap is reproducible in a forward
geodynamic model with updated plate reconstruction parameters.
We assimilate the updated East Asian plate reconstruction (Zahi-
rovic et al,, 2014) with corrected Pacific-Panthalassa angular ve-
locities (Torsvik et al., 2019) within a new forward geodynamic
model (Figs. 7a and S8; Supplemental Text S2). We find that a
higher temperature slab gap is still produced by the Izanagi-Pacific
ridge subduction (Figs. 7a and S8). The slab gap shows similarities
to co-located global tomographic sections (Figs. 7b, S9).
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Fig. 6. Compilation of Cretaceous to Miocene intermediate to felsic igneous rocks along the East Asia Eurasian continental margin (see supplementary text for references). a)
and b) show Japan and Sikhote-Alin, Russian Far East, igneous ages and neodymium and strontium isotopic values, respectively, north of the reconstructed ‘Qingdao line’. c)
and d) show south China ages and isotopic values south of the Qingdao line. e) shows a location map of the magmatism and reconstructed ‘Qingdao line’ from this study.
The magmatism shows abrupt contrasts across the Qingdao line. South China magmatism in c) d) ceases after ~75 Ma. In contrast, Japan and Sikhote-Alin magmatism is
relatively continuous from 110 to 40 Ma, with the exception of a clear 56 Ma to 46 Ma magmatic gap. The regional geology along Japan and Sikhote-Alin during the 56 to
46 Ma magmatic gap is consistent with our predicted 50 + 10 Ma Izanagi-Pacific ridge subduction (Wu and Wu, 2019; Kimura et al., 2019).

We build on our slab mapping results and extend our mapped
western Pacific mid-slab surface (Fig. 3) deeper into the man-
tle, mapping across the tomographic slab gap and the deeper
Izanagi slabs (e.g. dashed orange line in Fig. 7b). Similar to our
earlier western Pacific slab maps (Fig. 3b), we extract mid-slab
tomographic velocities and display them on our composite Pacific-
Izanagi mid-slab surface (Figs. 7c, d). Our mapping reveals the pre-
dicted and imaged tomographic slab gap (Figs. 7a,b) is a through-
going feature that can be traced across 4000 km of the East Asian
lower mantle primarily between 10004250 km depths (Figs. 7c, d).
The slab gap can be observed in other global tomographic models
(Fig. S10). A preliminary slab unfolding of the Izanagi slabs along
a single transect under the Russian Far East shows ~7600 km
of subducted Izanagi slabs (Fig. S11), which is comparable to our
plate model predictions (i.e. ~8100 km of Izanagi slabs subducted
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between 105 and 55 Ma; Animation 2). These mantle structure
observations provide additional evidence for a 504+10 Ma Izanagi-
Pacific ridge-trench intersection with eastern Eurasia, which is a
key distinguishing feature between many published Izanagi-Pacific
plate models (Figs. 1c-e).

4.3. Implications for Izu-Bonin-Marianas (IBM) subduction initiation
and the Bohai Bay basin, China

In our models, counter-clockwise rotation of the Pacific plate
between ~50 Ma and ~42 Ma (Sharp and Clague, 2006) initiates
intra-oceanic subduction along the Qingdao line to form the Izu-
Bonin-Marianas (IBM) arcs (Figs. 5d, e). We model the subduction
of 60 to 97 Myr old Pacific seafloor (i.e. formed at 110 to 137
Ma) under the Philippine Sea plate during IBM subduction initia-
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tion (Fig. 5e). Our model indicates that IBM subduction initiation
occurred along a former transform, which is generally consistent
with IBM models (e.g. Li et al., 2019a). We now reconstruct the for-
mer transform as the Qingdao line (Fig. 5d). In addition, the Qing-
dao line newly links IBM subduction initiation and Eocene tectonic
events along the Eurasian margin near Bohai Bay, China (Fig. 5d,e),
where it is well-known that basin fault systems abruptly reorgani-
zated around ~42 Ma (e.g. Mao et al., 2019). A link to western Pa-
cific plate tectonics have been speculatively proposed by past stud-
ies (e.g. Mao et al., 2019) and are now affirmed by our modeling.

4.4. Implications for adjacent plates in the Mesozoic within eastern
Tethys and northwestern Panthalassa

4.4.1. Junction realm

Some global tectonic reconstructions require that a now-
vanished plate, or plates, once occupied the junction between
Pacific-Panthalassa Ocean and the eastern Tethys Ocean during
the Cretaceous (Seton and Miiller, 2008; Seton et al., 2012). Pro-
visionally named the ‘Junction realm’, this location has remained
enigmatic because the associated oceanic crust is mostly subducted
(Seton and Miiller, 2008). Our plate model now shows that subduc-
tion along southeast China and northern SE Asia occurred within
an unnamed realm that we called ‘South China’ Fig. 6e). These ar-
eas had been previously attributed to the Izanagi realm (Fig. 1c)
(Seton and Miiller, 2008) but are now excluded from Izanagi by
our results; instead, the realm we called ‘South China’ could be
the northern Junction (Fig. 8). By extending Junction northwards
to the Qingdao line (i.e. near Bohai Bay-Yellow Sea) during the
Cretaceous, our results show the enigmatic Junction realm could
be larger than previously recognized (Seton and Miiller, 2008). The
Junction realm may have included multiple intra-oceanic subduc-
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tion zones based on the reconstructed Pontus Ocean (van der Meer
et al, 2012).

