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A B S T R A C T

A multiple-hotspot origin has been proposed for the Cook–Austral volcanic lineament in the southwest (SW) 
Pacific. One candidate, the Rarotonga hotspot, is associated with volcanism on only two islands: Rarotonga 
(1.157 ± 0.003 to 1.697 ± 0.055 Ma) and Aitutaki (youngest stage: 1.382 ± 0.058 to 1.941 ± 0.035 Ma), 
located ~250 km apart in a north–south (N–S) direction. Their overlapping eruption ages and lack of clear age 
progression preclude a robust evaluation of a hotspot origin. This study identifies and investigates a new volcanic 
feature, Tama Seamount—located ~80 km east–southeast (ESE) of Rarotonga Island along a Pacific plate 
flowline—potentially associated with the Rarotonga hotspot. New ages from two lavas (40Ar/39Ar groundmass 
ages: 0.664 ± 0.027 and 0.816 ± 0.020 Ma) and from a nepheline syenite xenolith—including zircon U–Pb 
dating (weighted mean age: 0.74 ± 0.02 Ma) and a biotite 40Ar/39Ar age (0.730 ± 0.007 Ma)—constrain Tama’s 
age. These ages align with a Rarotonga hotspot age progression based on Pacific plate motion, and support a 
Rarotonga hotspot origin for Tama. We also report on the first lava samples dredged from the submarine flanks of 
Rarotonga Island, which exhibit geochemical fingerprints and an age (1.493 ± 0.007 Ma) consistent with those 
of previous Rarotonga samples. Furthermore, radiogenic isotopes of Tama samples in this study overlap with 
existing Rarotonga Island data, supporting a genetic relationship between Tama Seamount and Rarotonga Island. 
Together, these new results suggest Tama Seamount represents the youngest known expression of the Rarotonga 
hotspot.

1. Introduction

Volcanic hotspot tracks, such as those observed in Hawaii (Fig. 1), 
occur when oceanic plates move over upwelling mantle plumes 
(Morgan, 1971). The mantle plume model for volcanic hotspots predicts 

that the age of hotspot volcanism progressively increases in the direction 
of plate motion (i.e., presently west-northwest [WNW] on the Pacific 
plate). Additionally, an active hotspot volcano is expected to be located 
above the mantle plume. The relationship between the age of the 
hotspot-derived volcanoes and their distance from the youngest or 
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currently active volcano is known as the age progression of the hotspot 
(Fig. 2).

The Cook–Austral volcanic lineament in the southwest Pacific is a 
linear volcanic chain with ages ranging from zero to 20 Ma (Chauvel 
et al., 1997; Lassiter et al., 2003; Figs. 1 and 2). However, no single, clear 
age progression is observed for hotspot volcanism along this lineament. 
Instead, several loci of active or young (<2 Ma) volcanism occur along 
the volcanic lineament, spaced roughly 1,000 km apart (Figs. 1 and 3), 
including Macdonald Seamount (Diraison, 1991; Johnson and Malahoff, 
1971), Arago Seamount (Bonneville et al., 2006), and Rarotonga and 
Aitutaki Islands (Turner and Jarrard, 1982; Rose and Koppers, 2019).

Building on earlier work by Diraison (1991), Chauvel et al. (1997)
proposed a “three-hotspot” model to explain the absence of a single age 

progression along the Cook–Austral volcanic lineament, identifying 
three distinct volcanic age progressions (Macdonald, Rurutu–Arago, and 
Rarotonga) which align with models for regional plate motion velocity 
(Rose and Koppers, 2019; Figs. 1 and 3). Critically, all three hotspots are 
associated with mantle potential temperatures exceeding ambient 
mantle (Bao et al., 2022), supporting a model in which all three hotspots 
are fed by thermally buoyant plumes.

Further supporting the three-hotspot model, seamounts in the 
Cretaceous Western Pacific Seamount Province (WPSP) (Figs. 1 and 2)— 
which approximately coincide geographically with the reconstructed 
hotspot tracks using absolute plate motion models—exhibit ages and 
geochemical signatures associated with the three proposed hotspots in 
the Cook–Austral Islands (Konter et al., 2008; Konrad et al., 2018; 

