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Abstract

To deconvolve contributions from the four overlapping hotspots that form the “hotspot highway” on the Pacific plate—Samoa,
Rarotonga, Arago-Rurutu, and Macdonald—we geochemically characterize and/or date (by the 40Ar/39Ar method) a suite of lavas
sampled from the eastern region of the Samoan hotspot and the region “downstream” of the Samoan hotspot track. We find that
Papatua seamount, located ∼60 km south of the axis of the Samoan hotspot track, has lavas with both a HIMU (high μ = 238U/204Pb)
composition (206Pb/204Pb= 20.0), previously linked to one of the Cook-Austral hotspots, and an enriched mantle I (EM1) composition,
which we interpret to be rejuvenated and Samoan in origin. We show that these EM1 rejuvenated lavas at Papatua are geochemically
similar to rejuvenated volcanism on Samoan volcanoes and suggest that flexural uplift, caused by tectonic forces associated with
the nearby Tonga trench, triggered a new episode of melting of Samoan mantle material that had previously flattened and spread
laterally along the base of the Pacific plate under Papatua, resulting in volcanism that capped the previous HIMU edifice. We argue
that this process generated Samoan rejuvenated volcanism on the older Cook-Austral volcano of Papatua. We also study Waterwitch
seamount, located ∼820 km WNW of the Samoan hotspot, and provide an age (10.49± 0.09 Ma) that places it on the Samoan hotspot
trend, showing that it is genetically Samoan and not related to the Cook-Austral hotspots as previously suggested. Consequently, with
the possible exception of the HIMU stage of Papatua seamount, there are currently no known Arago-Rurutu plume-derived lava flows
sampled along the swath of Pacific seafloor that stretches between Rose seamount (∼25 Ma) and East Niulakita seamount (∼45 Ma),
located 1400 km to the west. The “missing” ∼20-million-year segment of the Arago-Rurutu hotspot track may have been subducted
into the northern Tonga trench, or perhaps was covered by subsequent volcanism from the overlapping Samoan hotspot, and has thus
eluded sampling. Finally, we explore tectonic reactivation as a cause for anomalously young volcanism present within the western
end of the Samoan hotspot track.

Keywords: radiogenic isotopes, geochemistry, OIB, Samoa, Cook-Austral

INTRODUCTION
Hotspots are generally thought to be formed by upwelling
mantle plumes that melt beneath an overriding plate.
This mechanism produces a hotspot track, a series of
age-progressive volcanoes that extend linearly away
from the volcanically active hotspot (e.g. Morgan, 1971,
1972). The so-called “hotspot highway” in the south
Pacific results from four overlapping hotspot tracks—
Macdonald, Arago-Rurutu, Rarotonga, and Samoa—that
lie on the same Pacific plate flowline (e.g. Duncan &
McDougall, 1976; Turner & Jarrard, 1982; Matsuda et al.,
1984; Diraison, 1991; Chauvel et al., 1997; McNutt et al.,
1997; Bonneville et al., 2002; Bonneville et al., 2006; Konter

et al., 2008; Jackson et al., 2010; Maury et al., 2013;
Finlayson et al., 2018; Jackson et al., 2020; Buff et al.,
2021) (Fig. 1). The “downstream” Samoan hotspot track
in the hotspot highway is anchored on the young end by
the volcanically active Vailulu‘u seamount and extends
toward older volcanoes in the west that reach ages of∼24
Ma (Figs 1 and 2). The Samoan hotspot track is divided
into two provinces: (1) the Eastern Samoan Volcanic
Province (ESAM), which is bracketed on the east end by
the volcanically active Vailulu‘u seamount and extends
∼350 km to the west to Savai‘i (5.29 Ma; Koppers et al.,
2008) (Hart et al., 2000; Staudigel et al., 2004, 2006); and (2)
the Western Samoan Volcanic Province (WESAM), which
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consists of older Samoan volcanoes that lie to the west
of Savai‘i and extend westward to Alexa bank (23.96 Ma;
Hart et al., 2004), located ∼1300 km west of Savai‘i Island
(e.g.Hawkins&Natland, 1975; Duncan, 1985; Sinton et al.,
1985; Johnson et al., 1986; Jackson et al., 2010) (Figs 1 and
2). Samoan lavas can exhibit high 3He/4He signatures,
up to 34 RA (where RA is the measured ratio relative
to atmosphere; Jackson et al., 2007a) or strong enriched
mantle II (EM2) compositions characterized by high
87Sr/86Sr (up to 0.723888±0.000015 [2SE] in magmatic
clinopyroxene; Adams et al., 2021), although we note that
high 3He/4He and high 87Sr/86Sr are not found in the same
samples (e.g. Jackson et al., 2007a). Samoan lavas can also
exhibit geochemical characteristics that are associated
with dilute contributions from three other canonical
mantle endmembers—enriched mantle I (EM1), HIMU
(high μ = 238U/204Pb), and a depleted component (DM)
(e.g. Jackson et al., 2014).

Along the Samoan hotspot track, several volcanoes
occur “off axis” and are displaced to the south of themain
hotspot trace. For example, Papatua seamount is located
∼60 km south of the Samoan island of Tutuila. Jackson
et al. (2010) presented data for a Papatua lava (sample
ALIA-D129-05, dredged at 2518–2408 meters below sea
level (mbsl)) with a HIMU geochemical composition,
which they interpreted to be of non-Samoan origin and
potentially related to one of the Cook-Austral hotspots.
They argued that the HIMU flavor in this lava, along with
the thick (>5 cm) ferromanganese rind attached to the
Papatua sample (which contrasts with the thin [<1 mm]
ferromanganese patinas on submarine samples from
nearby Samoan volcanoes), is evidence that Papatua was
erupted over one of the HIMU Cook-Austral hotspots
that lie ∼2200 km (Arago-Rurutu hotspot) to ∼3400 km
(Macdonald hotspot) ESE of the Samoan hotspot. In
support of this hypothesis, volcanic seamounts compris-
ing older portions of the Cook-Austral hotspot tracks
have been found in the vicinity of the Samoan hotspot
track. For example, Rose atoll (24.8±1 Ma; Buff et al.,
2021), located adjacent to Vailulu’u seamount, relates
to the Arago-Rurutu hotspot (Figs 1 and 2). Malulu
seamount, which lies between Rose atoll and Vailulu’u
seamount (Figs 1 and 2), has a HIMU composition and
therefore likely relates to either the Arago-Rurutu or
Macdonald hotspot (but ages are not available forMalulu,
hence a specific designation cannot be made; Buff et
al., 2021). Located ∼350 km north of Vailulu’u, the
HIMU Moki seamount (44.53± 10.05 Ma; Buff et al., 2021)
relates to the Macdonald hotspot (Figs 1 and 2). At the
older end of the Samoan hotspot track, East Niulakita
seamount has been shown to host both older HIMU
Arago-Rurutu lavas (42.24± 0.82 Ma–45.73± 0.14 Ma;
Finlayson et al., 2018) and younger shield-stage Samoan
lavas (14.76±0.12 Ma; Finlayson et al., 2018) (Figs 1 and
2). It is evident that volcanoes in the Samoan regionmust
be distinguished by age and/or geochemical composition
to determine their hotspot of origin, as Cook-Austral
hotspot volcanoes in the Samoan region have older ages

and different geochemical compositions than Samoan
hotspot volcanoes.

Here we report geochemical and isotopic data and
40Ar/39Ar ages on selected lavas from eight submarine
volcanoes located in the Samoan region: the dataset
includes 12 lavas from seven volcanoes in the WESAM
region (including new 40Ar/39Ar ages on four samples), as
well as geochemical data on two glasses from Papatua
seamount. Using the data, we explore three significant
findings: first, we evaluate whether old volcanoes from
the Cook-Austral hotspots can be traced into theWESAM
region of the Samoan hotspot track. Second, we investi-
gate the origins of the two stages of volcanism at Papatua
seamount. Lastly, we examine the causes of rejuvenated
volcanism at Papatua and along the WESAM portion of
the Samoan hotspot.

