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Abstract

Pacific-Panthalassa plate tectonics back to Jurassic times are recognized as the most challenging on Earth to reconstruct,
due partly to a large (>9000 km length) unconstrained area between the Pacific and Laurasia (now NE Asia) during the
Early Jurassic. We built four contrasted NW Pacific-Panthalassa global plate reconstructions and assimilated their velocity
fields into global geodynamic models. We compare our predicted mantle structure, synthetic geoid and dynamic topography
to Earth observations. P-wave tomographic filtering of predicted mantle structures allowed for more explicit comparisons to
global tomography. Plate reconstructions that include intra-oceanic subduction in NW Pacific-Panthalassa fit better to the
observed geoid and residual topography, challenging the Andean-style subduction along East Asia. Our geodynamic models
predict significant SE-ward lateral slab advections within the NW Pacific basin lower mantle (72500 km from Mesozoic times

to present), which can confound “vertical slab sinking”-style restorations of past subduction zone locations.
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Abstract

Pacific-Panthalassa plate tectonics back to Jurassic times are recognized as the most
challenging on Earth to reconstruct, due partly to a large (>9000 km length)
unconstrained area between the Pacific and Laurasia (now NE Asia) during the Early
Jurassic. We built four contrasted NW Pacific-Panthalassa global plate reconstructions
and assimilated their velocity fields into global geodynamic models. We compare our
predicted mantle structure, synthetic geoid and dynamic topography to Earth
observations. P-wave tomographic filtering of predicted mantle structures allowed for
more explicit comparisons to global tomography. Plate reconstructions that include
intra-oceanic subduction in NW Pacific-Panthalassa fit better to the observed geoid and
residual topography, challenging the Andean-style subduction along East Asia. Our
geodynamic models predict significant SE-ward lateral slab advections within the NW
Pacific basin lower mantle (~2500 km from Mesozoic times to present), which can

confound ‘vertical slab sinking’-style restorations of past subduction zone locations.
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1. Introduction

Within Earth’s tectonic history during the Mesozoic and Cenozoic eras, the evolution of
the Pacific Ocean and its predecessor ocean, Panthalassa, is the most challenging to
reconstruct (Muller et al., 2016). The Pacific Ocean currently covers >25% of the
present Earth surface and is the largest ocean basin on Earth; but it was even larger
during the late Mesozoic, when the Pacific-Panthalassa oceanic realm covered ~45% of
Earth (Torsvik et al., 2019). This shrinking of the Pacific-Panthalassa realm since the
Mesozoic has been accommodated by subduction. Lost Pacific-Panthalassa oceanic
lithosphere is one of the most significant contributors to global plate tectonic uncertainty
(Torsvik et al., 2019). This paper discusses the plate tectonic history of NW Pacific-
Panthalassa and its implications for subduction histories and accreted oceanic terranes
along East Asia (Fig. 1a) using forward geodynamic models to assimilate contrasted
NW Pacific-Panthalassa plate reconstructions and explicitly test them against mantle

structure, the geoid and dynamic topography.

Seafloor magnetic lineations indicate that the oldest Pacific plate is a triangle-shaped
area with ages ~190 Ma (Wright et al., 2016), known as the ‘Pacific triangle’ (Figs. 1a,
b). Pacific-Panthalassa plate reconstructions back to Jurassic times show that only the
Pacific triangle has been preserved, with the adjacent oceanic lithosphere (>90% of the
total area) now completely subducted and lost (grey areas in Fig. 1b). Within the NW

