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Abstract

Formation of the Hawaiian-Emperor Bend has been a key geological puzzle that involves
both plate tectonics and plume dynamics. Constrained by paleomagnetic data, southward
hotspot motion has been considered a major contributor to the formation of the bend, but
the role of longitudinal hotspot motion remains largely overlooked. Here, using geometric
analysis with constraints from plate kinematics, we show a significant longitudinal hotspot
motion is required to fit the Hawaiian-Emperor Chain. Further application of global
mantle convection models reveals a westward (by ~6°) and then an eastward (by ~2°)
hotspot drift in addition to the southward motion before and after the bend, with the
westward motion primarily controlled by the intraoceanic subduction in Northeast Pacific.
While both the westward and southward motion are required to fit the seamount chain,
the former contributes ~20 degrees to the bend angle, larger than the later, challenging
traditional views. Combining geodynamically-predicted Pacific Plate motion change at 47
Ma, our model provides a nearly perfect fit to the seamount chain, suggesting plate-mantle
reorientation as the ultimate cause. It also suggests that the Hawaiian plume conduit is
tilted towards the southwest, solving the long-lasting debate on the source of the Hawaiian

plume among seismological studies.

The Hawaiian-Emperor Chain in the Northwestern Pacific Ocean features a conspicuous 60°
bend that has been the subject of multiple interpretations, including an abrupt change in Pacific
plate motion in the Eocene (~47 Ma)' =, a rapid southward drift of the Hawaiian hotspot before

the bend*!°, or a combination of the two factors'"!2, Different plate reconstructions have
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suggested various degrees of Pacific Plate motion change at 47 Ma, but none of them can solely
account for the formation of the Hawaiian-Emperor Bend (HEB)®. The latest geodynamic
model has predicted a maximum of 30-35° in Pacific Plate motion change, on the condition that
the Kronotsky subduction in North Pacific had existed'!, implying that the southward motion
of the Hawaiian hotspot is required to account for the HEB. This is consistent with
palacomagnetic data that suggest a rapid 11°-15° southward motion of the hotspot between 81
Ma and 0 Ma*%’. However, the exact hotspot trajectory still remains disputed, leading to the
long debate on the relative contribution of Pacific Plate motion change and hotspot drift to the

formation of the HEB.

In contrast to most geodynamic models that demonstrate a prevailing southward or

southeastward motion of the Hawaiian hotspot>’

, geometric simulation and inference of plate
reconstructions>>!! find a large westward component in the motion of the Hawaiian hotspot
before 47Ma (Fig. 1). Assuming a 30-35° Pacific Plate motion change following the
geodynamic prediction by Hu et al. (2022)'!, which is largely consistent with the recent plate
reconstruction by Miiller et al. (2019)!%, the derived hotspot motion shows a westward
component of ~5° before 47 Ma (Fig. 1a). This westward motion needs to be much larger,
reaching more than 15°, if the Pacific Plate motion remains unaltered before and after the bend
(Fig. la, b). However, there is no geodynamic justification for a significant westward
component in the drift of the hotspot. The solution to this discrepancy arguably represents one
of the major remaining pieces of the puzzle to the formation of HEB, given that other important
factors including Pacific Plate motion change and southward hotspot drift have more or less
been constrained by observations with their underlying mechanisms explored by geodynamic
modeling. In the following sections, we aim to investigate the longitudinal motion of the
Hawaiian hotspot using paleogeographically constrained global mantle convection models
since the early Mesozoic, and further constrain its contribution to the formation of the HEB.
We find changes in longitudinal motion of hotspot can contribute significantly to the HEB,
complementing earlier studies that focus mostly on the southward migration of the hotspot or

the change in Pacific Plate motion.
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Fig.1. Geometric simulation of the Hawaiian hotspot motion. a, Inferred Hawaiian hotspot
trajectory assuming the Pacific Plate motion predicted by the geodynamic model of Hu et al.
(2022)" and inferred hotspot trajectory using the absolute kinematic model of Seton et al.
(2012)!4. b, Inferred hotspot motion (modified from Torsvik et al. (2017)%) that assumes the
Pacific plate moves with a constant angular velocity to the north-west (0=0.72°/Ma, Euler pole:
68°S, 103°E). This requires south-westward hotspot motion (by 20.1°about the Euler pole at
44.3°S, 274.6°E, ~0.6°/Ma) in order to form the Emperor Seamounts during the 80-47 Ma
period and reproduce the geometry of the Hawaiian-Emperor Chain. The background shows

gravity anomaly.