Sample location and descriptions
The samples in this study were recovered during four
separate dredging expeditions: samples with prefix
KK8203 were collected during the 1982 KK820316
cruise of the R/V Kana Keoki; samples with prefix PPT
were collected during the 1986 Papatua Expedition of
the R/V Thomas Washington; one sample with prefix
ALIA was collected by seafloor dredging during a 2005
expedition of the R/V Kilo Moana; samples with prefix
RR1310 were recovered by seafloor dredging during a
2013 expedition of the R/V Roger Revelle. The volcanoes
sampled (and presented in this study) include the Lalla
Rookh, Siafiafi, Bustard, Waterwitch, Talviuni, Fa‘aitu,
and Papatua seamounts and Tuscarora bank (Fig. 2).
Only basalt clasts hosted in hyaloclastite were obtained
from Lalla Rookh (RR1310-D40-10), Siafiafi (ALIA-D121-
09), Tuscarora (KK8203-DR-9), and Talviuni (KK8203-
DR-1); in these cases, only the freshest clasts were
separated for geochemical and isotopic analyses. In total,
14 volcanic samples from eight different volcanoes were
geochemically and isotopically characterized and/or
dated by the 40Ar/39Ar method.

Table 1 provides sample descriptions and locations,
information about which samples have new 40Ar/39Ar
ages, major and trace element, and/or isotope data, as
well as information about prior isotopic studies of sam-
ples from the same volcanoes.

METHODS
40Ar/39Ar age determination
New 40Ar/39Ar age determinations on four submarine
lava flows are presented in Table 2. Three plagioclase
separates and two groundmass separates were obtained
by systematic crushing, sieving, magnetic separation,
acid leaching, and handpicking as described in Kon-
rad et al. (2018). Samples were irradiated along with
Fish Canyon Tuff (FCT) sanidine fluence monitors at
the Oregon State University TRIGA reactor for 6 h.
Extracted gas was analyzed using an ARGUS VI mass
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Fig. 1. Hotspot reconstruction, age progression, and cross section. Panel (a) shows the Samoan trend and the Cook-Austral hotspot tracks (Macdonald,
Arago-Rurutu, and Rarotonga) consistent with the Wessel & Kroenke (2008) absolute plate motion model. The locations of the active hotspots are
marked with stars. The location of the Rarotonga hotspot, if it exists, remains to be discovered and is shown as a star with a question mark. Panel (b)
shows the age progression for the Macdonald, Arago-Rurutu, Rarotonga, and Samoa hotspot tracks based on Wessel & Kroenke (2008) (WK08 APM);
ages for the Cook-Austral volcanoes are summarized in Jackson et al. (2020) and Buff et al. (2021), while Samoan ages are summarized in Koppers et al.
(2008). New ages for Waterwitch, Fa‘aitu, and Bustard seamounts are also shown: Waterwitch clearly lies on the Samoan hotspot age progression, and
Fa‘aitu and Bustard do not (but could represent rejuvenated volcanism). Panel (c) shows a cartoon cross section that links volcanoes from the
age-distance plot (panel b) to their respective hotspot (note color coding in both panels). Volcanoes with two known stages of volcanism (e.g. Rurutu,
Arago, Aitutaki, Papatua, and East Niulakita) are represented by two colors on a single volcano with the bottom color relating to the first stage of
volcanism and the top color relating to the second stage. The older stage of Papatua is shown in a medium gray as we are currently unable to
determine if this HIMU stage is related to the Macdonald hotspot or the Arago-Rurutu hotspot. Location of the sampled region in Fig. 2 is shown in
panel (a). The equivalent HEB (Hawaii-Emperor Bend) locations for the Macdonald and Arago-Rurutu hotspots are marked on the map (a) and
age-distance figure (b).

spectrometer. Samples were analyzed via the incremen-
tal heating method using 21–27 CO2 laser heating steps
with blanks analyzed at the start, end, and between every
three heating steps. Age determinations were calculated
using ArArCALC v2.7.0 (Koppers, 2002) with an FCT
age of 28.201±0.046 Ma (Kuiper et al., 2008) and the
decay constant of Min et al. (2000). Ages were considered
reliable if plateau lengths were greater than 60% of the
39Ar released and probability of fit factors were>5%.
A sample with a plateau consisting of 40–60% of 39Ar

released is considered a mini-plateau, and we interpret
the corresponding age with caution.

Major and trace elements
Major element analyses of whole rock powders were
conducted at Washington State University (WSU) by X-
ray fluorescence (XRF) spectrometry on a ThermoARL
XRF following methods outlined elsewhere (Johnson &
Sinton, 1990). The USGS BCR-2 reference material was
run together with the samples. Measured major element
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Fig. 2. Map of the study region including sample locations and other important volcanoes and geologic features. Volcanoes characterized in this study,
and important volcanoes mentioned in the text, are marked with symbols, which are used in successive figures. Ages below each volcano are in
millions of years and represent the youngest and oldest lavas from that volcano. Volcanoes with only one dated lava have a single age, while volcanoes
marked with “no age” have no published age. Ages are from this study, Hawkins & Natland (1975), Price et al. (1991), Hart et al. (2004), Koppers et al.
(2008, 2011), McDougall (2010), Finlayson et al. (2018), Konrad et al. (2018), and Buff et al. (2021). Base map was created using GeoMapApp (http://www.
geomapapp.org) with topographic and bathymetric data from SRTM_PLUS (Becker et al., 2009). WESAM (western Samoa) and ESAM (eastern Samoa)
regions are shown.

concentrations for the BCR-2 analyzed here are within
1.8% of the recommended values in Jochum et al. (2016),
except for P2O5 (3.7%), and the data are reported in
Table 3. Six samples from this study—RR1310-D40-10,
RR1310-D34-01, KK8203-DR-1, KK8203-DR-9, ALIA-D121-
09, and RR1310-D29-01—were not measured for major
element concentrations, generally owing to lack of suf-
ficient material.

Major elements of Papatua glasses (PPT-D1-N1 and
PPT-D1-N2) weremeasured in situ by electronmicroprobe
at UC Santa Barbara (UCSB) using primary standards and
following the analytical conditions outlined in Jackson et
al. (2015). The secondary MORB glass standard ALV519-
4-1 was measured repeatedly throughout the analytical
session (Table 4). The replicate major element analyses
of ALV519-4-1 are reproducible to within 2.0% (2RSD,
N =22) except for Na2O (2.5%), K2O (4.5%), MnO (5.2%),
and P2O5 (19%), while the major element concentrations
of ALV519-4-1 reported here agree with the Melson et al.
(2002) values to within 3.2% except for K2O (18.7%) and
P2O5 (27.1%) (the low concentrations of these two ele-
ments, at ∼0.1 wt %,may explain the poorer agreement).

Trace element analyses on all samples, except the two
Papatua glasses, were measured by ICP-MS at WSU on
∼200 mg of whole-rock or hyaloclastite clast powder.
Methods followed those described elsewhere (Knaack
et al., 1994; Hart & Blusztajn, 2006). An aliquot of the
USGS BCR-2 reference material was run as an unknown
together with the samples to assess reproducibility.
Measured trace element concentrations are within 6.8%
of the recommended values in Jochum et al. (2016),
except for Eu (7.1%), Tb (9.5%), Dy (8.8%), and Ho (11.4%)
(Table 3). Three samples from this study, RR1310-D40-10,
RR1310-D34-01, and RR1310-D29-01, were not measured
for trace element concentrations.

Trace element analyses on the two Papatua glasses
(PPT-D1-N1 and PPT-D1-N2) were measured using a
Thermo Scientific Element XR ICP-MS coupled to a Reso-
netics M-50E 193 nm ArF excimer laser at Laboratoire

Magmas et Volcans at Clermont-Ferrand. Samples were
internally standardized using 43Ca. Analytical methods
followed those in Oulton et al. (2016) and Reinhard et al.
(2018) except that a 47-μm laser spot fired with a 4 Hz
repetition rate was used for analysis of both samples
and standards. Calibration curves were generated using
the NIST612 (Gagnon et al., 2008) and BCR-2 (Jochum
et al., 2006) glasses. Replicate analyses of the MORB
glass standard ALV519-4-1 were made throughout the
analytical session to monitor and evaluate precision
and accuracy. The reproducibility of the trace element
analyses was better than 6.1% (2RSD, N =8) for all
elements, except for U (6.9%), Pb (9.9%), Ta (7.3%), and
Cs (44%). Measured concentrations are compared with
previously published analyses from Melson et al. (2002)
and Gale et al. (2013a, 2013b) in Table 4.

Hafnium, Nd, Sr, and Pb chemical separation and
mass spectrometry
The radiogenic isotopic data presented here were mea-
sured during two analytical campaigns: the first at the
EcoleNormale Supérieure de Lyon (ENS Lyon) andUniver-
sity of North Carolina Chapel Hill (UNC) and the second
at UCSB and University of South Carolina (USC) (Table 5).