Fig. 1. Bathymetric map (GEBCO Compilation Group, 2024; GMRT compilation, Ryan et al., 2009) illustrating the Hawaii hotspot (purple) and three proposed 
hotspot tracks in the Cook–Austral region: Macdonald (blue), Rurutu–Arago (red), and Rarotonga (yellow). Modified from Konrad et al. (2018), Jackson et al. (2020), 
Konter et al. (2025), and references therein. Age-dated volcano data for the Hawaii, Macdonald, Rurutu–Arago, and Rarotonga hotspots are compiled from Jackson 
et al. (2024) and references therein. The outline for WPSP is after Rose and Koppers (2019). Colored bands represent reconstructed hotspot tracks based on two 
absolute plate motion models: WK08-G (solid lines; Wessel and Kroenke, 2008) and K01m (dashed lines; Konter et al., 2025). Circles mark age-dated volcanoes along 
each hotspot track, colored to match their respective hotspot. When multiple eruptive stages are present at a single volcano, the symbol for the older stage is larger 
and the younger stage is smaller. The Macdonald hotspot track is anchored to Macdonald Seamount. The current Rurutu–Arago hotspot location follows Konter et al. 
(2025). The present-day Rarotonga hotspot location is estimated to lie on a Pacific plate flowline ~140–200 km ESE of Rarotonga Island, based on the age of 
Rarotonga lavas (1.16–1.70 Ma; Rose and Koppers, 2019) and Pacific plate motion in the region (~120 km/Ma; Wessel and Kroenke, 2008). A yellow star labeled 
with a “?” marks the estimated hotspot location at ~170 km ESE of Rarotonga Island on the map. Ages and volcano names for the North Raliks are also shown 
(Koppers et al., 2007).
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Finlayson et al., 2018; Jackson et al., 2024; Konter et al., 2025). The 
links between the Cretaceous seamounts from the WPSP and the 0–20 
Ma volcanic lineament suggest that all three hotspots in the Cook
–Austral Islands are long-lived (Figs. 1 and 2).

There are still aspects of the three-hotspot model for the Cook
–Austral volcanic lineament that are not well understood (Figs. 2 and 3). 
Critically, large geographic regions remain unsampled and uncharac
terized along all three hotspot tracks. Recently, Buff et al. (2021) re
ported that Rose Atoll (24.8 ± 1.0 Ma) and possibly Moki Seamount 
(44.5 ± 10.1 Ma) fill significant geographic gaps between the younger 
portions (the Cook–Austral volcanic lineament) and the older Creta
ceous segments of the Rurutu–Arago and Macdonald hotspots, respec
tively (Fig. 2). However, the age of Moki Seamount is imprecise and 
therefore does not conclusively link it to the Macdonald hotspot. 
Nonetheless, even with this potentially unfilled gap in the Macdonald 
hotspot track, there is growing evidence that at least two long-lived 
hotspots—Rurutu–Arago and Macdonald—have been active since at 
least ~70 Ma and ~100 Ma, respectively (Koppers et al., 2007; Konter 
et al., 2008; Finlayson et al., 2018; Konrad et al., 2018; Konter et al., 
2025).

The third hotspot track in the Cook–Austral volcanic lineament—the 
Rarotonga hotspot (Chauvel et al., 1997)—consists of only two closely 
spaced (~250 km) volcanic islands that exhibit recent, overlapping 
periods of volcanism based on 40Ar/39Ar dating: Rarotonga Island 
(1.157 ± 0.003 to 1.697 ± 0.055 Ma) and the young stage of volcanism 
on Aitutaki Island (1.382 ± 0.058 to 1.941 ± 0.035 Ma) (Rose and 
Koppers, 2019). Thus, no hotspot age progression is observed in the 
currently available data for this proposed hotspot, precluding a critical 
evaluation of a hotspot origin (Figs. 2 and 3). While the 76–94 Ma 
seamounts (Koppers et al., 2007; Konter et al., 2008) in the North Ralik 
group of the WPSP have ages, locations, and geochemistry that tenta
tively link them to the Rarotonga hotspot (Jackson et al., 2024), one 
would have to accept a ~75 Myr gap in this hotspot track between 
Rarotonga Island and the youngest Ralik Seamount, which remains 

unsampled and uncharacterized. Another critical data gap in the puta
tive Rarotonga hotspot track is the absence of an identified active vol
cano or of any volcanism younger than Rarotonga Island. Using the 
absolute plate motion model of Wessel and Kroenke (2008), the Rar
otonga hotspot is predicted to be located 140–200 km ESE of Rarotonga 
Island along a Pacific plate flowline that accounts for the 1.16–1.70 Myr 
of Pacific plate motion since lavas at Rarotonga Island erupted (the star 
with “?” in Fig. 1 provides the estimated location of the Rarotonga 
hotspot).