Predicted hotspot drift based on conventional plate reconstructions

Engebretson et al. (1985)'° developed a quantitative plate model that covers the past 180 million
years and divided the ancient Panthalassa Ocean into five distinct plates: Pacific, I1zanagi,
Farallon, Phoenix, and Kula. They proposed that the Farallon plate continuously underwent
"Andean-type" subduction beneath the entire length of the North American continental margin,
while also explicitly acknowledging that this interpretation was influenced by geological
evidence from land. Despite this caveat, the idea of Farallon-beneath-continent subduction has
been widely adopted in modern reconstructions of the region (Fig. 2a, c). We first test three
plate reconstructions to predict the Hawaiian hotspot drift, with two plate reconstructions
adopting the conventional idea of Panthalassa Ocean evolution and “Andean-type” subduction
beneath North America including Miiller et al. (2016) (“M167)!¢ and Miiller et al. (2019)
(“M197)"3, and one additional plate reconstruction that further incorporates the Kronotsky

intraoceanic subduction in North Pacific based on Hu et al. (2022) (“Hu22”)!'!. We export the
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kinematics and thermal ages of plates from these plate reconstructions at every one million
years and integrate them into global mantle convection models!” (Extended Data Fig. 1).
Subduction of slabs from 250/230 Ma disturbs the basal thermochemical layer, which further
generates mantle plumes whose surface trajectories are recorded and compared between

different models. Please see Methods for more detailed model description.

For all the three models, two thermochemical piles have gradually developed beneath the Africa
and Pacific Ocean, resembling the seismologically observed Large Low Velocity Provinces
(LLVPs) (Extended Data Fig. 2). Multiple dynamic plumes have emerged primarily in the
vicinity of these LLVPs. Among them, the Hawaiian plume erupted around 120 Ma at a latitude
higher than present day (Extended Data Fig. 3a, c). After its inception, the Hawaiian hotspot
moved steadily southward and eventually ends up on the eastern side of the Hawaiian Islands
for M16 and Hu22 and southern side for M19. The drift path of the Hawaiian hotspot in Hu22
is very similar to that in M 16, indicating that the Kronotsky intraoceanic subduction system had

a minor impact on the southward motion of the Hawaiian plume.

Subsequently, we widely explore the viscosity and density parameters of slabs and
thermochemical layer in the models M16 and Hu22, new models named “M16_Adj” and
“Hu22_ Adj”, and find a set of parameters that can better fit the present-day location of the
Hawaiian hotspot (M16_Adj, Hu22 Adj in Extended Data Table 2; Extended Data Fig. 3d, e).
Despite the wide range of parameters explored with some of them even falling outside the
proper range, the prevailing southward motion of the hotspot remains largely the same. For all
the five models, no substantial westward motion in the trajectories of the Hawaiian hotspot is
observed, similar to the prediction by Hassan et al. (2016)’ (Extended Data Fig. 3f). The
predominant southward motion of the Hawaiian hotspot is dominated by the prevailing
southward lower mantle flow (Extended Data Fig. 4). The southeastward mantle flow induced
by the Izanagi slab in the Northwest Pacific and the southwestward mantle flow caused by the
Farallon slab in the Northeast Pacific converge in the central Pacific, resulting in a strong net

southward mantle flow that drives the continued southward migration of the Hawaiian plume’.
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Fig.2. Alternative plate reconstruction models from Early Jurassic to Late Cretaceous. a-
¢, The traditional plate reconstruction of Miiller et al. (2019)'3 that assumes “Andean-type”
subduction beneath North America. d-f, The plate reconstruction of Clennett et al. (2020)'® that
considers the intraoceanic subduction system in the northeastern Pacific and is further modified
to incorporate a revised Kronotsky intraoceanic subduction proposed by Hu et al. (2022)!'! in

the northern Pacific. Background colour indicates the seafloor age.