Analyses carried out at ENS Lyon and UNC

Isotopic compositions were measured on ∼200 mg of
handpicked rock chips (not powders), except for the two
Papatua samples for which isotopic compositions were
measured on glasses. All samples were leached and dis-
solved at ENS Lyon using an aggressive leaching method
described in Price et al. (2016), except for the Papatua
glasses, which were subjected to a lighter leach (see
method described in Blichert-Toft & Albarède (2009) and
Price et al. (2014)). In short, the aggressive leaching pro-
cedure first included a leach in 1 ml 30% Suprapur H2O2

for 15 min at 130 ◦C, a 15 min ultrasonication step, and
an additional 10 min of heating at 130 ◦C. The H2O2 was
pipetted off and the samples rinsed twice with MilliQ
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H2O. The samples were then leached in 2 ml distilled 6 M
HCl for 1 h at 130 ◦C, followed by 10min of ultrasonication
and 10 further min of heating at 130 ◦C. The HCl was
pipetted off, and the samples were rinsed twice with
MilliQ H2O. Lastly, the samples were leached in 2 ml
distilled 4 M HNO3 for 1 h at 130 ◦C, followed by 15 min
of ultrasonication and 10 additional min of heating at
130 ◦C.TheHNO3 was pipetted off and the samples rinsed
twice with MilliQ H2O. In contrast, the light leach con-
sisted of leaching glass chips in 2 ml distilled 6 M HCl for
a total of 50 min at 120 ◦C, including several intermittent
steps of ultrasonication. The HCl was pipetted off and the
samples rinsed twice with MilliQ H2O.

Following sample dissolution in concentrated distilled
HF and HNO3 in the ratio of ∼3:1, Hf and Pb were
separated by column chromatography at ENS Lyon
according to the protocols outlined in Blichert-Toft et al.
(1997) and Blichert-Toft & Albarède (2009) and measured
byMC-ICP-MS (Nu Plasma 500HR), also at ENS Lyon. Lead
isotopic compositions were corrected for instrumental
mass fractionation by Tl addition (using a 205Tl/203Tl ratio
of 2.38890) assuming an exponential fractionation law.
The measured Pb isotopic compositions were further
corrected to the NIST 981 values of Eisele et al. (2003)
(206Pb/204Pb=16.9409± 19, 207Pb/204Pb=15.4976±24, and
208Pb/204Pb=36.7262± 86 (2σ )) using sample-standard
bracketing with NIST 981 being analyzed systematically
every second sample throughout the run sessions. Instru-
mentalmass fractionation correction of themeasured Hf
isotopic ratios also assumed an exponential fractionation
law and a 179Hf/177Hf ratio of 0.7325. The unweighted
mean 176Hf/177Hf of the JMC-475 Hf standard, which
was run alternately with the samples, was identical
within error to the preferred value of 0.282163±0.000009
(Blichert-Toft et al., 1997); hence, no further corrections
were applied to the 176Hf/177Hf data obtained in this
study. The wash from the Pb columns containing the
Sr and Nd fractions was collected in clean Savillex
beakers and dried down, then redissolved and split into
two fractions at UNC to be measured for Sr and Nd
isotopes.

Strontium purification was carried out at UNC by col-
umn chromatography and Sr isotopic compositionsmea-
sured on a VG Sector 54 TIMS using the samemethods as
outlined in Jackson et al. (2017). Instrumental mass frac-
tionation correction assumed an exponential fractiona-
tion law and a 86Sr/88Sr ratio of 0.1194.NBS987 run during
the analysis of unknowns averaged 0.710256±0.000013
(2 SD, N =4), and the Sr isotopic compositions of all
lavas are corrected for the offset between measured
87Sr/86Sr and preferred 87Sr/86Sr (0.710240) from each
analytical session. Neodymium separations were also
carried out at UNC and Nd isotopic compositions mea-
sured as oxides on a PhoeniX TIMS following methods
outlined in Jackson et al. (2017). Correction for instru-
mental mass fractionation assumed an exponential frac-
tionation law and a 146Nd/144Nd ratio of 0.7219. All sam-
ples were corrected for the offset between measured
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JNdi (0.512103± 0.000012, 2 SD, N =7) and preferred JNdi
(0.512099; Garçon et al., 2018).

The samples processed for wet chemistry and mass
spectrometry at ENS Lyon and UNC were run together
with the same suite of unleached USGS reference mate-
rials (BCR-2 and AGV-2) as the basalt samples published
in Jackson et al. (2017) and the isotopic compositions are
listed in Table 5 for completeness. The total procedural
Pb and Hf blanks for the samples processed at ENS
Lyon are both <20 pg, while the Sr and Nd blanks for
the samples processed at UNC are <100 pg and< 50 pg,
respectively.

Analyses carried out at UCSB and USC

A subset of samples reported here were analyzed (or
re-analyzed) at UCSB and USC. The same heavy leach
method used at ENS Lyon (described above) was applied
to all samples run at UCSB, except RR1310-D31-01
and RR1310-D3102, which were subjected to only the
light leach method because they were extremely fresh.
Following sample digestion, Sr and Pb separations were
carried out at UCSB by two passes through 100-μl
Eichrom Sr-spec columns (based on Konter & Storm,
2014). Sample loading and mass spectrometry followed
methods described in Jackson et al. (2020) and are
summarized here. Approximately 500 ng Sr was loaded
on outgassed, zone-refined (99.999% purity, H-Cross,
USA) Re filaments with TaCl emitter. Analyses were
carried out on a Thermo Scientific Triton Plus TIMS
housed at UCSB, employing amplifier rotation on 1011

ohm amplifiers and a 3.3 picoamp gainboard; 2 h gains
were run every other day (with the start of a new barrel).
Each analysis lasted for 1 h (excluding interblock heating
and focusing), and ∼20% of analysis time was devoted
to baseline measurements (made with each rotation of
the amplifiers). During analysis, the beam was kept at
or near 3 V on mass 88. Long-term reproducibility of
NBS987 analyses on the UCSB Triton Plus—which had
been operating at UCSB for ∼3 months at the time of the
new analyses reported here—was 0.710246± 0.000011
(N =29, 2 SD). The measured Sr isotopic compositions
were corrected for instrumental mass fractionation
as indicated above. Sample unknowns and the USGS
reference material (BCR-2) were corrected for the offset
between preferred (0.710240) and measured 87Sr/86Sr of
NBS987 analyzed in the same barrel.

Neodymium was purified by passing the Sr column
washes through a series of columns filled with TRU-
and Ln-spec resins (following Price et al., 2014). Sample
loading and mass spectrometry followed the methods in
Jackson et al. (2020) and is summarized here. Approxi-
mately 500 ng Nd aliquots were loaded on outgassed,
zone-refined (99.999% purity, H-Cross, USA) Re filaments
and analyzed for 143Nd/144Nd on the UCSB Triton Plus
TIMS. Analyses employed amplifier rotation on the same
amplifiers and gain board as described above; 2 h gains
were run every other day (with the start of a new barrel).
Analyses lasted for 2 h, and baselines were run for ∼20%

of each analysis (with each rotation of the amplifiers).
Signal intensities were kept at or near 3 V on mass 142.
The long-term average reproducibility (up to and includ-
ing this study) of 143Nd/144Nd on JNdi analyses on the
UCSB Triton Plus was 0.512100± 0.000004 (2 SD, N =27).
Instrumental mass fractionation correction assumed an
exponential fractionation law and a 146Nd/144Nd ratio
of 0.7219. Sample unknowns and the BCR-2 reference
material were corrected for the offset between preferred
(0.512099) andmeasured 143Nd/144Nd on JNdi analyzed in
the same barrel.

Lead isotopic compositions were measured at USC on
a Thermo-Neptune MC-ICP-MS following the protocols
described in Béguelin et al. (2017) and Jackson et al. (2020).
Samples were corrected for instrumental fractionation
using Tl addition (see White et al., 2000 for details) and
assuming an exponential fractionation law. The sam-
ples, along with unleached aliquots of BCR-2 processed
with the sample unknowns, were corrected for the offset
between preferred (from Eisele et al., 2003) andmeasured
ratios of NBS981. The total procedural blanks for Sr, Nd,
and Pb for the samples processed at UCSB and USC are
<200 pg, <50 pg, and <120 pg, respectively.