Pacific-Panthalassa, global reconstructions indicate a >9000 km length of unconstrained
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area between the Pacific triangle and Laurasia (now NE Asia) during the Early Jurassic
(Fig. 1b). The Pacific triangle magnetic lineations imply the Pacific plate grew from the
spreading of three connected ridges, whose conjugate rift flanks were named Izanagi,
Phoenix, and Farallon. Except for remnants of the Farallon plate, these conjugate plates
are completely subducted. Their spatial extent and evolution back in time are thus very
uncertain. A simple and straightforward hypothesis is mirroring and interpolating the NW
Pacific plate magnetic anomalies to create synthetic seafloor isochrons (e.g. Muller et
al., 2016), allowing fully-kinematic, globally-consistent plate histories to be modeled for
the Izanagi plate; however, actual details remain poorly known and are briefly reviewed

below.
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Figure 1. (a) Present-day isochrons (blue lines) of the Pacific plate from Muller et al.
(2016) and accreted terranes on the NE Asian continent (in text). (b) Plate
reconstruction of western Pacific Ocean during Jurassic time shows ~9000 km
unconstrained area between Jurassic Pacific plate and Eurasia. The Pacific triangle is

the earliest formed part of the Pacific plate. (c) Reconstructed Andean-style subduction

along Laurasia during the Jurassic (Muller et al., 2016), in contrast to (d) intra-oceanic
subduction within Pacific-Panthalassa (e.g. van der Meer et al., 2012).

1.1 Plate tectonic reconstructions of the NW Pacific Ocean basin
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‘Andean-style’ plate tectonic reconstructions indicate the size and motion of the Pacific
and lzanagi plates by attributing all Pacific-Panthalassa-Eurasian convergence (>9000
km since the Jurassic) to subduction along the Eurasian margin; no intra-oceanic
subduction occurred within NW Pacific-Panthalassa (Fig. 1c). These assumptions imply
a large, long-lived lzanagi plate extending from central Panthalassa to the Eurasian
margin and converging continually towards Eurasia (Fig. 1c) (e.g. Engebretson et al.,
1984; Muller et al., 2016; Seton et al., 2012; Whittaker et al., 2007). To date, almost all
published geodynamic models implement Andean-style plate reconstructions for the

NW Pacific (e.g. Flament, 2018; Lin et al., 2020; Matthews et al., 2016).

In contrast, a second class of ‘intra-oceanic subduction’ plate reconstructions imply
intra-oceanic arcs within Pacific-Panthalassa (Fig. 1d). These plate reconstructions are
based on accreted Mesozoic-aged intra-oceanic arcs along East Asia (brown polygons
in Fig. 1a) and supported by fast, slab-like anomalies in mantle tomographic images
under the present Pacific or near the East Asian margin (e.g. Domeier et al., 2017,
Ueda & Miyashita, 2005; van der Meer et al., 2012; Yamasaki & Nanayama, 2018).
Island arcs apparently accreted along easternmost Eurasia during the earliest
Cretaceous ~145 Ma at NE Japan (Ueda & Miyashita, 2005), along the Russian Far
East during the mid-Cretaceous (Filatova & Vishnevskaya, 1997); and along Hokkaido,
Kamchatka, and East Sakhalin during the Late Cretaceous to the mid-Eocene (Alexeiev
et al., 2006; Konstantinovskaia, 2000; Nokleberg, 2010; Shapiro & Solov’ev, 2009;

Zharov, 2005).
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Some plate reconstructions that explain these accreted island arcs imply the existence
of NW Pacific-Panthalassa intra-oceanic subduction zones and additional plates other
than Izanagi (Fig. 1d) (e.g. Domeier et al., 2017; Vaes et al., 2019; van der Meer et al.,
2012). However, other studies explain the Japan accretionary complexes by a >1000
km northwards translation from South China or Tethys by sinistral strike-slip along the
eastern Eurasian margin within an Andean-style NW Pacific plate tectonic context (e.g.
Fujisaki et al., 2014; Sakashima et al., 2003). Only limited attempts (e.g. Seton et al.,
2018) have been made to test the viability of intra-oceanic subduction within the NW
Pacific using global geodynamic models due, in part, to the challenges of building plate
reconstructions with limited constraints (e.g. Fig. 1b). In this study, we approach this
challenge by creating a series of increasingly complex plate reconstructions featuring
intra-oceanic subduction in the NW Pacific-Panthalassa. We then assimilate them into
global geodynamic models and probe for improved fits to imaged mantle structure and
Earth’s geoid. We discuss implications for plate tectonics, the history of mantle flow, and

NE Asian dynamic topography.