Northeastern Pacific intra-oceanic subduction and southwestward hotspot drift

We tentatively test another plate reconstruction that incorporates the intraoceanic subduction
system in northeastern Pacific (Extended Data Fig. 2d, f). The conventional “Andean-type”
subduction beneath North America has been challenged on geological grounds and more
recently by tomographic images. Jurassic-Cretaceous arc assemblages, accretionary complexes,
and ophiolites comprise large tracts of the North American Cordillera'®?°. The differing
histories of these terranes, as revealed by lithological, paleomagnetic, and fossil fauna data,
suggest intra-oceanic subduction west of North America, similar to the present-day southwest

Pacific?' 2%, Such a plate configuration is consistent with “tomotectonic analysis” that uses
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tomographic images as main constraints?’?%, Recently, Clennett et al. (2020)'® had presented
the first plate model with continuously closing boundaries of the Late Jurassic-Cretaceous
eastern Pacific intra-oceanic arc system, from 170 Ma to 0 Ma (Fig. 2d-f; Extended Data Fig.
5a, ¢). Compared to previous reconstruction models, these intraoceanic subductions brought the
Farallon subduction closer to the west, providing a possible dynamical explanation for the

westward drift of the Hawaiian hotspot (Fig. 2).

To keep it consistent with our previous study'!, we make some modifications to the Kronotsky
Plate of the Clennett et al. (2020)'® reconstruction model (Extended Data Fig. 5d-f), and then
restart the model M19 from 170 Ma using the same rheological parameters, but with the
imposed surface kinematics and seafloor ages consistent with this revised reconstruction. This
model represents our reference model (Model 1 in Extended Data Table 2). In this model, the
Hawaiian plume was generated at ~120 Ma and the hotspot has drifted southward by
approximately 11-12° over the past 85 Ma (Fig. 3; Fig. 4a, c). The majority of this movement
occurred before the formation of the bend (85-47 Ma), during which the hotspot drifted
southward by 7-8° at a velocity of approximately 36 mm/yr. The remaining 3-4° of southward
drift occurred after the bend at a velocity of around 15 mm/yr (Fig. 4a, ¢). This southward
migration process is consistent with palacomagnetic data and latitudinal estimates of surface

motions of the Hawaiian hotspot (Fig. 4a, c) +°.

An important finding of our reference model is the westward drift of the Hawaiian hotspot.
Specifically, between 85-47 Ma, the Hawaiian hotspot underwent a rapid westward drift,
shifting a total of ~6° during this period, while simultaneously moving southward. After 45 Ma,
the time of the HEB, the westward drift stopped and the direction of the hotspot motion changed
from northeast-southwest to northwest-southeast. The hotspot then drifted eastward by about
2-3° to its present longitude (Fig. 3; Fig. 4a, b). We find this pattern is a robust feature. Using
distinct model parameters, including the buoyancy ratios of the basal thermochemical layer and
the eclogitized oceanic crust, the activation energy of slabs and the background mantle viscosity
profile (Extended Data Table 2), all models show similar patterns in the longitudinal motion

(Extended Data Fig. 6), except model 7 that has too strong slabs that pushed the Hawaiian
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plume continuously toward the west. While some models show a slowdown of westward motion
at ~45 Ma first and then a shift to eastward motion, others exhibit a more abrupt shift from
westward to eastward motion at ~45 Ma (e.g. Extended Data Fig. 6g, h, j). This reflects different
amount of time needed to readjust the plume conduit. The modeled velocity field showed that
when the northeastern Pacific intraoceanic subduction existed, there would be a strong
southwestward mantle flow in the lower mantle beneath the northeast Pacific between 80 Ma
and 50 Ma, while this southwestward flow field diminished at ~40 Ma, corresponding to the
end of the southwestward drift of the Hawaiian hotspot (Fig. 3; Extended Data Fig. 7). We
suggest that this strong southwestward flow field was caused by the lower-mantle slab from the
intraoceanic subduction in the northeastern Pacific. In the five comparison models, we do not
find such strong southwestward mantle flow due to the absence of this intraoceanic subduction
(Extended Data Fig. 4), and thus there is only a rapid southward motion of the Hawaiian plume

(Extended Data Fig. 3a-e).
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Fig.3. Evolution of the Hawaiian plume at 80 Ma (a), 50 Ma (b), 40 (c) and 0 Ma (d) for
the reference model that incorporates the intraoceanic subduction in northeastern Pacific.
Plume conduits delineated with temperature contours 420 K hotter than the ambient mantle
(warm colors) and slabs delineated with temperature contours 300 K colder than the ambient
mantle (cold colors) are shown for each panel. Mantle flow below 1000 km depth is shown with

green arrows. The top 250 km of the domain is not rendered.