RESULTS
40Ar/39Ar age data
Plagioclase separates from three samples (i.e., RR1310-
D31-01 and RR1310-D31-02 from Fa‘aitu and RR1310-
D38-08 from Waterwitch) and two groundmass samples
(RR1310-D38-41 from Waterwitch and RR1310-D29-01
from Bustard) were targeted for 40Ar/39Ar dating (Fig. 3).
All three plagioclase separates produced sufficiently long
plateaus (67–100% 39Ar released), probability of fit values
>5%, and 40Ar/36Ar intercept values within error of the
atmospheric ratio (40Ar/36Ar = 295.5 used for standard
corrections at time of analyses) (Table 2) to support a
robust designation for the ages. The Waterwitch pla-
gioclase separate from sample RR1310-D38-08 provided
a weighted-plateau age of 10.49± 0.09 (2σ ) Ma (Figs 1
and 3). Although the groundmass incremental heating
results for Waterwitch sample RR1310-D38-41 provided
a discordant age spectrum (indicative of significant recoil
effects) and was interpreted to not provide an eruption
age, the intermediate temperature steps are close to
the 10.4–10.6 Ma plagioclase age range from sample
RR1310-D38-08 from the same dredge haul. The two
Fa‘aitu plagioclase separates yielded younger ages of
1.26±0.14 Ma and 1.48± 0.19 Ma (Table 2). The Bustard
groundmass yielded a mini-plateau (41% 39Ar released; 7
consecutive steps) age of 3.47± 0.02 Ma (Table 2, Fig. 3).
We choose to include this age in our discussion as the
heating spectrum plateau length was reduced at either
end by short bursts of excess 40Ar (data points fallingwell
outside the best fit inverse isochron line and pointing
toward the origin), which produced anomalously old
apparent ages.We recommend this sample age be treated
with caution given the narrow plateau.
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Fig. 3. 40Ar/39Ar age determination results. Incremental heating (left) and inverse isochron (right) 40Ar/39Ar analyses for Fa‘aitu, Bustard, and
Waterwitch seamounts. The portion of the plateaus used in the age calculations are indicated with gray lines. Filled squares in the inverse isochrons
represent steps used in the plateau age calculation. Dashed lines represent the best fit isochrons with the corresponding initial 40Ar/36Ar values
shown. Uncertainties are shown with 2σ confidence. Data are listed in Table 2.

Major element compositions
The lavas in this study cover a wide range of composi-
tions (Tables 3 and 4,Supplementary Figure S1); however,
all but two samples (RR1310-D31-01 and RR1310-
D31-02) are alkalic. The two Fa‘aitu samples, RR1310-
D31-01 and RR1310-D31-02, are transitional in total
alkalis versus SiO2 (MacDonald & Katsura, 1964). The

two Papatua glasses (PPT-D1-N1 and PPT-D1-N2) and
the Bustard lava (RR1310-D29-10) fall in the tephrite-
basanite field, while the samples from Lalla Rookh
seamount (RR1310-D41-05) and Waterwitch seamount
(RR1310-D38-08) fall in the alkali basalt field. The most
evolved lava in this study, RR1310-D39-01 from Siafiafi
seamount, with MgO of 0.92 wt %, is a phonolite.
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Samples RR1310-D40-10, RR1310-D34-01, KK8203-DR-
1, KK8203-DR-9, RR1310-D29-01, and ALIA-121-09 were
not analyzed for major elements, due to too little
sample material being available; hence, a compositional
designation for the rock type cannot be made.

Trace element compositions
The lavas in this study exhibit a wide variety of trace ele-
ment abundances (Tables 3 and 4),which are displayed in
primitive mantle-normalized (McDonough & Sun, 1995)
trace element diagrams (Supplementary Figure S2). The
two Papatua glasses (PPT-D1-N1 and PPT-D1-N2) are
strongly enriched in incompatible trace elements and
show negative K, Pb, Zr, Hf, and Ti anomalies. Sample
RR1310-D41-05 from Lalla Rookh shows strong incom-
patible trace element enrichment and has slight negative
Cs, Ba, U, K, and Pb anomalies. Due to limited sample
size, basalt clasts separated from a hyaloclastite from
Lalla Rookh sample RR1310-D40-10 were not analyzed
for trace elements. The primitive mantle-normalized
trace element pattern displayed by the newly analyzed
Waterwitch sample (RR1310-D38-08) has strong negative
K and Pb anomalies. The two samples from Fa‘aitu
(RR1310-D31-01 and RR1310-D31-02) exhibit nearly
identical primitive mantle-normalized trace element
patterns and are moderately enriched in incompatible
trace elements, except for strong depletions in Cs and Pb
and a positive Sr anomaly. Two samples from Siafiafi,
RR1310-D39-01 and the basalt clast separated from
hyaloclastite sample ALIA-D121-09, have dissimilar
primitive mantle-normalized trace element patterns:
sample RR1310-D39-01 has higher incompatible trace
element concentrations than the ALIA-D121-09 clast,
consistent with its highly differentiated phonolite
composition, which also explains its ‘spikier’ pattern,
with strong depletions in Ba, U, Pb, Sr, and Ti. Sample
KK8203-DR-1, a basalt clast separated from a Talviuni
seamount sample, has a primitive mantle-normalized
trace element pattern that is broadly similar to Siafiafi
sample ALIA-D121-09. Tuscarora bank sample KK8203-
DR-9—the most geochemically depleted sample in this
study—shows slight enrichment in several incompat-
ible trace elements, including positive Pb, Zr, and Hf
anomalies, as well as negative Ba and Sr anomalies.
The Bustard seamount sample (RR1310-D29-10) shows
strong incompatible trace element enrichment and a
positive Sr anomaly (unfortunately, due to its small
sample size, trace element data are not available for a
second Tuscarora seamount sample RR1310-D34-01).

Hafnium, Pb, Sr, and Nd isotopic compositions
Based on their varied geochemical compositions, we
group the lavas from this study into three categories—
EM1-type lavas, geochemically enriched WESAM lavas,
andWESAM lavas with depleted isotopic compositions—
and we explore each category in detail below.

EM1-type lavas

The samples from Papatua seamount and Fa‘aitu
seamount studied here show EM1-like isotopic character-
istics (Fig. 4). The glasses from Papatua seamount, PPT-
D1-N1 and PPT-D1-N2, have 143Nd/144Nd ranging from
0.512622 to 0.512631, 87Sr/86Sr of 0.705045, 176Hf/177Hf
ranging from 0.282877 to 0.282892, and 206Pb/204Pb rang-
ing from 18.6861 to 18.7229. The two samples from the
WESAM Fa‘aitu seamount, RR1310-D31-01 and RR1310-
D31-02, have nearly identical isotopic compositions
with weak EM1-like signatures. They have 143Nd/144Nd
ranging from 0.512765 to 0.512771, 87Sr/86Sr ranging
from 0.704586 to 0.704642, and 206Pb/204Pb ranging from
18.7650 and 18.7733.

Western Samoan (WESAM) lavas with geochemically
enriched isotopic compositions

We report data from seven samples with moderately
enriched geochemical compositions. Two lavas from
Lalla Rookh seamount (sample RR1310-41-05 and the
basaltic clasts taken from hyaloclastite sample RR1310-
40-10) have isotopic signatures comparable to lavas
previously dredged from Lalla Rookh seamount (Hart
et al., 2004), but have slightly higher 87Sr/86Sr (up to
0.705000) and 143Nd/144Nd as low as 0.512750 (Fig. 4).
Siafiafi seamount lava RR1310-D39-01 shows isotopic
similarities to the Lalla Rookh samples from this study
and Hart et al. (2004), while the basalt clast from
Siafiafi hyaloclastite sample ALIA-D121-09 has slightly
more radiogenic Pb (206Pb/204Pb of 19.7439). Additionally,
basaltic clast sample ALIA-D121-09 has slightly lower
87Sr/86Sr (0.704519) than the Siafiafi seamount lava
(0.705030), but similar 143Nd/144Nd (0.512775). The
87Sr/86Sr from the Siafiafi ALIA-D121-09 basaltic clast has
similar 87Sr/86Sr (0.704519) to the previously published
87Sr/86Sr of a clinopyroxene megacryst separated from
the same hyaloclastite sample (0.704587; see sample
ALIA-D121-09 in Jackson et al., 2010). A basalt clast from
Talviuni hyaloclastite sample KK8203-DR-1 has lower
206Pb/204Pb (19.0401) and 87Sr/86Sr (0.70427) than the
Lalla Rookh sample RR1310-D40-10 clast, but higher
176Hf/177Hf (0.283035) and 143Nd/144Nd (0.512857). One
Tuscarora bank lava, RR1310-D34-01, has even more
enriched isotopic signatures than the five lavas discussed
above,with 87Sr/86Sr of 0.707822, 143Nd/144Nd of 0.512539,
176Hf/177Hf of 0.282872, and 206Pb/204Pb of 18.7671. The
Waterwitch seamount lava RR1310-D38-08 has one of
the most radiogenic Pb isotopic compositions in this
study (206Pb/204Pb of 19.6015) (Fig. 4). This Waterwitch
sample has slightly lower 143Nd/144Nd (0.512890) than the
previous Waterwitch sample from Jackson et al. (2010),
but has similar 87Sr/86Sr (0.703727) and more radiogenic
Pb isotopic compositions.