4.4.2. Early Pacific plate growth

Our models suggest that the Qingdao line transform fault be-
came the transition between Junction and the Izanagi-Pacific realm
by late Cretaceous times (Fig. 8b) and possibly earlier (Fig. 8a). The
early growth of the Pacific plate in the early Jurassic has been
modeled from a ridge-ridge-ridge triple junction (i.e. Pacific tri-
angle) that had three sinistral transform faults radiating from the
ridge vertices (Boschman and van Hinsbergen, 2016). Our Qingdao
line sinistral transform bears likeness to the Izanagi-Phoenix trans-
form in these models (Fig. 8a) (Boschman and van Hinsbergen,
2016). This suggests that the Qingdao line is a remnant feature
from the early birth of the Pacific plate that eventually reached
the Eurasian margin near East Asia (Fig. 8b).

4.4.3. Kula plate

Our modeled Izanagi realm limits the western extent of the
Kula plate near the longitude of northern Russia-westernmost
Alaska during Late Cretaceous times (Fig. 5c,d); uncertainties in
our slab unfolding (Fig. S7b) could place the Kula-Izanagi bound-
ary as far westwards as present Okhotsk, Russia. In either case, our
plate modeling indicates that the Kula plate was a relatively small
plate located within the northern Pacific (Fig. 8b) that never sub-
ducted near East Asia during Cretaceous or early Cenozoic times, in
contrast to previous models (Lewis et al., 2002; Engebretson et al.,
1985). Instead, our modeled Kula plate boundary is most consis-
tent with plate models previously proposed by Miiller et al. (2016)
(Fig. 1c). Taken together, the new divisions between the Izanagi,
Kula and Junction realms revealed by our tomographic plate model
(compare Figs. 1c-e and 8) now reveal a more complex, segmented
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Fig. 8. Pacific-Panthalassa plate tectonics since Cretaceous times based on the results from this study. a) At the latest Jurassic, early growth of the Pacific plate was accom-
modated by a sinistral transform along the southwestern Izanagi plate margin (the Qingdao line). b) During late Cretaceous times, the Izanagi plate subducted along the
Eurasian continental margin north of the Qingdao line. Subduction south of the Qingdao line occurred along South China and SE Asia within a separate realm that we link
to the poorly-known plate tectonic ‘Junction’ between Pacific-Panthalassa and Tethys. The western Kula plate was limited to the NW Cordillera of North America and did not
extend into East Asia. Synthetic seafloor isochrons and the global plate model are modified from Matthews et al. (2016). Absolute plate positions are based on the ‘Model
R’ corrected Panthalassa mantle reference of Torsvik et al. (2019). North Pacific backarc basins follow previous studies (Vaes et al., 2019; Domeier et al., 2017). Gray lines

within the Pacific plate show modeled regions; black lines show existing regions.

NW Pacific-Panthalassa superocean during Pangea supercontinent
breakup than previously recognized.

5. Conclusions

The Pacific-Panthalassa realm is traditionally modeled as a four-
plate system formed by the Pacific plate and its three conju-
gates: the Izanagi, Farallon and Phoenix plates (Seton et al., 2012;
Matthews et al, 2016; Miiller et al, 2016). We present a fully-
kinematic NW Pacific-Izanagi plate model from tomographically-
imaged western Pacific mantle structure that implies the Izanagi
plate subducted along eastern Eurasia between present northern
Russia and Bohai Bay-Yellow Sea, China, during the mid-Cretaceous
to early Cenozoic. The southwest margin of the Izanagi plate was
a transform-style plate boundary that intersected Eurasia near
present Qingdao, China, during the Late Cretaceous, and possibly
earlier. This previously unrecognized plate boundary, which we
name the ‘Qingdao line’, explains the abrupt change in continental
arc magmatism between northeast China and southeast China dur-
ing the Cretaceous. Our model confirms a low-angle Izanagi-Pacific
ridge-trench intersection with Eurasia at 50 + 10 Ma but limits the
ridge subduction between Korea, Japan and the Russian Far East.
The Kula plate was a small plate within the northern Pacific basin
and never subducted along the East Asia Eurasian margin. We ex-
clude South China and southeast Asia from Pacific-Panthalassa dur-
ing the Cretaceous; instead, these areas were within the enigmatic
plate tectonic ‘Junction’ between Pacific-Panthalassa and Tethys.
Future study of the lower half of the East Asian mantle, which
was not considered here, may further reveal earlier plate tectonic
details of Panthalassa and Junction during our most recent super-
continent breakup and superocean demise.
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