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PUBLIC SUMMARY

= Hawaiian hotspot track displays two subparallel isotopic trends since 5 Ma.
= This is coeval with increased eruption rate and southward bending of the track.
= These data support a new plume head emerging next to the old Hawaiian plume.

= Our double-plume model may represent a new mechanism for hotspot evolution.
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The Hawaiian-Emperor seamount chain has shown two subparallel
geographical and geochemical volcanic trends, Loa and Kea, since ~5
Ma, for which numerous models have been proposed that usually involve
a single mantle plume sampling different compositional sources of the
deep or shallow mantle. However, both the dramatically increased erup-
tion rate of the Hawaiian hotspot since ~5 Ma and the nearly simulta-
neous southward bending of the Hawaiian chain remain unexplained.
Here, we propose a plume-plume interaction model where the composi-
tionally depleted Kea trend represents the original Hawaiian plume tail
and the relatively enriched Loa trend represents an emerging plume
head southeast of the Hawaiian plume tail. Geodynamic modeling further
suggests that the interaction between the existing Hawaiian plume tail
and the emerging Loa plume head is responsible for the southward
bending of the Hawaiian chain. We show that the arrival of the new
plume head also dramatically increases the eruption rate along the hot-
spot track. We suggest that this double-plume scenario may also repre-
sent an important mechanism for the formation of other hotspot tracks
in the Pacific plate, likely reflecting a dynamic reorganization of the
lowermost mantle.

INTRODUCTION

The conventional plume hypothesis predicts that a single chain of volcanos
with age progression should form as a plate passes over a relatively stationary
mantle plume."? The Hawaiian-Emperor chain, however, does not strictly follow
this prediction. The volcanos of the Hawaiian chain progressively bifurcated into
two subparallel geographical and geochemical trends since ~5 Ma: the Loa and
the Kea trends (Figure 1). These two trends are of significant compositional dif-
ferences in major and trace elements and are best illustrated by the contrasting
Pb and Nd isotopes. Overall, the Loa trend has lower eyg and higher
208phyx/295ph* compared with the Kea trend and with mid-ocean ridge basalts
(Figures 1and 2).2"'® The two isotopically distinct trends of the Hawaiian hotspot
were interpreted previously using a variety of models.” ®''57%? For example, it
has been suggested that the Hawaiian plume is concentrically zoned in chemical
and isotopic compositions, with the Loa trend sampling the center and the Kea
trend sampling the margins.'"?*?* Based on high-precision Pb isotopes, it is pro-
posed that the two trends have very little compositional overlap such that they
originated from bilateral, non-concentric plume zones."'>?° The geochemical dif-
ferences between the Kea and Loa trends were also explained by two distinct
sources at the core-mantle boundary.>®'"'#'41¢ Another study proposed that
the chemical variation of the Hawaiian mantle plume was controlled by its ther-
mal structure.” A recent study attributed the double trends to a recent azimuthal
change in the motion of the Pacific plate such that the Loa trend sampled the
shallow portions of the plume dominated by a pyroxenite melt zone, while the
Kea trend sampled the deep peridotite melt zone at the center of the Hawaii
plume.'® However, the drift direction of the Pacific plate has changed multiple
times in the geological history, but these changes do not always correlate with
subparallel hotspot chains showing distinct geochemical characteristics within
the Pacific plate. In brief, none of the published models could explain the fact
that the bifurcated geographical and geochemical trends did not appear until
~5 Ma, a phenomenon not only observed in Hawaii (Figures 1 and 2) but also
in other hotspot tracks (Figure ST).