2. Method

Mantle circulation models use global plate velocities as input in the form of time-
dependent boundary conditions to link surface processes and the deep Earth (e.g.
Bunge & Grand, 2000; Nerlich et al., 2016; Zahirovic et al., 2016). Previous geodynamic
studies that addressed NW Pacific plate tectonics typically rely on assimilation of a

single input plate tectonic reconstruction while testing other parameter spaces (e.g.
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viscosity) (Cao et al., 2018; Seton et al., 2015). Here we take a different approach from
previous studies and assimilate four contrasted global plate reconstructions within three
whole-mantle viscosity profiles (Cases a to c. See Fig. S2; Table S1), for a total of
twelve geodynamic models. Three of the four global plate reconstructions are built
specifically for this study (see Supplemental for details). Our fourth plate reconstruction

was previously published (Matthews et al., 2016) and is our reference model.

We test two end-member classes of plate reconstructions that we call ‘Andean-style’
and ‘intra-oceanic’ subduction (Figs. 2, S1). Andean-style subduction of the l1zanagi
(IZA) plate along the Eurasian continental margin is assimilated from a global
reconstruction from 460 to 0 Ma based on Matthews et al. (2016) (Figs. S1a-e), which is
called ‘Reconstruction 1°. In this model, all western Pacific-Eurasia plate convergence
after the Jurassic is consumed by a single subduction zone along the eastern Eurasian
margin (Movie 1). This reconstruction results in the largest IZA plate relative to the other
reconstructions (Fig. 2a). Infra-oceanic subduction within the western Pacific Ocean is
featured by ‘Reconstructions 2, 3 and 4’ (Fig. 2). Various intra-oceanic subduction-style
plate reconstructions for the western Pacific Ocean have been proposed due to sparse
geological and kinematic constraints (e.g. Fig. 1). As such, we built a suite of three plate
reconstructions with increasing complexity based on published regional plate
reconstructions (Movies 2 to 4). They all follow the Andean-style Reconstruction 1 from
460 Ma until Jurassic times (at 160, 180, or 190 Ma; Table S2) and then implement
alternative plate kinematic histories during mid-Mesozoic to early Cenozoic times (see

Supplemental for details).
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Figure 2. Representative maps showing the four main plate reconstructions assimilated
into the geodynamic models in this study. (a) Andean-style subduction (Reconstruction
1) is the default model from Matthews et al. (2016). (b)-(g) Reconstructions 2 to 4
implemented intra-oceanic subduction in western Pacific Ocean. (b) Reconstruction 2
implemented a size-limited I1zanagi plate (IZA) overriding Panthalassa plate (PAN),
which is stationary relative to Eurasia (EUR). (c) Reconstruction 3 implemented intra-
oceanic subduction of IZA during 180-145 Ma while keeping the Eurasian margin active
(although at a reduced convergence rate with respect to Reconstruction 1), followed by
Andean style subduction after 145 Ma. (d)-(g) Reconstruction 4 builds upon
Reconstruction 3 and accounts for the terrane accretion at Kamchatka, magmatic
records along Eurasia and recently published NE Asia plate reconstructions (e.g. Vaes
et al., 2019). PAC: Pacific plate; FAR: Farallon plate; PHO: Phoenix plate; IND: Indian
plate; AUS: Australia plate; PAN: Panthalassa plate; KUL: Kula plate; KRO: Kronotsky
plate; OLY: Olyutorsky plate; PAN2: Panthalassa plate 2; PAN3: Panthalassa plate 3.
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3. Results