To search for evidence of volcanic activity younger than that on 
Rarotonga Island along the Rarotonga hotspot track, we conducted 
dredge operations in the Cook Islands region aboard the R/V Thomas G. 
Thompson (cruise TN426) in December 2023 (Fig. 4). We targeted a 
small seamount—named Tama (which translates to “child” in Cook 
Islands Māori)—for dredging because it is the largest volcanic structure 
located on a Pacific plate flowline ~80 km ESE of Rarotonga Island (see 
location of Dredge 12 of the expedition in Fig. 4). In a subsequent 
dredge, we obtained the first samples of the submarine flanks of Rar
otonga Island.

We present new Sr–Nd–Pb isotopic data, major and trace element 
concentrations, as well as geochronological data (40Ar/39Ar on 
groundmass and biotite, and U–Pb on zircon) on samples obtained by 
dredging of these two volcanoes to test the existence of younger volca
nism associated with the putative Rarotonga hotspot. The deep-sea 
dredge at Tama Seamount recovered both lava and diverse xenoliths 
representing different parts of the lithosphere, including peridotite 
(mantle), gabbro (mid-ocean ridge basalt [MORB] crust), ocean island 
basalt (OIB) lavas, and OIB-related xenoliths (sampling the surface and 
volcanic interior of Tama Seamount). Recovered syenite xenoliths (OIB- 
related) are notable for containing zircon and biotite, which, together 
with the host lava groundmass, provide robust age constraints on the 
Tama Seamount. This study also reports, for the first time, oceanic crust 
xenoliths from this region—an important finding for understanding SW 
Pacific geodynamics, as the oceanic crust here was formed during the 

Fig. 2. Age versus distance relationships (age progressions) for volcanoes in the Hawaii hotspot and the three hotspots in the Cook–Austral volcanic lineament. 
Modified after Jackson et al. (2024) and references therein. Age data are compiled from Konrad et al. (2018), Jackson et al. (2024), and Konter et al. (2025). Two 
absolute plate motion models—WK08-G (solid lines; Wessel and Kroenke, 2008) and K01m (dashed lines; Konter et al., 2025)—are shown for comparison. Details on 
hotspot locations are provided in Fig. 1 caption.
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Cretaceous Normal Superchron. The new geochemical data from both 
Tama lavas and xenoliths show that Tama Seamount has isotopic com
positions consistent with derivation from the Rarotonga hotspot. The 
geochronological data reveal that the Tama Seamount is significantly 
younger than Rarotonga Island and lies on an age progression consistent 
with Pacific plate velocity, extending the Rarotonga age progression 
approximately 80 km ESE of Rarotonga Island. The geochemical and 
temporal relationships provide strong evidence for a Rarotonga hotspot 
origin and support the hypothesis that Rarotonga may represent an age- 
progressive hotspot, supporting the “three-hotspot” model in the 

Cook–Austral Islands.

2. Geological background and new samples

Previous studies have identified multiple hotspots—Macdonald, 
Rurutu–Arago, and Rarotonga—that produced overlapping volcanic 
tracks in the region of the Cook–Austral volcanic lineament in the SW 
Pacific, and these hotspots generated three distinct age versus distance 
trends (Figs. 2 and 3). Notably, some islands exhibit multiple episodes of 
volcanism attributed to different hotspots. For example, the older 