Western Samoan (WESAM) lavas with geochemically
depleted isotopic compositions

We also report isotopic data for a Bustard seamount
lava (RR1310-D29-10) and a combination of basaltic
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Fig. 4. Strontium, Nd, Hf, and Pb isotopic variations for lavas in this study. The data are divided into the following fields: Samoan shield, Samoan
rejuvenated, Alexa-type Samoa (geochemically depleted Samoan shield), Arago-Rurutu hotspot, Rarotonga group, and Macdonald hotspot. For the
following seamounts, previously published data are distinguished from data of this study by smaller symbol size, and include data from Waterwitch
seamount (Jackson et al., 2010), Lalla Rookh seamount (Hart et al., 2004), and Tuscarora seamount (Finlayson et al., 2018). Additionally, previously
published data on lavas from the older series of Papatua (Jackson et al., 2010), Uo Mamae (Pearce et al., 2007; Regelous et al., 2008), Malulu seamount,
Rose atoll, Moki seamount (Jackson et al., 2010; Buff et al., 2021), as well as older Arago-Rurutu hotspot-sourced and younger Samoa hotspot-sourced
lavas from East Niulakita (Finlayson et al., 2018) are also shown with separate symbols. A dashed line extends to connect the Samoan rejuvenated field
to Uo Mamae (which is likely genetically related to Samoan rejuvenated lavas; Regelous et al., 2008) and encompasses the Papatua seamount glasses.
The Samoa shield field comprises data for ESAM shield lavas, while the Samoa rejuvenated field comprises data for ESAM rejuvenated lavas and lavas
from Wallis Island. Data forming the Samoan fields are from the following studies: Wright & White (1987), Workman et al. (2004), Workman & Hart
(2005), Jackson et al. (2007a, 2007b, 2010), Salters et al. (2011), Price et al. (2014), and Finlayson et al. (2018). The Macdonald, Arago-Rurutu (the <10 Ma
Cook-Austral data), and Rarotonga data fields are from Jackson et al. (2020), and the Arago-Rurutu field has been expanded to include the old volcanic
stage of East Niulakita.

clasts from a Tuscarora bank hyaloclastite (KK8203-DR-
9), which exhibit relatively depleted geochemical compo-
sitions. The basaltic clasts from Tuscarora bank sample
KK8203-DR-9 has much lower 87Sr/86Sr (0.703789) than

the other Tuscarora bank lava in this study (see sample
RR1310-D34-01 [with 87Sr/86Sr = 0.707822] above) (Fig. 4).
Notably, the Tuscarora KK8203-DR-9 clasts show similar
87Sr/86Sr, 143Nd/144Nd, and 176Hf/177Hf but slightly more
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radiogenic Pb isotopes than the only other Tuscarora
bank sample (RR1310-D33-32; Finlayson et al., 2018),
which was dredged during a different expedition (Fig. 4).
Bustard seamount has similar Pb isotopic compositions
to Tuscarora bank sample KK8203-DR-9, but also has
slightly higher 87Sr/86Sr (0.704102), lower 143Nd/144Nd
(0.512838) and lower 176Hf/177Hf (0.283040).

DISCUSSION
Given that Samoan lavas exhibit such a wide variety
of isotopic compositions, we explore changes in isotopic
composition of lavas along the Samoan chain (Fig. 5).
The lavas with themost geochemically depleted 87Sr/86Sr
(i.e. Alexa-type lavas) and lowest 206Pb/204Pb appear in
the western region of the Samoan hotspot track, and
the lavas with the most geochemically enriched 87Sr/86Sr
and highest 206Pb/204Pb tend to be located in the eastern
region of the hotspot track.

Tracing the “hotspot highway”
The “hotspot highway” consists of multiple overlapping
hotspot tracks aligned on a Pacific plate flow line,
where the result of the overlapping hotspot tracks is
a linear suite of islands and seamounts that show no
clear volcanic progression unless the volcanoes are
separated by their respective hotspots of origin (see
Fig. 1b and 1c). In addition to the Samoan hotspot track,
the hotspot highway includes the Cook-Austral Volcanic
Lineament, suggested by Chauvel et al. (1997) to consist
of three individual age-progressive hotspot tracks: the
Macdonald hotspot (also referred to in the literature as
the “Tubuai trend” and “Old Rurutu”), the Arago-Rurutu
hotspot (referred to as the “Atiu trend” and “Young
Rurutu”), and the Rarotonga group. This is relevant
because the hotspot highway hypothesis predicts that
older volcanoes associated with these three hotspots
are located in the Samoan region (Jackson et al., 2010).
This hypothesis successfully explains, for example, the
presence of the Arago-Rurutu hotspot-related volcano
Rose atoll (Figs 1 and 2) near the eastern terminus of the
Samoan hotspot track and likely explains the presence
of two undated HIMU volcanic interlopers—Malulu
seamount and the HIMU stage of Papatua seamount—
in the region near the Samoan hotspot (Buff et al.,
2021). In the following, we explore the western (older)
extents of the hotspot tracks that constitute the hotspot
highway and attempt to deconvolve contributions of
these hotspots to the hotspot highway with particular
emphasis on determining the origin of the older HIMU
stage of volcanism at Papatua.

Macdonald hotspot

Based on the Wessel & Kroenke (2008) plate motion
model, the trace of the Macdonald hotspot track
continues from Macdonald seamount to the Samoan
region, where the hotspot trace bends north at ∼50 Ma,

a bend that is similar morphologically to the Hawaii-
Emperor Bend (HEB) in the region near the Samoan
hotspot (Fig. 1). Therefore, volcanic contributions from
the Macdonald hotspot are expected (1) in the region
between the Samoan hotspot and Macdonald seamount;
and (2) along a trace extending to the NNW of the
Samoan region into the Tokelau Islands where the
Macdonald hotspot can be traced back to ∼70 Ma
(Koppers et al., 2007; Konter et al., 2008; Jackson et al.,
2020). Critically, the plate reconstruction predicts that
volcanoes related to Macdonald hotspot would not be
found to the west of the main Samoan islands of the
ESAM region (Figs 1 and 2). Within uncertainty of the
Wessel & Kroenke (2008) plate reconstruction model,
two Samoan interloper seamounts—Malulu seamount
and the HIMU stage of Papatua seamount—may have
been generated over the Macdonald hotspot, in which
case they would have predicted ages of ∼43 to ∼44 Ma.
Unfortunately, samples suitable for dating have not yet
been obtained from these two seamounts.

Arago-Rurutu hotspot

The Wessel & Kroenke (2008) model predicts the Arago-
Rurutu hotspot track trendsWNW fromArago seamount
(Bonneville et al., 2006), through the region of the Samoan
hotspot (Fig. 1). Like the Macdonald hotspot, the Arago-
Rurutu hotspot generated HIMU volcanism (e.g. Naka-
mura & Tatsumoto, 1988; Hauri & Hart, 1993; Chauvel et
al., 1997; Bonneville et al., 2006; Jackson et al., 2020). If the
HIMU Malulu seamount or the HIMU stage of Papatua
seamount formed over the Arago-Rurutu hotspot, they
would have predicted ages of ∼24 to ∼25 Ma.