RESULTS AND DISCUSSION
The synchronous occurrence of geochemical bifurcation, bending of the
seamount chain, and rapidly increasing eruption rates

According to geochemical data, the Loa trend began to appear in the Nihoa
seamount (~8 Ma)'® and became clearly discernable in the Kauai seamount
(~5 Ma) 56812141629 7o the west of the Nihoa seamount, the Hawaiian chain,
including the entire Emperor chain, is classified as belonging to the Kea trend
(Figures 1 and 2). Therefore, the Kea trend represents the original Hawaiian
plume tail (Figure 1) that has lasted for more than 80 Myr, whereas the Loa trend
should be a new one (<8 Myr)®'>* with enriched isotope compositions, which
are typical for plume heads in the Pacific plate, such as Ontong Java, Manihiki,
and Hikurangi (Figure 2).>' %" Some researchers found that some samples
from the Daikakuji seamount have enriched geochemical signatures.'®'“%29
This is at least partially due to alterations.®® Furthermore, their major and trace
element and isotope compositions show obvious differences from those of
the Loa trend.*®*° Especially for the most representative Pb isotope of the Loa
trend, the Daikakuji samples do not lie exactly on the main field of the Loa trend
(Figure 2). It erupted near the Hess Rise and thus may have been influenced by
underplated enriched magmas from the southern Hess Rise, which has high
radiogenic Pb isotopes and low Nd isotopes.®' Previous studies have also attrib-
uted these isolated isotope characteristics of Daikakuji to the presence of a small
mantle heterogeneity,'®'* which is essentially different from the seamounts
(<8 Ma) of the Loa trend.

Remarkably, the occurrence of bifurcated geochemical characteristics in the
Hawaiian magmas in <8 Ma is synchronous with the abrupt bending of the hot-
spot chain (Figure 1). Starting roughly at ~8—5 Ma, the Hawaiian chain bends to
the south by ~45° from its original trajectory (defined by the Northwest Hawaiian
Ridge), with a total offset of ~280 km by now (Figure 1). This was attributed to
the recent azimuthal change in Pacific plate motion.'® However, no such bent
has been observed in other seamount chains on the Pacific plate during the
same period (Figure ST1), which precludes the changing plate motion as
the cause.

According to the classical plume hypothesis, a mantle plume is characterized
by a large head that usually forms a large igneous province at the surface, fol-
lowed by a long, thin tail that corresponds to a volcano chain."**°~*® The
Hawaiian-Emperor volcano chain is generally attributed to the tail of the Hawaiian
plume. However, the eruption rate of the Hawaiian plume has increased dramat-
ically in the last few million years (Figure 1).2"*"*€ The main island of Hawaii, with
an estimated volume of ~0.21 million cubic kilometers,® is much larger than
volcanos within most other hotspot chains. The average eruption rate of the Ha-
waiian plume was mostly ~0.017 km®/year between 47.5 and 5 Ma. This sud-
denly increased to ~0.05 km®/year at ~5 Ma at Kauai,*® contemporaneous
with the commencement of the southward bending (Figure 1). The total eruption
rate of the Hawaiian plume sharply increased again to ~0.66 km®/year (ie., ~21
m°/s) at the latest stage,’®?” ~40 times higher than the average eruption rate
between 47.5 and 5 Ma and even comparable to that of a plume head. For
example, the Deccan Trap,*? a well-studied large igneous province erupted
from an underlying plume head, has a total volume of ~0.7 million cubic kilome-
ters,' erupted within one million years, which corresponds to an average eruption
rate of ~0.7 km®/year. It is followed by a thin island chain to the south, formed by
the eruption of the Reunion mantle plume.®%°" The distinctive eruption behavior
of the Hawaiian plume seems to contradict the mantle plume hypothesis, which
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Figure 1. Map showing double chains of the Hawai-
ian hotspot The bending of the Hawaiian chains
started at ~8 Ma. The Kea trend (north) is the original
Hawaiian chain, whereas the Loa trend (south) is
newly emerged as indicated by isotopic characteris-
tics (see Figure 2). The Nihoa seamount (~8 Ma) is
the first volcano that has samples with geochemical
signatures of the Loa trend, and it became clearly
discernable at Kauai (~5 Ma). Correspondingly, the
volume and magma flux of the Hawaiian chain has
increased dramatically since ~5 Ma (Figure 1B). Vol-
ume flux is estimated based on the airy and flexural
compensation models.’>?" The latest eruption rate
is ~21 m%/s, i.e, 0.66 km®/year. Interestingly, double
chains are also reported for the Samoa and the Mar-
quesas volcano chains (Figure S1). Geochronology
data from previous literature of the seamounts are
compiled in the supplemental information.
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due to extension. Because the nearby Hawaiian
plume produces a conduit of negative dynamic
pressure throughout the mantle (Figure 3A), the
rising Loa plume head is initially attracted by
the Hawaiian plume conduit following the lateral
pressure gradient (Figures 3B and 3C). Prior to
the arrival of the Loa plume, the Hawaiian conduit
is entrained northwestward following the Pacific
plate motion (Figures 3A and S3). Due to the
larger buoyancy than that of the Hawaiian tail,
the Loa plume head rises faster and more verti-
cally. In addition, the temporally reduced mantle
viscosity due to increased temperature helps
alleviate plate entrainment so that the location
of the Loa plume head around the lithosphere-