3.1 Predicted and imaged mantle structure

A cross-section A-A’ across East Asia and the NW Pacific shows the present-day
mantle thermal structure and flow fields (Fig. 3 left column) predicted by geodynamic
Models 1a to 4a (i.e. Reconstructions 1 to 4 within geodynamic Case a, our preferred
viscosity profile; alternative viscosity profile Cases b and ¢ are shown in Supplemental).
Despite significant variations in assimilated plate reconstructions (Fig. 2), all models
display relatively similar first-order mantle structures and flows (Fig. 3 left column) that
are characterized by: (1) shallower, stagnant Pacific slabs under the Eurasian margin
around 500 km depths; (2) large swaths of slab anomalies under or offshore from the
Eurasian margin entrained by downwelling flows; and, (3) slabs within the lowermost
lower mantle (>2000 km depths) under the central Pacific entrained in SE-directed flows
towards a plume within the central Pacific. In all models, the time-dependent mantle
evolution since the Late Jurassic shows SE-directed lower mantle ‘return flows’ towards
a plume in the central Pacific (Figs. S6, S7). These flows help to explain the relatively
similar mantle structures in Models 1a to 4a (Fig. 3) because the lower mantle return
flows advect all subducted slabs laterally towards the southeast (Figs. S6, S7). The
most extreme case is the Andean-style Model 1a, where Pacific-Panthalassa
subduction is continuously pinned to the Eurasian margin but the subducted slabs are
advected laterally within the lower mantle into the central Pacific by >2000 km since

Jurassic (Figs. 3, S6).
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Figure 3. Cross sections of the geodynamically modeled present-day mantle structure
for Model 1a to 4a. The left column shows the full-resolution thermal structure while the
right column shows the tomographically-filtered seismic structure. (a) Model 1a
produces extensive IZA slabs in the lower mantle beneath Eurasia and NW Pacific and
PAC slabs at upper 1000 km depths beneath Eurasian margin; (c) Model 2a produces
PAN slabs at 1000-2000 km depths, IZAa to the east of PAN slabs and IZAb to the west
of PAN slabs in the lower mantle; (e) Model 3a and (g) Model 4a produce 1ZAa in the
lower mantle to the east of IZAb, and (g) Model 4a produces MAR slabs at ~700-1600
km depths beneath Eurasia. LLNL-G3D filtered dVp for (b) Model 1a, (d) Model 2a, (f)
Model 3a, and (h) Model 4a are compared to (i) LLNL-G3D-JPS (Simmons et al., 2015)
seismic tomography. lzanagi slabs-a (IZAa) and |zanagi slabs-b (1ZAb) are used to
differentiate the lzanagi subduction before and after 160 Ma. MAR: Marginal sea slabs
formed by closing NE Eurasian backarc basin. Brown lines in (b), (d), (f) and (h) show
+0.2% dVp contours from (i).

The right column of Figure 3 shows ‘synthetic tomography’ images of Models 1a to 4a
produced by converting the left-column temperature anomalies to seismic anomalies
using a thermodynamically self-consistent model of mantle mineralogy (Chust et al.,
2017; Stixrude & Lithgow-Bertelloni, 2011) and subsequently filtered with the LLNL-
G3D-JPS resolution operator (Simmons et al., 2019). After tomographic-filtering, the
shallow Pacific (PAC) slabs are still relatively well-imaged whereas the lower mantle
slabs (Fig. 3 right column) show more blurring relative to the full-resolution models.
LLNL-G3D-JPS seismic tomography (Simmons et al., 2015) shows the shallow PAC
slabs and four swaths of lower mantle fast anomalies A to D (Fig. 3i). We exclude fast
anomaly D from comparison due their occurrence within a recognized low resolution
region in the central Pacific (van der Meer et al., 2012). However, after tomographic
filtering, it is difficult to visually distinguish which predicted mantle state best fits actual
tomography (Fig. 3). Comparisons of tomographically-filtered horizontal slices at various

lower mantle depths within the NW Pacific basin show similar conclusions (Fig. S15).