Formation of the Hawaiian-Emperor Bend
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We compute the Hawaiian-Emperor Chain by combining the predicted trajectories of hotspot
drift (Fig. 4; Extended Data Fig. 3; Extended Data Fig. 6; Extended Data Table 2) with the
sudden change in Pacific Plate motion constrained by the geodynamic model of Hu et al.
(2022)". Utilizing the dominantly southward hotspot drift from the five comparison models
that do not take into account the intraoceanic subduction west of North America, yields five
distinct hotspot tracks, but they generally fail in fitting the observation (Extended Data Fig. 3a-
e). These tracks possess an HEB angle that is much smaller than the observation. We have also
considered hotspot drifting trajectory from previous study, including the one by Hassan et al.
(2016)” (Extended Data Fig. 3f). The predicted HEB angle is insufficient to explain observation
either. In contrast, models with northeastern Pacific intraoceanic subduction generally predict
a larger angle of HEB (Extended Data Fig. 6), with the best-fit Hawaiian-Emperor Chain
obtained using the hotspot drift trajectory taken from the reference model (Fig. 4). This
predicted hotspot track is nearly identical to the observed Hawaiian-Emperor chain (Fig. 4a).
The hotspot track experienced a significant bend at ~47 Ma, with a bending angle close to 60
degrees. Of this, the sudden change in direction of the Pacific Plate motion contributed 30-35
degrees'!, while the remaining 25-30 degrees resulted from the drift of the Hawaiian hotspot.
Note that the geodynamic model of Hu et al. (2022)!! attributes the change in Pacific Plate
motion to the termination of the Kronotsky intraoceanic subduction in northern Pacific at 47
Ma, which is also incorporated by our reference model. In other words, although the hotspot
drift trajectory and the Pacific Plate motion are derived from two different types of geodynamic

models, they are largely consistent in terms of the plate configuration they use.

To untangle the influence of the longitudinal and latitudinal drift on the formation of the HEB,
we divide the hotspot track into two phases: a southwestward drift between 85-45 Ma and a
southeastward drift after 45 Ma, then separately test the effects of the longitudinal motion of
each phase (Fig. 4d-f). We first examine the hotspot track without longitudinal drift and with
only north-south drift (Fig. 4d). In this scenario, the hotspot track exhibits a bend of
approximately 40°, primarily caused by the steering of the Pacific plate. Subsequently, we
conducted tests that further consider the presence of the westward drift before 45 Ma (Fig. 4e)

and the eastward drift after 45 Ma (Fig. 4f). The former yields a hotspot track that is very similar
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to our best-fit track with very minor difference for the Hawaiian Chain that tends to reduce the
angle of the HEB, while the latter yields a poor fit to the observed Hawaiian-Emperor Chain
and an HEB of ~40°. These comparison tests reveal that the westward drift of the hotspot before
the bend has an approximately 20° effect on the angle of the HEB, while the eastward drift after
the bend contributes positively but also marginally to the angle of the HEB. We have done a
similar analysis to isolate the effect of southward hotspot motion (Extended Data Fig. 8).
Although the southward hotspot motion is absolutely important in fitting the Emperor Chain, it
has a secondary contribution to the angle between the Hawaiian Chain and the Emperor Chain

(Extended Data Fig. 8). This suggests that the westward motion indeed has a larger contribution

to the angle of the HEB.
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Fig. 4. Predicted hotspot tracks. a, The multicoloured trajectory represents the motion of the
Hawaiian plume at a depth of 300 km in the reference model. The red line indicates the Pacific
Plate motion track proposed by Hu et al. (2022)!!, with the red circles marking the 10-Myr
intervals. The yellow line represents the predicted hotspot track, with the yellow diamonds
along the hotspot track marking the 10-Myr intervals. b, The colored lines show predicted

paleolongitudes of the Hawaiian hotspots in the reference model, comparison models and



228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

Hassan et al. (2016)". ¢, The colored lines show predicted palaeolatitudes of the Hawaiian
hotspots in the reference model, comparison models and Hassan et al. (2016)’, which are
compared against latitudinal estimates of surface motions of the Hawaiian hotspot after
Doubrovine et al. (2012)?° (thick black line with grey-shaded 95% confidence region) and the
palacomagnetic results by Tarduno et al. (2003)* (red thin lines with 95% confidence bars). d-
f, Testing the impact of longitudinal hotspot motion on the predicted track (d: lack of

longitudinal motion, e: no westward drift before HEB, f: no eastward drift after HEB).