predicts that the eruption rate of the plume tail should be significantly lower than
that of the plume head."'**? It is important to note that the rapidly increasing
eruption rate of the Hawaiian plume in the last few million years is due to the
growth of the Loa trend, which became clearly discernable at ~5 Ma (Figures 1
and 2).

An emerging plume head interacting with the original Hawaiian plume

All these observations can be better explained by the interaction of an
emerging plume head with the waning Hawaiian plume tail. We name this
new plume the Loa plume. The root of the Loa plume was located to the south-
east of that of the Hawaiian plume, and the subsequent southward migration
of the hotspot chain, the increasing magma eruption rates, and the progressive
separation of the two geochemical trends reflect the dynamic interaction and
competition of the two plumes as they strive to dominate the source of surface
volcanism. Nihoa, which erupted ~8 Ma, provides the first compositional signal
for a different mantle source (Figures 1 and 2), which we interpret as represent-
ing the arrival of the Loa plume head to the mantle melt zone.

To better understand this plume-plume interaction, we designed a high-res-
olution 3D geodynamic model using the code CitcomS.>® The model starts with
an established Hawaiian plume conduit that has a diameter of 100 km and a
growing Loa plume head whose conduit is twice as wide and 250 km further
south, both rooted at 1,500 km depth. More model details can be found in
the supplemental information. We track the movement of the Loa plume
head as it approaches the surface and interacts with the Hawaiian plume.

As a plume ascends, the upper half of the plume head and the region above
experience positive dynamic pressure due to upward compression. The lower
plume head and the region further below experience negative dynamic pressure

asthenosphere boundary (LAB) jumped east-
ward by ~200 km, leading to a clear gap of
plume flux along the direction of plate motion.
Consequently, this creates a magmatic hiatus
along the Hawaiian conduit. In observation, there
was a ~200 km wide gap in the Hawaiian chain without seamounts to the west
of Kauai when the bending started (Figure 1). This is consistent with the modeled
plume-plume interaction (Figure 4).

Because the strong lateral pressure gradient diverts the Loa plume head
toward the Hawaiian conduit, the Loa plume initially reaches the LAB at a
similar location as the original Hawaiian conduit, which is aligned with the
earlier Hawaiian chain downstream of the Pacific motion direction
(Figure 3). Initial mixing of the two plumes implies that magmas with Loa
characteristics should start to appear along the original Hawaiian chain,
as is observed starting in Nihoa, and the islands/seamounts from Nihoa
to West Molokai display both Loa and Kea geochemical signatures before
the distinct Loa trend has fully emerged (Figure 1). Their geochemical com-
positions vary dramatically, plotted on both the Loa and Kea trends (Fig-
ure 2), which clearly indicate “mixing” of the Kea and Loa magmas, and
also with the depleted mantle.®'” The highest 2°®Pb*/2°°Pb* and lowest
eng Values among all Hawaiian basalts are seen in Koolau, implying that
these Koolau samples are close to the Loa end member (Figure 2). Howev-
er, the trace elements in inclusions of Koolau basalts are highly varied and
show geochemical characteristics of both Kea and Loa.”