Computed correlations for Models 1a to 4a and LLNL-G3D-JPS seismic tomography of
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~0.04-0.05 confirm that no single model shows a superior fit to tomography. Thus, we
conclude from the tomographic blurring produced by our tomographic filtering (e.g. Figs.
3, S15) that predicted and imaged mantle structure comparisons within the central

Pacific are likely hindered by limited tomographic resolution.

3.2 Comparison between synthetic and observed geoid

For each modeled present-day mantle structure we followed Thoraval and Richards
(1997) and computed the synthetic geoid and its correlation to the observed geoid (Fig.
4). The geoid response is sensitive to density and viscosity structure. As the forward
geoid problem is less computationally demanding, for each plate reconstruction we
computed 42 synthetic geoid responses employing a total of 14 viscosity profiles,
exploring a range of more extreme viscous layering scenarios (Fig. S3) for
geodynamically-derived mantle structures in 3 Cases (Fig. 4). Correlations range from
0.47 (viscosity profile 6 in Case a) to slightly negative, with an average correlation of
around 0.25 (Fig. 4), which is on par with a previous study (e.g. Flament, 2018). Despite
correlation variability between synthetic geoid, the Andean-style Reconstruction 1
produces the least satisfactory correlation in all cases (compare blue and reddish color
in Fig. 4). Within the better fitting intra-oceanic Reconstructions 2 to 4, Reconstruction 4
shows the best correlation in the majority of cases (23/42 in Fig. 4) whereas
Reconstruction 2 is superior in about one-third (13/42 in Fig. 4). Therefore, we choose
Reconstruction 4 as our preferred intra-oceanic reconstruction for the next section,

while acknowledging that no intra-oceanic reconstruction discussed here is universally-



231  superior. Regardless, our analysis indicates that as a plate reconstruction class, the
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237  the present-day structures predicted by Reconstructions 1 to 4 for (a) Case a, (b) Case
238 b and (c) Case c with various radial viscosity profiles 1 to 14. In all combinations, intra-
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3.3 Comparison of modeled dynamic topography and observed residual topography

We focus here on the present-day dynamic topography predicted by our best-fit model
(viscosity profile 6 in Case a) and compare the results of the Andean-style Model 1a
and intra-oceanic Model 4a end-members (Fig. 5) against observed residual topography
(e.g. Hoggard et al., 2016). Global correlation between our predicted dynamic
topography and observed residual topography model (Hoggard et al., 2016) for degree
1-3 and is 0.49-0.56, which is comparable to a previous study (0.31-0.55) (Flament,
2018) indicating a reasonable result. Focusing on dynamic topography predictions in the
western Pacific, we show the present-day dynamic topography up to degree 160 and
compare it to 83 most accurate spot measurements of Hoggard et al. (2017) (Fig. 5).
The root-mean-square deviation (RMSD) between dynamic and residual topography is
1054 m for Model 1a and 676 m for Model 4a (Fig. 5), indicating that intra-oceanic
Model 4a produces a superior fit. In particular, the Andean-style Model 1a misfits can be
primarily traced to excess dynamic topography within the Pacific Ocean offshore Japan,
with less prominent misfit contributions within the central Philippine Sea plate and
Bering Sea. Comparison of all Models 1a to 4a show that the intra-oceanic Models 2a to
4a uniformly produce a 20-25% improved fit between dynamic and residual topography

within the western Pacific Ocean (Fig. S16).
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Figure 5. (a) and (b) show maps of the dynamic topography in western Pacific predicted
from Model 1a and Model 4a using viscosity profile 6. Colored circles show 83 spot
residual topography measurements from Hoggard et al. (2017). (c) and (d) show scatter
plots between dynamic topography and the 83 spot residual topography measurements
in a), b). Black line delineates a 1:1 correlation; grey lines bound 1 root-mean-square
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deviation (RMSD). Intra-oceanic Model 4a shows a superior match to residual
topography (i.e. lower RMSD error) compared to Andean-style Model 1a.