Implications

The westward hotspot drift components predicted by our models are always smaller than 15°
(Extended Data Fig. 6), even when the intraoceanic subduction in northeastern Pacific has
already been considered and a wide range of model parameters have been explored (Models 2-
9 in Extended Data Table 2). This suggests that the Pacific Plate motion change at 47 Ma is
required to fit the HEB (Fig. 1), consistent with recent plate reconstructions'*!%3? and high-
resolution global geodynamic prediction!!. Very interestingly, the hotspot drift trajectories
predicted by models with intraoceanic subduction show a sudden slow down or a stop of
westward drift also around 47 Ma (Fig. 4a, b; Extended Data Fig. 6), implying a causal
relationship between the two events. We contend that the change in Pacific Plate motion might
be the trigger for the change in hotspot drift. When the Pacific Plate motion changed from north-
northwest to west-northwest, a compensate southeastward mantle flow would form in the lower
mantle'!, as demonstrated by both models with and without the intraoceanic subduction in
northeastern Pacific at 40 Ma (Extended Data Fig. 4; Extended Data Fig. 7). For the comparison
model that does not incorporate the intraoceanic subduction, this does not induce much change
in the lower mantle flow as the southeastward flow dominates in central Pacific even before the
bend (Extended Data Fig. 4), while for the reference model, this causes a strong change in
mantle flow, from dominantly southwestward to southeastward (Extended Data Fig. 7). This
strongly suggests that the plate and the mantle are a coupled system - any plate reorganization

events should also be accompanied by reorganization of the deep mantle flow.

Our models have important implications on the source of the Hawaiian plume. Seismological
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studies have attributed the location of the Hawaiian plume root to either the southeastern side
or the southwestern side of the Hawaiian Islands, but no consensus has been reached. For
example, waveform analyses have revealed the presence of a significant mega-ULVZ, referred
to as the Hawaiian mega-sized ULVZ>! or North Pacific ULVZ?2, on the southwestern side of
the Hawaiian Islands!~33; while several patchy ULVZs have been observed on the southeastern
side** (Fig. 5). Both have been attributed to the source of the Hawaiian plume. Thinning of
the mantle transition zone indicating potential traverse of plume has been observed on both the

40,41

southwestern side and the southeastern side*?. Additionally, tomographic imaging has

4345 or a southeastward dipping Hawaiian plume*® that

suggested both a southwestward dipping
extends down to the lower mantle. These results indicate the significant challenge in mapping
the Hawaiian plume root. Our model serves as an additional constraint for the plume root. In
our reference model, the southwestward motion dominates the Hawaiian plume motion, causing
the final position of the Hawaiian plume root to be located to the southwest of the Hawaii
Islands (Fig. 3d; Fig. 5), in contrast to the prediction by Hassan et al. (2016)” which shows a
southeastward plume drifting and locates the plume root to the southeastern side. This suggests
that our models are eventually testable, as the plume drifting process and the final location of
the plume root are coupled. Since a southwestward hotspot drift is required to fit the HEB (Fig.

1), we contend that the current Hawaiian plume root is located on the southwestern side of the

Hawaiian Islands.
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Methods

We conduct thermochemical convection models for the Earth's mantle using the extended-
Boussinesq approximation®® in a spherical shell. The mass, momentum, and energy
conservation equations are solved using the finite element code CitcomS*. Our model domain
consists of hexahedral meshes with approximately 12.6 million elements, featuring a uniform
lateral resolution of around 23 km and a variable vertical resolution that becomes finer near the
surface (~13 km) and the core-mantle boundary (~21 km). To simulate the actual history of
subduction, our model incorporates progressive assimilation of the age of the ocean floor, as
well as the location and polarity of subduction zones!”. Viscous dissipation, an adiabatic
temperature gradient, internal heating, and the depth-dependent coefficient of thermal
expansion are considered in our models®*>3. For a comprehensive list of parameters used,

please refer to Extended Data Table 1.