Finlayson et al. (2018) and Konrad et al. (2018) picked up
theArago-Rurutu track at EastNiulakita (42.24± 0.82Ma–
45.73±0.14 Ma) and Kosciusko (47.37± 0.11 Ma–48.16±
0.19 Ma) seamounts near the predicted bend of the
hotspot track (i.e., similar morphologically and chrono-
logically to the HEB) (Fig. 1). From there, the track can be
traced back to >100 Ma in theWestern Pacific (Koppers et
al., 2003; Konter et al., 2008; Konrad et al., 2018). However,
there is currently no evidence for the Arago-Rurutu
hotspot track between Rose atoll (24.81 Ma; Buff et al.,
2021) and East Niulakita (45.73 Ma) unless the HIMU
portion of Papatua can be determined to be related to the
Arago-Rurutu hotspot (Figs 1 and 2). This leaves a∼20Ma
gap in volcanism along the Arago-Rurutu hotspot track
for which no record has yet been found. Given its radio-
genic Pb isotopic composition, Waterwitch seamount
was a candidate interloper seamount associated with
an origin over the Cook-Austral hotspots (Jackson et al.,
2010).However, the robust plagioclase age forWaterwitch
presented here (10.49± 0.09 Ma) falls on the Samoan age
progression and indicates a Samoan hotspot origin. The
absence of Arago-Rurutu hotspot-derived volcanism in
the region between Rose atoll and East Niulakita may
relate to twomechanisms. First, Arago-Rurutu volcanoes
may be buried under subsequent outpourings of lava
associated with more recent passage over the Samoan
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Fig. 5. The 87Sr/86Sr, 143Nd/144Nd, and 206Pb/204Pb versus longitude of Samoan volcanoes; data for Samoan shield stage and rejuvenated lavas are
shown separately. Only the young stages of Papatua and East Niulakita are shown. The non-Samoan interlopers (Rose atoll, Malulu, the older HIMU
stage of Papatua, Moki, and the older stage at East Niulakita) are not shown. Samples with red outlines are from this study. The determination of
rejuvenated volcanism on the subaerial volcanoes is based on field relationships, but rejuvenated volcanism at submarine locations is based on
previously published work that includes a combination of ages and isotopic composition. For example, Hart et al. (2004) suggested sample 3–26 from
Lalla Rookh and sample ANT 239-1 from Pasco were rejuvenated based on ages and chemistry. The longitude of each volcano is chosen to be a single
value for simplicity. Lead isotope data include only those collected by MC-ICP-MS or double spike TIMS.

hotspot (Finlayson et al., 2018). Indeed, East Niulakita
hosts both older HIMU Arago-Rurutu lavas (45.73 Ma) as
well as younger Samoan lavas (14.76 Ma) (Finlayson et
al., 2018). Alternatively, this portion of the Arago-Rurutu
hotspot track may lie further to the south than predicted
by the Wessel & Kroenke (2008) model. In this case,
the trace of the Arago-Rurutu hotspot would clearly
intersect with the northern Tonga trench, with the result
being that any Arago-Rurutu hotspot volcanoes erupted
between ∼25 and∼45 Ma may have been subducted
into the trench. This model is consistent with the
appearance of HIMU-flavored volcanoes in the northern
Lau backarc basin, a possible outcome of subduction of
HIMU-related Arago-Rurutu hotspot volcanoes (Falloon
et al., 2007; Price et al., 2016, 2017), but may require some

modification to the plate models tested in Finlayson et
al. (2018). TheWNW striking portion of the Arago-Rurutu
hotspot that is older than 45 Ma, and erupted prior to the
Arago-Rurutu track bend, escaped subduction because it
is located too far north of the northern terminus of the
Tonga trench (Fig. 1a); this older portion of the Arago-
Rurutu hotspot is traced through the Tuvalu and Gilbert
Islands and into the Western Pacific Seamount Province
(Koppers et al., 2003; Konter et al., 2008; Konrad et al.,
2018).

Additionally at present, the portion of the Arago-
Rurutu hotspot between Aitutaki and Rose remains
unsampled, and numerous seamounts between Aitutaki
and Rose present targets that could potentially close this
gap in the Arago-Rurutu hotspot.
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Rarotonga group

Due to the lack of any known, age-progressive track
linked to the active melt zone, Rarotonga is unlikely to
be an authentic hotspot (Jackson et al., 2020). Instead, the
entire “hotspot track” is defined by overlapping periods
of volcanism at just two volcanoes spaced only ∼260 km
apart: Rarotonga (1.157–1.697 Ma) and the young stage of
Aitutaki (1.382–1.941 Ma) (Rose & Koppers, 2019), which
are located over 1200 km east-southeast of Papatua and
have EM1 isotopic compositions. Indeed, Chauvel et al.
(1997) noted that the Rarotonga hotspot is “less well
expressed” than the other hotspots in the Cook-Austral
Volcanic Lineament. No age-progressive volcanoes
associated with this “hotspot” have been identified west
of Rarotonga and Aitutaki islands. Unless Rarotonga is
the product of a relatively new hotspot that only became
active over the last few million years—which might
explain the lack of a long-term age progression that can
be traced to the WNW of Rarotonga Island—there is no
evidence of a hotspot origin for Rarotonga Island and
the young stage of Aitutaki (Jackson et al., 2020). For this
reason, we designate Rarotonga as a volcanic “group”
rather than a hotspot track and we do not consider it to
be responsible for volcanism at Papatua.

Samoan hotspot

The westernmost known expression of the Samoan
hotspot is Alexa bank (Figs 1 and 2), with an age of
23.96 Ma (Hart et al., 2004). However, the geochemistry
of Alexa bank exhibits radiogenic isotopic compositions
that are unusually depleted (i.e., 87Sr/86Sr< 0.7044)
relative to other known Samoan shield lavas (referred
hereafter as Alexa-type). Finlayson et al. (2018) showed
that Samoan shield lavas with depleted radiogenic
isotopic signatures are not unique to Alexa bank and
they characterized other WESAM volcanoes along the
Samoan hotspot track, including Tuscarora, Bayonnaise,
and Samoan lavas from East Niulakita. The Tuscarora
bank clasts and Bustard lava studied here both have
compositions similar to those of the geochemically
depleted Alexa-type lavas (although Bustard is slightly
more geochemically enriched) (Fig. 4). These lavas
support the hypothesis that Samoan lavas with depleted
radiogenic isotopic signatures are located widely along
theWESAM region of the Samoanhotspot track (a span of
∼640 km from Alexa bank to Tuscarora seamount), but
not in the ESAM region (Fig. 5): there are no volcanoes
east of Savai’i with 87Sr/86Sr< 0.7044, but eight Samoan
volcanoes with 87Sr/86Sr< 0.7044 are identified west of
Savai’i (nine if Nukulaelae is included as a Samoan
volcano; Finlayson et al., 2018). Furthermore, the basaltic
clast sample from Tuscarora bank (KK8203-DR-9) has
much lower 87Sr/86Sr (0.703789) than the other Tuscarora
bank lava in this study (see sample RR1310-D34-01 [with
87Sr/86Sr = 0.707822]), indicating that Samoan lavas with
depleted Alexa-type geochemistry and normal Samoan
shield geochemistry can be found at the same volcano.

Several WESAM lavas from this study (e.g. Lalla Rookh,
Siafiafi,Talviuni, and the Tuscarora bank lava) showmod-
erately enriched isotopic signatures that plot close to or
within the range of previously published Samoan shield
lavas (Fig. 4). Our new geochemical and age data on sam-
ple RR1310-D38-08 suggests that Waterwitch seamount,
which was previously grouped with non-Samoan “inter-
lopers” based on the radiogenic isotopic composition of
one lava (ALIA-D122-03; Jackson et al., 2010), is in fact
Samoan. Therefore, the field for Samoan shield lavas in
radiogenic isotopic space should be enlarged to include
Waterwitch, which has relatively high 206Pb/204Pb (19.35–
19.60), and plots outside the previously known range
identified for other Samoan shield volcanoes (Fig. 4).

We also note that it is unlikely that the apparently
older HIMU stage found at Papatua seamount was gen-
erated over the Samoan hotspot. First, the ferroman-
ganese rind on the HIMU Papatua sample ALIA-D129-05
(>5 cm) is much thicker than the rinds, or patinas, from
young Samoan volcanoes in the vicinity (<1 mm). Sec-
ond, theHIMUPb isotopic composition (206Pb/204Pb=20.0)
of the Papatua seamount lava is significantly more radio-
genic than that found in Samoan lavas (Fig. 4). Work-
man et al. (2004) suggested that the slightly more radio-
genic Pb isotopes in the youngest, easternmost volcanoes
along the Samoan hotspot may be a result of the Pacific
plate acquiring this signature during prior passage of this
region of the Pacific plate over the HIMU Cook-Austral
hotspots, Arago-Rurutu, and Macdonald. In this scenario,
this region of Pacific lithosphere, which had previously
been underplated by HIMU Cook-Austral material, rafted
into the Samoan hotspot region with platemotion,which
then became incorporated into the upwelling Samoan
plume (or Samoan plume melts). However, the extreme
HIMU signatures present in the Cook-Australs are not
observed in Samoa, and Jackson et al. (2014) showed that
the milder HIMU signatures in some Samoan hotspot
volcanoes can also be explained as being part of the
Samoan plume.