After the plume head settles down in the asthenosphere, its upward motion
slows down. Accordingly, the positive dynamic pressure within the plume head
decreases rapidly (Figures 3D and 3E). Consequently, the reduced lateral pres-
sure difference from that of the Hawaiian conduit (the Kea trend) means that
the Loa plume is driven mostly by its own buoyancy and can rise more vertically.
This results in a gradual shift of its lateral location away from the older Hawaiian
chain and toward the south (Figures 3E and 3F). Meanwhile, the eruption rate of
the emerging plume head increases dramatically. Given that the Loa plume is
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Figure 2. Isotope diagrams for shield-stage lavas of Hawaiian-Emperor volcano chains The Hawaiian-Emperor chain is divided into three sections: the Emperor chain, the Northwest
Hawaiian Ridge, and the seamounts form Nihoa to the present position. (A) 2°Pb/?°*Pb versus 2°°Pb/?°*Pb. The Hawaiian chain is divided into two distinctive trends, the Loa trend
and the Kea trend, by the dashed line. Note that all samples from the Emperor chain and the Northwest Hawaiian Ridge except the Daikakuji seamount fall on the Kea trend, suggesting
that the Kea trend was the original Hawaii chain, whereas the Loa trend is newly emerging. Nihoa, Kauai, Waianae, Koolau, and West Molokai have Iarge ranges of isotopic com-

positions and fall on both trends, i.e., mixtures of materials from two trends at shallow depths. (B) A diagram of 2°6Pb*/2°°Ph* versus eyq(t) where 2°6Pb*/

06ph represents the time-

integrated 23Th/2%8U ratio since the formation of the Earth and is defined as 2°2Pb*/205Pb* = (2°8ph/?04Pbh—29.475)/(*°°Pb/?**Pb—9.306).”° Samples from the Loa trend all have
208plyx/206phx higher than 0.948, with lower eyq(t), representing an enriched mantle source. In contrast, samples from the Kea trend all have 2°8Pb*/2°®Pb* lower than 0.948, with
higher eng(t), comparable to those of the depleted mantle. The sources of geochemical data of these seamounts are provided in the supplemental information.

broader and hotter than the Hawaiian plume tail conduit, the latter will eventually
lean toward the former, whose more-negative dynamic pressure exerts a stron-
ger suction force (Figures 3E and 3F). Finally, the two plume conduits stay close
to, but remain separated from, each other, which could explain the two distinct
compositional trends in the Hawaiian hotspot. Since ~5 Ma, the center of the
plume system has experienced a continuous southward migration over
~175 km at 200 km depth (Figure 4), which is comparable to the southward
migration of the surface hotspot (Figure 1).

This plume-plume interaction model we proposed is further supported by
geophysical results. Global seismic tomography shows that there are two
distinct anomalies underneath Hawaii.”* The S-wave imaging also shows two
low-velocity regions at depths of ~600 km. However, at depths of 900 and
1,200 km, the anomalous region to the northwest of the Hawaiian main island
becomes vague, while that to the southeast is still clearly shown.>® These results
may imply that the Hawaiian plume tail is located to the northwest of the main
island and is dying, whereas the young Loa plume is located to the southeast
and is growing over time.

Implications on plume dynamics and resulting surface manifestation

According to the conventional plume hypothesis, the mantle source of plumes
is largely stationary,”** such that the island/seamount chain formed from volca-
nic eruptions within a moving plate. Paleomagnetic data showed that several
Emperor seamounts older than 50 Ma erupted at paleolatitude far north of the
current position, which has been interpreted due to southward migration of the
plume in response to a change in the locus of upwelling mantle flow.>*~°° A
recent study shows that this could be instead due to the interaction between
the plume and the northward moving ridge between the Pacific and Izanagi
plates.®”

Here, we show that the surface expression of hotspots may also reflect
a plume-plume interaction. Most previous models for Cenozoic variations in
the Hawaiian chain involve a single mantle plume originating from either the
ambient Pacific mantle or the large low shear-wave velocity province

(LLSVP) 5581323725 of particular notice is the model by Harrison et al,'® who
proposed that the once distant Hawaiian mantle plume sampling the ambient
Pacific lowermost mantle moved toward and eventually interacted with the
spatially fixed Pacific LLSVP, when the plume started to entrain the LLSVP ma-
terial to form the Loa trend. This model satisfies multiple constraints but is
inconsistent with geodynamic simulations showing that plumes tend to form
above a temporally evolving LLSVP.%" "% In addition, this model cannot explain
the southward bending of the Hawaiian chain nor the recent increase in erup-
tion rate.