Fig. 3. Age progressions in the Cook–Austral volcanic lineament, showing islands and seamounts associated with the Macdonald (blue symbols), Rurutu–Arago (red 
symbols), and Rarotonga (yellow [previously published] and orange [this study] symbols) hotspots. Distances (x-axis) are calculated from Macdonald Seamount. 
Modified after Jackson et al. (2020) and Rose and Koppers (2019), and references therein. Previously published ages shown in the figure are compiled from Rose and 
Koppers (2019) and references therein. Two published ages from Rarotonga—DT77-R-9 (1.521 ± 0.007 Ma) and DT77-R-1 (1.533 ± 0.009 Ma)—were excluded due 
to their relatively short plateaus compared to other Rarotonga samples. The grey band in the lower panel shows the WK08-G hotspot track reconstruction; the width 
of the grey band coincides with the uncertainty of the Rarotonga hotspot track (i.e., as defined by the oldest and youngest 40Ar/39Ar plateau ages from Rarotonga 
Island lavas, which bracket the upper and lower bounds of the grey band, respectively). The yellow star marks the estimated location of the Rarotonga hotspot, and is 
located ~170 km ESE (i.e., the average of 140 km and 200 km) of Rarotonga Island (see Fig. 1 caption for calculation of current Rarotonga hotspot location). The 
oldest Tubuai sample (sample ID: 6 K989-R03, 16.7 ± 0.6 Ma, plateau age, 1σ; Hanyu et al., 2013) and a Mitiaro sample (sample ID: MIT-60C, 12.3 ± 0.4 Ma, 1σ; 
Turner and Jarrard, 1982) were excluded by Rose and Koppers (2019) due to poor quality and are therefore excluded from this figure and our discussion.
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Fig. 4. Seafloor maps of the study area. (a) Seafloor bathymetric map of the studied area, showing locations of Rarotonga Island (sampled in this study), Tama 
Seamount (sampled in this study), and Pepe Seamount (not yet sampled). The map shown here was generated aboard the MV Anuanua Moana, and this seafloor 
mapping expedition took place after our dredging expedition. Thus, Pepe was not yet mapped at the time of our expedition and was therefore not targeted for 
dredging. The black arrow shows the Tama dredge track (DR12) and is encompassed by a black circle. (b) Geological interpretation of the studied area. (c) Seafloor 
backscatter map, where darker tones indicate higher reflectivity. Red outlines show the interpreted limits of the higher reflectivity zones.
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volcanic stage on Aitutaki Island (9.39 ± 0.07 Ma) is attributed to the 
Rurutu–Arago hotspot, while a younger stage (1.382 ± 0.058 to 1.941 
± 0.035 Ma) of volcanism on Aitutaki Island is linked to the putative 
Rarotonga hotspot (Figs. 1 and 3; ages compiled from Rose and Koppers, 
2019). Arago Seamount (Bonneville et al., 2006) and Rurutu Island 
(Chauvel et al., 1997) are two additional examples of volcanoes that 
have contributions from two different Cook–Austral hotspots. The 
geochronology and geochemistry of hotspot volcanoes in this region 
have been comprehensively reviewed by previous studies (Rose and 
Koppers, 2019; Jackson et al., 2020).

The geological setting of Rarotonga Island was thoroughly reviewed 
by Turner and Jarrard (1982) and is briefly summarized here. As the 
youngest island in the Cook Islands, Rarotonga is characterized by a 
steeply dissected volcanic shield with a large caldera. Unlike other 
islands in the region, it is surrounded by limited coral reefs. The sub
aerial portion of Rarotonga Island was recently dated by Rose and 
Koppers (2019) using the 40Ar/39Ar method, yielding ages ranging from 
1.157 ± 0.003 to 1.697 ± 0.055 Ma. Here we present the first sampling 
of volcanic rocks collected from the submarine flanks of Rarotonga Is
land. Unlike Rarotonga Island, Tama Seamount has never been sampled 
prior to this study, and here we also report the first samples obtained 
from this seamount.

The submarine samples in this study include both lavas (n = 2 from 
Tama and n = 2 from Rarotonga) and xenoliths (n = 6 from Tama) that 
were collected by dredging during the TN426 seagoing expedition. 
Supplementary Table S1 provides dredge locations, modal mineralogy, 
and sample descriptions for the samples with new 40Ar/39Ar ages and 
zircon U–Pb ages, radiogenic isotope data, and major and trace element 
concentrations presented in this study. Supplementary Fig. S1 shows 
plane-polarized light (PPL) and crossed-polarized light (XPL) images of 
thin sections for all samples reported here.

The Rarotonga and Tama dredge samples include silica- 
undersaturated lavas from Tama Seamount (two foidites; Fig. 5) and 
Rarotonga Island (two tephrites; Fig. 5), as well as a suite of xenoliths 

from Tama Seamount. The xenoliths from Tama Seamount comprise 
OIB-type igneous rocks (two nepheline syenites and a hornblendite), two 
MORB-like tholeiites (a gabbro and a fine-grained basalt), and a 
peridotite.

3. Methods

The complete methods used in this study are provided in the Sup
plementary Materials and are briefly summarized here. Geochronolog
ical characterization of the dredged samples in this study was conducted 
on three lavas—two lavas from Tama Seamount (TN426-D12-4-lava and 
TN426-D12-44-X16-lava) and one from Rarotonga Island (TN426-D14- 
13-lava)—and one nepheline syenite xenolith from Tama Seamount 
(TN426-D12-4-xenolith) that is hosted within the TN426-D12-4-lava. 
Lava groundmass ages were determined using 40Ar/39Ar incremental 
heating methods at the WiscAr Lab, University of Wisconsin–Madison. 
Additionally, biotite grains from the nepheline syenite xenolith (TN426- 
D12-4-xenolith) were selected for a 40Ar/39Ar age determination at 
WiscAr Lab after preliminary Rb–Sr isotopic data collected at ETH 
Zurich showed insufficient ingrowth of radiogenic Sr for successful 
dating. Zircon U–Pb ages from the same xenolith (TN426-D12-4-xeno
lith) were obtained at the Petrochronology Lab at the University of 
California, Santa Barbara (UCSB).