4. Discussion

4.1 Implications for intra-oceanic subduction within the NW Pacific Ocean basin

Our geoid and dynamic topography comparisons robustly show that intra-oceanic
Reconstructions 2 to 4 produce better matches to the real Earth than the Andean-style
Reconstruction 1 (Figs. 4, 5). Within the intra-oceanic Reconstructions, our results seem
to show that our most complex reconstruction (Reconstruction 4) generally produces the
best fit to the geoid, but more work is necessary to discern specific plate reconstruction
details between Reconstructions 2 to 4. Our results suggest that at least some accreted
oceanic terranes along the NW Pacific margin (Fig. 1a) could have originated from
Pacific-Panthalassan or East Asian backarc intra-oceanic subduction zones, providing
alternative explanations for East Asian margin allochthonous terranes (e.g. Sakashima
et al., 2003). This affirms previous tomography-based plate reconstructions from better-
imaged areas of the NW Pacific Ocean that showed probable Pacific-Panthalassa intra-
oceanic subduction during Mesozoic times (van der Meer et al., 2012), which have
implications for global CO: level estimates since the Triassic (Van Der Meer et al.,
2014). Regardless, our conclusions present important challenges to the Andean-style
margin assumptions that are deeply embedded into almost all current East Asian plate
tectonic, geodynamic and geological studies (Cao et al., 2018; Muller et al., 2019; Wu et

al., 2019).
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Despite successful tests of predicted and imaged mantle structure within other East
Asian regions (e.g. Lin et al., 2020; Seton et al., 2015), our test under the NW Pacific
Ocean (Fig. 3) was inconclusive. Considering the extreme contrasts in assimilated plate
reconstructions (Fig. 2), the inability to differentiate between end-member plate
reconstructions from mantle structure is noteworthy, and is partly due to the limited
resolution of tomographic images in the lower mantle. Future improvements in central
Pacific seismic tomography may help constrain alternative reconstructions. However,
one important complicating factor is the lateral advection of lower mantle slabs within
the central Pacific Ocean, which contributes to the similarity of modeled present-day
mantle states (Fig. 3). The lateral advection was produced in all four reconstructions
(Fig. 3) and challenges ‘vertical slab sinking’ simplifying assumptions that have been
used in some tomography-based slab-plate reconstructions of Pacific-Panthalassa (e.g.
Sigloch & Mihalynuk, 2013; van der Meer et al., 2012). Significant lateral advection of
slab material is present in previous models (Seton et al., 2015; Zahirovic et al., 2016)
and slabs are advected SE-wards in all our models by around 2500 km in the lower
mantle (Figs. 3, S6-11). The amount of lateral advection of slab material depends on
choices of geodynamic modelling parameters. Steinberger et al. (2012) reports lateral
advection of only a few degrees, on average, whereas Wang et al. (2018) illustrate how
mantle upwellings can act as attractors of subducted slab material, even in the
presence of thermo-chemical piles. Therefore, caution is needed when tomographic

images are used for restoring the absolute positions of ancient subduction zones, as
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different interpretative assumptions can imply different styles of convection in the

Earth’s mantle.

Our comparison between predicted and imaged mantle structure within the central
Pacific Ocean, which was made more explicit than previous attempts by our P-wave
tomographic filtering (Fig. 3 right column), illustrates how tomography-led plate
reconstructions of some ocean basins will have limitations due to poorer resolution (Fig.
3). Such tomographic blind spots have also confounded past studies (e.g. van der Meer
et al., 2012). Here we show the advantage of employing an array of comparisons to
forward geodynamic models (i.e. the geoid and dynamic topography) when faced with
potentially ambiguous comparisons to mantle structure. This approach may be
important for studies of other large ocean basins, such as the Indian Ocean-Tethys (e.g.
Nerlich et al., 2016), where seismic source-receiver pairings may also not be optimal for

imaging mantle structure within ocean basin center.
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