In our model, both plumes could have originated from the top of the LLSVP.
Their different isotopic signatures could be due to multiple reasons. One possibil-
ity is that their respective source regions have different compositions. A second
possibility is that both plumes sample the same composition (i.e., the LLSVP), but
their abilities to entrain the LLSVP material differ: the waning plume tail entrains
less material than the newly formed plume head due to their different buoyancy
and thus suction force applied to the underlying plume source. A third explana-
tion is that both plumes entrain similar amounts of LLSVP material but the
new plume head, due to its higher temperature and lack of prior melting, could
express a stronger compositional signature.

Dynamically, the recent appearance of the Loa plume next to the older one
may reflect a regional perturbation or reorganization of the convective regime
within the lowermost mantle. According to recent geodynamic studies,®”®° the
LLSVP's configuration evolves over time due to push of the surrounding mantle
and subducting slabs. We suggest that the formation of the new plume may be a
result of this temporal variation. Furthermore, this recent lowermost mantle
adjustment may also explain the two subparallel isotopic trends in Samoa and
the Marquesas Islands that have similar ages to the Loa trend (Figure ST). We
speculate that these hotspot tracks together reflect the same mechanism, i.e.,
an emerging new plume next to the old one, in response to a regional reorgani-
zation of the Pacific lower mantle. We propose that future work is needed to bet-
ter understand the causes and consequences of this late-Cenozoic change in
mantle dynamic regime.
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Figure 3. Temporal evolution of the double-plume system (A) The established Hawaiian plume at 13.8 Ma, prior to the commencement of the Loa plume. This cross-section is along
the plate motion direction. The gray area and blue line represent the overlying oceanic lithosphere and the plume conduit, respectively. Within the plume conduit, dynamic pressure
ranges from —9 to 6 MPa, with positive values right beneath the LAB and negative values in the deeper plume conduit. The dark blue stars denote spatial centers of the Kea plume
system at 200 km depth. (B—F) Snapshots of the double-plume system at 6.5, 5.2, 5.0, 3.9, and 1.6 Ma, respectively. The light blue stars denote spatial centers of the double-plume
system at 200 km depth. All cross-sections are perpendicular to the plate motion direction along the orange line in (A).

inces,

Mantle plume heads are often associated with large igneous prov-
14145 which can cause major global climate changes.®*®" It has

been proposed that the Deccan large igneous province in India was
responsible for the mass extinction at the end of the Cretaceous.®* It could
also have contributed to the extremely hot climate in the early Cenozoic by
adding CO, to the atmosphere. The eruption rate in Hawaii today is rapidly
increasing, which we propose is due to invigoration from an emerging
plume head. Considering the potentially major influences this increasing
volcanic activity may have on the habitability of planet Earth, such a sce-
nario is worthy of attention. However, if CO, in mantle plumes comes
mainly from carbonated domains deep inside the mantle's transition
zone,”® the volatiles in the mantle domains underneath Hawaii may have
already been undergoing extraction for more than 80 Myr. The emerging
plume head would then likely be much more depleted in CO, and other vol-
atile components compared with the Deccan plume head.

MATERIALS AND METHODS

Materials and methods related to this work are available in the supplemental information.
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1. Other double chains in the Pacific plate

\,

‘;, .

4
=5
L
£

|

tb%w‘

142°W 141°W 140°W 139°W 138°W 137°W 136°W

Figure S1 Map showing the other double volcano chains of (a) the Samoa and (b) the
Marquesas plumes. In contrast to the Hawaiian plume, these two plumes are not bended
nor increased in eruption. Also, these double chains appeared later than the Hawaiian
double chain. The base maps are from the software of GeoMapApp. Age data are from
literature as follow.
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3. Geodynamic model setup



To study plume-plume interaction, we used a user-updated version of 3D spherical finite
element code CitcomS. On finite-element mesh, we solved the conservation equations of mass,
momentum, and energy, under the Boussinesq approximation:

V-i=0
—VP + V- [n(Vi + V'i)] + p,aATG = 0

oT
— 4+ U VT = kV?T
ot

where i is velocity, P is dynamic pressure, n is effective viscosity, p,, is reference mantle
density, a is thermal expansion coefficient, AT is thermal anomaly, § is gravitational
acceleration, T is temperature, and x is thermal diffusivity, respectively.