Data assimilation: We assimilate four plate reconstructions (Miiller et al. (2016)'®, Miiller et
al. (2019)"3, Hu et al. (2022)'! and a revised reconstruction based on Clennett et al. (2020)'®) as
boundary conditions in our geodynamic models. In the case of the revised Clennett et al.
(2020)'* model, we have employed a tracer-based algorithm described in Karlsen et al.>* to
construct age grids of the seafloor (Fig. 2d-f). We extract plate motion data from these

reconstructions using the GPlates (www.gplates.org)® and output at every Myr. Surface

velocity conditions are interpolated between adjacent input conditions when model time step is
much smaller than 1 Myr. The assimilation of plate motion is crucial for accurately matching
the observed present-day slab geometry and associated mantle flow by ensuring proper

subduction at the appropriate geographic location.

At each time step, we additionally assimilate and update the thermal structure of the lithosphere
based on the reconstructed seafloor ages. In an oceanic lithosphere, we use half space cooling

model to define its thermal structure:

T)(z,t) = Tperf(zzﬁ), 2)

where 77 is the temperature of the lithosphere, 7 is the mantle potential temperature, z is depth,
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t is seafloor age taken from plate reconstructions, x is thermal diffusivity. We use the same
model to define the thermal structure of continental lithosphere but with an age of 50 Ma. The
thin continental lithosphere here helps in prohibiting widespread lithospheric dripping, while
having no influence on deep mantle dynamics. To guarantee that a smooth thermal profile
translates from within the oceanic plates into the down-going slab, and to make sure that other
plate boundary properties such as composition and viscosity could evolve self-consistently, we
avoid updating the temperature of the subducting and overriding plates within 600 km

horizontal distance from the trench.

Rheology: The viscosity of this model is depth-, temperature- and composition-dependent:

= By _ B
n =no(r)Cexp (T~ — 7). (1)

where # is the viscosity, T is the temperature, 7o is the background viscosity (show in the
Extended Data Fig. 1), C is the compositional viscosity pre-factor, Ey, is the activation energy,
R =831 J mol! K is the universal gas constant, and Tm is the temperature of the ambient
mantle. The activation energy is 436 kJ mol™! in our reference model. Slab has independent
activation energy of 81 kJ mol ! in our reference model (Extended Data Table 2), lower than

the rest of the mantle to account for various slab weakening mechanisms including slab

56,57 59,60

hydration®®%", plastic yielding>® and grain size damage®>®’, etc. Viscosity variations are limited

to the range from 1.0 x 10** Pa s to 5.0 x 10%* Pas.

Composition: In our models, the composition field has an impact on both density and viscosity.
The compositional density anomaly is defined using the ratio method:

B = Apen/(PoaoAT), 3)
where B is the buoyancy ratio, an input parameter that varies with different compositions, Apch
the compositional density anomaly, po the reference density, ao the reference thermal
expansivity, and AT the temperature contrast across the mantle (Extended Data Table 1). The
compositional effect on viscosity is achieved through a multiplication factor that is a geometric

mean for all the compositions within the element:

¢ =TIc/, (4)
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where C is a prefactor, C; is the viscosity multiplier for composition i, and ri is the fraction of
composition i over the total elemental composition. We assume chemical layering in the oceanic
lithosphere to better simulate the subduction process. Within the oceanic plates, we define two
distinct chemical layers that differ from the surrounding mantle: a crustal-viscosity layer and a
crustal-density layer. The crustal-viscosity layer occupies the uppermost part of the oceanic
plate and has an approximate thickness of 25 km. This layer is neutrally buoyant with a viscosity
of 1.0 x 10?° Pa s when it subducts, thus acting as a lubricating layer to decouple the subducting
plate from the overriding plate. In addition, we incorporate a crustal-density layer with neutral
viscosity within the oceanic plates to accurately consider the buoyancy of the oceanic crust.
This layer undergoes a phase change to eclogite at a depth of 80 km. We avoid updating the
corresponding composition in the vicinity of the trench, such that tracer-carried properties
(density and viscosity) will behavior naturally over time. In the initial time step, we introduce
a uniform thermal-chemical layer located above the core-mantle boundary. This layer has a
thermal thickness of 125 km and a compositional thickness of 100 km, similar to the approach
described in Flament et al. (2022)°!. The thermal-chemical layer possesses a neutral
compositional viscosity and exhibits a positive density anomaly, with the corresponding

buoyancy ratio listed in Extended Data Table 2.