Anomalously young volcanism along the
Samoan hotspot track
In contrast to the apparently old and visually altered
Papatua sample ALIA-D129-05, the two pristine Papatua
glasses studied here were dredged at shallower depths
(2000 mbsl) on the seamount, presumably sampling
stratigraphically higher, and younger, material. These
Papatua glass samples were attached to extremely fresh
mantle xenoliths that were the subject of Poreda &
Farley’s (1992) rare gas study. Peridotite mantle xenoliths
associated with the Samoan hotspot have only been
reported in rejuvenated lavas (e.g. Natland, 1980; Hauri
& Hart, 1994), and while Poreda & Farley (1992) did
not publish the major and trace element, or isotopic
compositions measured in the host glass, they did note
that “the chemical and Sr–Nd isotopic compositions of
the Si-undersaturated glass . . . leave little doubt that
they were erupted by post-erosional stage volcanics.”
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The new geochemical data presented herein on these
glasses support Poreda & Farley’s (1992) interpretation:
the Papatua lavas are Si undersaturated and plot in
or on the fringes of the Samoan rejuvenated field in
all isotope spaces except for that of Hf–Nd (but this
may be due to a paucity of Hf isotope data for Samoan
rejuvenated lavas) (Fig. 4). We find that the two Papatua
glasses have EM1 compositions, a geochemical signature
associated with rejuvenated volcanism along the nearby
Samoan hotspot track, which contrasts with the HIMU
compositions identified in the more deeply dredged,
ferromanganese-encrusted Papatua sample ALIA-D129-
05. Both glasses appear extremely fresh, lacking visible
signs of alteration or ferromanganese encrustation. As
volcanic glass and peridotite xenoliths weather rapidly
in submarine conditions, the pristine nature of the
Papatua glasses supports the interpretation that they
are relatively young, which is inconsistent with the
old age inferred for the HIMU Papatua lava (ALIA-
D129-05). These differences in isotopic composition and
apparent age suggest that Papatua erupted both an
older HIMU stage sampled by ALIA-D129-05 and an EM1
stage inferred by Poreda & Farley (1992) to represent
rejuvenated-stage volcanism. Furthermore, extreme
EM1 volcanism on the nearby Uo Mamae seamount
(Figs 2 and 4) has been suggested to relate to Samoan
rejuvenated volcanism (e.g. Regelous et al., 2008). If
the Samoan rejuvenated field in radiogenic isotope
space is expanded to include Samoan rejuvenated
lavas sensu stricto as well as Uo Mamae lavas, the
field encompasses Papatua rejuvenated lavas (Fig. 4),
suggesting a commonmantle source for the EM1 Papatua
and Samoan rejuvenated lavas.

Young, rejuvenated lavas with EM1 signatures are
found capping ESAM shield volcanoes on nearby Tutuila,
Upolu, and Savai‘i (e.g. Hawkins & Natland, 1975;
Natland & Turner, 1985; Hauri & Hart, 1993; Natland,
2003; Workman et al., 2004; Konter & Jackson, 2012).
However, several WESAM volcanoes also appear to host
anomalously young volcanism. For example, Hart et al.
(2004) found that a sample from Lalla Rookh seamount
(located ∼725 km west of Vailulu‘u) erupted a much
younger rejuvenated lava (1.63± 0.06 Ma), which falls
off the Samoan age progression (Fig. 1b). Lavas from
Wallis Island, located ∼70 km southwest of Lalla Rookh
seamount, are also young (0.08 Ma, Price et al., 1991)
and geochemically consistent with rejuvenated lavas
from Samoa (Price et al., 2014). Our 40Ar/39Ar ages show
that one Bustard lava (3.47± 0.02 Ma), located ∼1170 km
west of Vailulu‘u, as well as two Fa‘aitu seamount lavas
(1.26± 0.14 Ma and 1.48± 0.19 Ma) located ∼1050 km
west of Vailulu‘u, are each ∼10 million years younger
than expected from a Samoan age progression (Fig. 1b).
The two lavas from Fa‘aitu show weak EM1 signatures
and plot within or close to the field for Samoan
rejuvenated lavas in Pb–Sr–Nd isotope space (Fig. 4),
so their young ages and geochemistry are permissive
of an origin similar to Samoan rejuvenated lavas.

Unfortunately, the single geochemically characterized
Bustard lava (RR1310-D29-10) does not have an available
age, and the 3.47 Ma Bustard lava is not geochemically
characterized. The RR1310-D29-10 lava has Alexa-
type geochemistry that differs from most rejuvenated-
stage Samoan lavas, but the young age of the Bustard
lava RR1310-D29-01 supports the interpretation that it
represents rejuvenated volcanism. However, the origin
of the anomalously young volcanism in the WESAM
remains unclear.

Exploring causes of rejuvenated volcanism along
the Samoan hotspot track
Regelous et al. (2008) argued that the extreme radio-
genic isotopic compositions found at Uo Mamae reflect
an endmember that contributes to rejuvenated volcan-
ism in Samoa. Hawkins & Natland (1975) also noted
that a young lava (0.94 Ma) dredged from the summit
of Uo Mamae may be rejuvenated, and Regelous et al.
(2008) suggested that it may have formed as the volcano
underwent extensional faulting while approaching the
Tonga trench. In fact, it has been shown that Samoan
mantle material is sampled not only by Uo Mamae, but
also by Tafahi and Niuatoputapu, northern Tonga arc
islands located, respectively, ∼280 and∼300 km south
of the trace of the Samoan hotspot track, as well as
lavas in the northern Lau basin located further to the
west (e.g. Wendt et al., 1997; Turner & Hawkesworth,
1998; Regelous et al., 2008; Zhang et al., 2019) (Fig. 2).
If Samoan-type mantle has also pervaded the region
beneath Papatua, which is located only ∼60 km south
of Tutuila Island—a Samoan hotspot volcano that has
erupted EM1 rejuvenated lavas in the past 24 000 years
(Reinhard et al., 2019)—it is possible that the EM1 reju-
venated lavas on Papatua are also geochemically influ-
enced by Samoan material. However, while the compo-
sition of the apparently young EM1 Papatua glasses sug-
gests a genetic link to Samoan rejuvenated volcanoes—
and is therefore inferred to be young—the HIMU portion
of the Papatua seamount (206Pb/204Pb=20.0) is clearly not
Samoan and likely relates to much older volcanism asso-
ciated with prior passage over one of the Cook-Austral
hotspots. This raises a key question: How can Samoan
rejuvenated lavas manifest at a non-Samoan volcano?

It has been suggested that tectonic stresses produced
flexural uplift in the Pacific plate near the northern ter-
minus of the Tonga trench,where the Pacific plate is tear-
ing and the southern portion is subducting (e.g. Hawkins
& Natland, 1975; Natland, 1980; Levitt & Sandwell, 1995;
Millen & Hamburger, 1998; Govers & Wortel, 2005). This
uplift may triggermantlemelting that taps EM1-material
giving rise to rejuvenated lavas capping Samoa shield
volcanoes (e.g. Price et al., 1991; Hart et al., 2004; Konter &
Jackson, 2012). Savai‘i, the Samoan island with the most
extensive rejuvenated volcanism, lies ∼130 km north of
the northern terminus of the Tonga trench, and both
the extent of rejuvenated volcanism and the proximity
to the trench suggest a tectonic trigger for rejuvenation
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Fig. 6. Regional tectonic model for rejuvenated volcanism. Maps show the evolution of the Samoan hotspot region at 0.6 Ma and the present day. The
plate reconstruction is based on Koppers et al. (2008), Ruellan et al. (2003), and Hart et al. (2004). The yellow shaded area shows the region where
upward plate velocity is >0.4 mm/year and is based on the finite difference model of Govers & Wortel (2005) and follows Konter & Jackson (2012).
Volcanoes with a known Samoan origin have gray “bases”. The “base” of Papatua seamount, which may originate from either of the two upstream
HIMU hotspots—Arago-Rurutu or Macdonald (but not Samoa)—is green. Volcanoes with yellow-colored “tops” indicate the presence of Samoan EM1
rejuvenated lavas on that volcano (including Lalla Rookh, Pasco, and Wallis, which have ages and/or geochemical signatures that support a
rejuvenated stage). Dead fish, from the inspirational figure of Natland (1980), marks the westward subduction of the Pacific plate. The Tonga trench
has moved to the east over the past 0.6 Ma, while the Samoan volcanoes have moved westward on the Pacific plate. In our cartoon, Ta’u island, which
was active from 0.02 to 0.7 Ma, is located atop the Samoan plume at the 0.6 Ma time step.