The model spans 30° X 30° X 2000 km in longitude X latitude X radius, a region

much larger than the Hawaiian volcanic chain. The vertical and horizontal resolution are 15 km and
6 km, respectively. Passive tracers are used to track the evolution of two plumes, assuming no extra
chemical buoyancy of plume material.

Boundary conditions involve temperature and velocity boundary conditions at surface. The
surface potential temperature is set to be 0 °C, beneath the surface we set up a thermal oceanic
lithosphere based on half-space cooling model, assuming 80 Myr old seafloor. The surface has been
prescribed a constant westward plate motion at 10 cm/yr through the whole simulation.

To model realistic plume structure above 1000 km depth, we fixed heat sources as cones at
depth from 1400 km to 1500 km. The resultant plume conduits have spatial averaged excess
temperatures varying from 100 °C to 300 °C at LAB depth (~100 km). The present plume conduit
under Hawaii has a spatial averaged excess temperature around 300 °C, which is consistent with
literature estimates>-®. The heat source for Loa trend is located 220 km south to the one for Kea trend,
and its base radius is twice as large as that for Kea trend. To simulate the evolution of Hawaiian
volcanic chain, we started with the heat source for Kea trend only. After 40 Myr, the Kea trend is
formed and became steady. At this time, the heat source for Loa trend was added (Figure S3).

Temperature- and depth-dependent Newtonian rheology is applied for the whole model
domain. The background mantle viscosity at the ambient mantle temperature has a 3 layer-profile:

lithosphere (0-100km), asthenosphere (100-410 km), and below (410-2000 km). Their respective



viscosity values are 0.1*1, (10%° Pa s), 0.1*n, (10%° Pa s), n, (10" Pa s), where 1, is the

reference viscosity (10?! Pa s). The temperature-dependent Newtonian rheology follows:

E(r) E(r)
T+T, Tm+To

n = Mp.g.(r)exp( )

where 71 is effective viscosity, 74, is background mantle viscosity, E is activation energy, T is
temperature, T, is temperature offset, and T, is ambient mantle temperature. The activation
energy used in this study is the same as in Hu et al. (2018). With strong temperature-dependent
Newtonian rheology, our strong lithosphere reaches 10%°* Pa s in the upper part and smoothly
transient to weak asthenosphere. Other physical parameters used are shown in table S2.
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Figure S3 3D view of the Hawaiian plume system at 40 Myr from starting time, when the Loa
plume emerged from the lower mantle. View towards northwest direction. The right plume is
established Kea plume, the left one is newly formed Loa plume which has a larger size than the Kea

plume. Plumes are presented by isothermal surface with 50 °C excess temperature.



Table S2 Physical parameters used in geodynamic model

Parameter Symbol Value Unit
Earth radius R 6371.0 km
Gravitational acceleration g 9.81 m/s?
Reference mantle density p 3340 kg/m3
Reference viscosity Mo 107! Pas
Background viscosity Nk, 10%, 10%, 10*! Pas
Thermal diffusivity K 10 m?/s
Thermal expansivity a 3.0X107 1/°C
Rayleigh number Ra 5.0e8 -
Activation energy E 100, 166, 100 kJ/mol
Minimum viscosity Nmin 1.0e19 Pas
Maximum viscosity Nmax 1.0e23 Pas

4. Migration history of plume system center

We identified the centers of Hawaiian plume system in our geodynamic model at 200 km depth
which can be used to show the migration of surface volcanic activities. The hottest part of the
Hawaiian plume system is defined as the center of the plume system at each output timestep. Since
melting processes highly depend on the P-T condition, the hottest part may well represent the center
of the plume system with the highest melt production rate at this depth. After identification, the
centers were assumed to move with the oceanic lithosphere at the same speed. The temporal and

spatial evolution of plume system center is shown in Figure 5 in the main text.
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