Predict hotspot track: The hotspot detection in this study utilizes the Density-Based Spatial
Clustering of Applications with Noise (DBSCAN) algorithm®. DBSCAN is a non-parametric
density-based clustering algorithm that operates by grouping together points that are densely
packed (having many nearby neighbors), while identifying outliers as points that exist in
sparsely populated regions (with distant nearest neighbors). The algorithm relies on two
parameters, namely ¢ and MinPts, to define the proximity characteristics of the data distribution.
¢ represents the neighborhood distance threshold (radius) for each data point, while MinPts
specifies the minimum number of data points within a neighborhood with a radius ¢ from the

given data point.

To identify the location of hotspots, the vertical velocity data at a depth of 300 km from the

model is analyzed. Specifically, the data is output at regular intervals of 50 timesteps, and any
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velocity values exceeding 7 cm/yr upward are retained with their longitudes and latitudes, as
they represent the upwelling mantle plume near the earth surface. Subsequently, the DBSCAN
clustering algorithm is employed to these pairs of longitudes and latitudes, with the clustering
parameters ¢ and MinPts set to 10 and 3, respectively. This enables the identification of hotspots

by clustering the filtered vertical velocity data based on their proximity and density.
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Extended Data Fig. 1. Initial conditions of the models. a, Mantle temperature along the cross-
section shown in b. b, Imposed seafloor age at 250 Ma from Miiller et al. (2019)'3. The
background color represents the seafloor age. Continents are shown in gray, the black lines
show the plate boundary, the purple line is the location of the cross-section shown in a. ¢,
Horizontally averaged initial mantle viscosity. Four different radial viscosity profiles are

applied in our models. See details at Extended Data Table 2.
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Extended Data Fig. 2. Comparison of model-predicted LLVPs with tomography. The
background color represents shear velocity (Vs) perturbations at 2800 km depth from the
SEMUCB-WMI1 tomography model*. Contours show the 0.1 (350 K) temperature anomaly
isosurface at the CMB from mantle flow models, representing the present-day shapes of the

predicted LLVPs (Extended Data Table 2).
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Extended Data Fig. 3. Predicted hotspot drift trajectories and hotspot tracks by different
geodynamic models. a-c, The trajectories of the hotspots and predicted tracks derived from the
comparison models of M16, Hu22 and M19. The dashed boxes outline the hotspot trajectories
after translation to match the present-day location, which are further used to compute the
hotspot tracks. d-e, The hotspot drift trajectories and predicted tracks derived from modifying
the viscosity and density parameters of the comparison models M16 (“M16_Adj”) and Hu22
(“Hu22_Adj”). Detailed information regarding these specific parameters can be found in
Extended Data Table 2. f, Predicted hotspot track using the hotspot drift trajectory from Hassan
et al. (2016)”. The assumed Pacific Plate motion follows the geodynamic model of Hu et al.

(2022)", and is denoted by red lines with the red circles marking the 10-Myr intervals. The
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yellow lines represent predicted surface hotspot tracks, with the yellow diamonds along these
hotspot tracks marking the 10-Myr intervals, The background shows gravity anomaly to reveal

the Hawaiian—Emperor seamount chain.
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Extended Data Fig. 4. Temporal and spatial variation of the lower mantle flow field in the

comparison model Hu22. Prior to the HEB (at 70 Ma, 50 Ma), the mantle flow originating
from the northeast region converges with the mantle flow from the northwest in the central
North Pacific. This convergence gives rise to a coherent southward flow field, which propels
the thermochemical pile and Hawaiian plume towards the south (similar to Hassan et al.
(2016)7). The thermochemical structural (LLVP) at the depth of 2800 km is outlined by the red
solid line, while the extent of the mantle plume, characterized by a temperature anomaly of 0.1

(350 K) at 300 km, is represented by the blue dots. Columns from left to right show the mantle



586  flow field at 70, 50 and 40 Ma; rows from top to bottom show the mantle low field at 800, 1600,