(e.g. Hawkins & Natland, 1975; Koppers et al., 2008, 2011;
Konter & Jackson, 2012).

Lithospheric deformation of the Pacific plate outboard
of the northern Tonga Trench was modeled using a 3D
numericalmodel by Govers &Wortel (2005),which serves
as the basis for the “region of flexural uplift” in Fig. 6.
Konter & Jackson (2012) created a quantitative model to
show how this flexural uplift generates decompression
melting that can explain rejuvenated volcanism in
the Samoan region. In detail, Konter & Jackson (2012)
explored the possible link between the timing of the
onset of rejuvenated volcanism in the ESAM to a
volcano’s approach to the trench, first on Savai‘i (which
is located closer to the trench) and then on Tutuila
(which is further from the trench). In this scenario,
melting initiates during the Pacific plate’s approach to
the trench when the plate enters a region of flexure-
driven uplift at a rate of ∼0.4 mm/year (Fig. 6; based
on Govers & Wortel (2005), Konter & Jackson (2012),
and Reinhard et al. (2019)). To illustrate how Samoan
volcanoes move into this region of high flexural uplift as
the Pacific plate approaches the trench, two time-steps
are shown in Fig. 6: 0.6 Ma and present day. Reinhard

et al. (2019) showed that the region of high flexural
uplift is associated with recent rejuvenated volcanism
in the Samoan regio including volcanism at Uo Mamae,
Savai‘i, Upolu, and Tutuila. Papatua moved into this
region of tectonically induced melting between 0.6 Ma
and the present day. Critically, Papatua seamount is
currently located only ∼200 km east-northeast of the
northern terminus of the Tonga trench—similar to the
distance between Tutuila and the trench—suggesting
that the same tectonic stresses that trigger rejuvenated
volcanism in the Samoan region might arguably also
affect nearby Papatua seamount (see Fig. 6). Because
Tutuila and Papatua would have crossed into the region
of high flexural uplift at a similar time, and because
the initiation of rejuvenated volcanism occurred at
24 ka on Tutuila (Reinhard et al., 2019), tectonically
triggered rejuvenated volcanism at Papatua might
also have been initiated recently. In this scenario, the
tectonic forces from the nearby trench triggered recent
rejuvenated melting of underplated Samoan mantle
material that had flowed southward under Papatua.
The southward flow of the Samoan material toward
Papatua could be facilitated by the plume spreading
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out laterally and flattening, or “pancaking”, as it rises
and impinges on the base of the Pacific lithosphere
(Phipps Morgan et al., 1995), thereby explaining the
presence of Samoan plume material beneath a non-
Samoan volcano (Papatua seamount) located ∼60 km
south of the Samoan hotspot track (Fig. 6). Thus, this
simple process of tectonically triggered melting of
southward advected Samoan plume material helps
explain both the Samoan EM1 geochemistry and the
apparent young age of the rejuvenated volcanic glasses
along with older, non-Samoan HIMU lavas at Papatua
seamount.

Similar to rejuvenated volcanism occurring off the
axis of the Samoan hotspot at Papatua, secondary off-
shore volcanism at Hawai‘i has also been linked to flex-
ural uplift (e.g. Lipman et al., 1989; Frey, 2000). Modeling
of flexural uplift surrounding a growing volcanic shield
shows this to trigger decompression of mantle plume
material (Bianco et al., 2005). Thematerial, which initially
partially melted under the shield volcano, then flowed
out laterally. This model is supported at Hawai‘i by the
secondary volcanism at the South Arch Volcanic Field,
located ∼200 km south of Lō‘ihi seamount (e.g. Lipman
et al., 1989). Additionally, rejuvenated lavas and “petit-
spot” lavas form by similar processes (lithosphere uplift
and decompression), and Reinhard et al. (2019) found that
petit spot volcanoes also have clear geochemical similar-
ities (e.g. strong EM1 affinities) with Samoan rejuvenated
volcanism.

In a similar vein, tectonic reactivationmay also explain
young volcanism in the WESAM. Utilizing a variety of
geophysical data, Pelletier & Auzende (1996) determined
that theWESAM region south of East Niulakita has expe-
rienced relatively recent extension and normal faulting
in the region near the Vitiaz lineament. In addition to a
0.2 Ma age basalt recovered near Bayonnaise, they inter-
preted cone-shaped edifices as recent volcanism thatwas
synchronous with or immediately post-dating this nor-
mal faulting. Bustard (3.47 Ma) and Fa‘aitu (1.26–1.48 Ma)
seamounts are located just south of East Niulakita in the
region impacted by recent extension. We therefore con-
sider that tectonic reactivation allowed EM1 melts in the
shallow mantle to erupt and form the young lavas found
on Bustard and Fa‘aitu, long after these volcanoes passed
over the Samoan hotspot. Like Fa’aitu, Wallis (0.08 Ma;
Price et al., 1991) is located near the Vitiaz lineament, and
Lalla Rookh (1.6 Ma; Hart et al., 2004) is only 100 km north
of the Vitiaz lineament. If there has been wide-scale
extension in the region of the Vitiaz between Wallis and
Fa’aitu over the past 3.5 Ma, it may explain exceptionally
young volcanism at all four WESAM volcanoes: Lalla
Rookh, Wallis, Fa’aitu, and Bustard.

The prospect of Cretaceous Samoan volcanism
Looking beyond Alexa, it is possible that the Samoan
hotspot track may extend back into the Cretaceous (e.g.
Koppers et al., 1998, 2003). The Wessel & Kroenke (2008)
plate motion model places the HEB-like bend of the

Samoan chain beneath the Ontong Java Plateau, which
may have suppressed volcanism in the region due to its
substantially increased lithospheric thickness. However,
100 Ma-old seamounts located in the southern portion
of the Western Pacific Seamount Province, north of the
Ontong Java Plateau, have ages and geochemistry consis-
tent with an origin over the Samoan hotspot (e.g. Koppers
et al., 2003; Konter et al., 2008). Future expeditions sam-
pling the possible trace of the hotspot prior to 25 Ma are
warranted.

CONCLUSIONS
40Ar/39Ar data provide additional constraints on the
make-up of the “hotspot highway” along the Samoan
hotspot track. Based on a 40Ar/39Ar age of 10.49± 0.09 Ma
for Waterwitch, this seamount falls on the Samoan
age progression, consistent with a Samoan origin. This
contrasts with a previous suggestion that Waterwitch is
a HIMU “interloper” volcano left over from passage of the
Pacific lithosphere over the Cook-Austral hotspots. This
finding implies a paucity of HIMU-interlopers west of
Papatua seamount, which may be related to subduction
of Cook-Austral-related seamounts into the northern
Tonga trench, or burial of old Cook-Austral volcanoes
under the lava piles of more recently generated Samoan
hotspot volcanoes.

It appears that Papatua seamount underwent at
least two stages of volcanism, including a HIMU stage
(related to prior passage over either the Arago-Rurutu
or Macdonald hotspots at ∼25 or∼44 Ma, respectively),
and a younger EM1 stage of rejuvenated volcanism.
The EM1 Papatua glasses are geochemically similar to
EM1-rejuvenated lavas found in Samoa and Uo Mamae
seamount, which leads us to suggest that these EM1
stages at Papatua may relate to Samoan rejuvenated
volcanism, which is pervasive in the Samoan region.
Flexural uplift in the Pacific plate near the northern
terminus of the Tonga trench results in melting of
southward advected Samoan plume material that
ultimately erupts at Papatua.

Lastly, 40Ar/39Ar ages for Fa’aitu seamount lavas
highlight the presence of exceptionally young volcanism
(<3.5 Ma) of unknown origin in the WESAM region.
This unusual volcanism may relate to regional tectonic
reactivation along the Vitiaz lineament, which allowed
melts in the shallowmantle to erupt and form the young
lavas long after the volcano passed over the Samoan
hotspot.
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