587  and 2800 km depth.
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Extended Data Fig. 5. Global plate reconstructions from Late Cretaceous to Eocene, a-c,
Unmodified Clennett et al. (2020)'® plate reconstruction model. d-f, The plate reconstruction
of Clennett et al. (2020)'® that incorporates a revised Kronotsky intraoceanic subduction

proposed by Hu et al. (2022)!! in the northern Pacific.
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Extended Data Fig. 6. Predicted hotspot trajectories of the comparison models that use
the same boundary conditions as the reference model. Symbols and legends are the same as
Extended Data Fig. 3. The detailed parameters of different models can be seen in Extended Data
Table 2. The inserted graphs show the longitudinal motion of the hotspots at 300 km depth. The
yellow triangles mark the slowdown of the westward motion or the shift from westward motion

to eastward motion.
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Extended Data Fig. 7. Temporal and spatial variation of the lower mantle flow field in the
reference model. Prior to the HEB (at 70 Ma, 50 Ma), a notable southwestward flow field
existed in the northeast Pacific Ocean, impacting both the thermochemical structural and the
southwestward motion of the mantle plume. The thermochemical structural (LLVP) at the depth
of 2800 km is outlined by the red solid line, while the extent of the mantle plume, characterized
by a temperature anomaly of 0.1 (350 K) at 300 km, is represented by the blue dots. Columns
from left to right show the mantle flow field at 70, 50 and 40 Ma; rows from top to bottom show

the mantle low field at 800, 1600, and 2800 km depth.



613
614

615

616

617

618

150° E 180° 150° W

h"(ﬂ:} f ‘ Age (Ma)
¥ 85 60 40 20 0

Extended Data Fig. 8. Testing the effect of southward hotspot motion on the HEB angle.
Computed hotspot tracks assuming without southward hotspot motion from 80 Ma to the
present (a), without southward hotspot motion before 47 Ma (b), or without hotspot motion

after 47 Ma (c). Other symbols and legends are the same as Extended Data Fig. 3.
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Extended Data Table 1. Reference model parameters.

Parameter Symbol  Value Units
Rayleigh number Ra 6.98 x 108 -
Earth radius Ro 6371 km
Reference density 0o 3930 kg m=3
Thermal diffusivity Ko 1x1076 m?s™
Heat capacity Co 1200 J kg1 K
Gravitational acceleration go 9.81 m s
Thermal expansivity ao 3x10° K1
Reference viscosity no 1.0x10%" Pas
Internal heating H 59.72 T™W
Dissipation number Di 1.1 -




622

623

624

625

626

627

628

Extended Data Table 2. Boundary conditions and parameters for mantle flow models

Model Tcetonic ao (Myr ago) Bchem Beico Aslab Viscosity
reconstruction profile
M16 M16 230 0.3 0.3 2.8 p1
Hu22 Hu22 230 0.3 0.3 2.8 p1
M19 M19 250 0.3 0.3 2.8 p1
Model 1 C20 250 0.3 0.3 2.8 p1
Model 2 C20 250 0.3 0.5 2.8 p1
Model 3 C20 250 0.3 0.1 2.8 p1
Model 4 C20 250 0.3 0.3 2.8 p2
Model 5 C20 250 0.3 0.3 2.8 p3
Model 6 C20 250 0.3 0.3 5 p1
Model 7 C20 250 0.3 0.3 10 p1
Model 8 C20 250 0.5 0.3 2.8 p1
Model 9 C20 250 0.5 0.3 2 p1
Model 10 C20 250 0.5 0.5 2.8 p1
Model 11 C20 250 0.5 0.7 2.8 p1
M16_Adj M16 230 0.6 1.091 15 p3
Hu22_Adj  Hu22 230 0.6 1.091 15 p3

M16 and M16_Adj take the plate reconstruction of Miiller et al. (2016)'%; M19 takes the plate
reconstruction of Miiller et al. (2019)'®; while for Hu22 and Hu22_Adj, the plate reconstruction
of Hu et al. (2022)"! is used. The models 1-9 uses the Miiller et al. (2016)'® model from 250 Ma
to 170 Ma and the revised Clennett et al. (2020)'® model from 170 Ma to 0 Ma. ao is the model
start age, Beclo 1s the buoyancy ratio for eclogite, Berem 1s the buoyancy ratio for chemical piles,

Asiab 1s the dimensionless activation energy for slab.