Radiogenic isotopic compositions for Nd and Pb (using a double- 
spike method; Baker et al., 2004) were measured using Thermal Ioni
zation Mass Spectrometry (TIMS) at UCSB, and Sr isotope analyses were 
conducted at the University of South Carolina using Multi-Collector 
Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS).

Major and trace element analyses were conducted at the University 
of Iceland using Inductively Coupled Plasma Optical Emission Spec
troscopy (ICP-OES) and Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS), respectively. The analyses of geologic reference materials 
(BCR-2, BHVO-1, BHVO-2, AGV-2, BIR-1, W-2), which were treated as 
unknowns and analyzed alongside the samples presented here, are 

Fig. 5. Total alkali–silica (TAS) diagram of igneous samples in this study. Reference groups compiled by Harðardóttir and Jackson (2025; no filter applied). East 
Pacific Rise (EPR) MORB compiled from Gale et al. (2013; no filter applied).
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provided in Supplementary Table S2.

4. Results

4.1. Major and trace element data

4.1.1. Tama and Rarotonga lavas
The four dredged lavas reported here—two from Tama Seamount 

(TN426-D12-4-lava and TN426-D12-4-X16-lava) and two from Rar
otonga Island (TN426-D14-11-lava and TN426-D14-13-lava)—are 
silica-undersaturated: the Tama lavas are foidites, and the Rarotonga 
lavas are tephrites (see Fig. 5 for TAS plot and Supplementary Table S2
for the complete dataset). The Tama lavas have MgO ranging from 7.6 to 
7.7 wt%, and the two Rarotonga lavas have MgO ranging from 7.8 to 8.0 
wt% (Supplementary Fig. S2a).

The Tama lavas exhibit K, Pb, and Ti depletion and slight depletion in 
Zr and Hf. These patterns closely resemble some of the previously 
published lavas from Rarotonga and Aitutaki (see Fig. 6a for spider di
agram), which display a broadly similar spidergram shape to the Tama 
lavas reported here (Rarotonga data compiled from Harðardóttir and 
Jackson, 2025). The new Rarotonga lavas reported here do not exhibit 
the same strong K, Pb, and Ti depletions, nor do they exhibit comparable 
levels of Zr and Hf depletion. The shape of the spidergrams of the new 
Rarotonga lavas is similar to some of the previously observed lavas at 
Rarotonga and Aitutaki (see Fig. 6a for spider diagram).

4.1.2. Tama xenoliths
The three types of xenoliths dredged from Tama Seamount—OIB- 

type igneous rocks, MORB-type igneous rocks, and peridotitic rock
s—exhibit variable mineralogy and trace element characteristics. Two of 
the OIB-type xenoliths from Tama Seamount are nepheline syenites, 
with SiO2 contents ranging from 59.3 to 60.9 wt%, and MgO contents 
ranging from 0.6 to 1.0 wt% (Supplementary Fig. S2a).

One of the analyzed nepheline syenite xenoliths (i.e., TN426-D12-4- 
xenolith) displays large positive Zr and Hf anomalies (relative to simi
larly compatible trace elements)—consistent with the observed presence 
of zircon in this xenolith (see Section 6.1 of the Supplementary Mate
rials)—as well as positive Ba, K, and Sr anomalies (Fig. 6b). In contrast, 
the other nepheline syenite xenolith (i.e., TN426-D12-44-X5-xenolith) is 
also enriched in Ba, K, and Sr but shows negative anomalies for Zr and 
Hf, consistent with the absence of zircon (see Section 6.1 of the Sup
plementary Materials). Both samples exhibit conspicuous negative Ti 
anomalies.

The third OIB-type xenolith, sample TN426-D12-38-xenolith, is a 
hornblendite (37.9 wt% SiO2 and 9.6 wt% MgO; Supplementary Fig. 
S2a), and is enriched in incompatible elements and exhibiting mild 
negative anomalies for U, K, Pb, Sr, and Ti (Fig. 6c; see Section 6.2 of the 
Supplementary Materials).

The two MORB-type xenoliths—which have radiogenic isotopes that 
place them within the field for East Pacific Rise (EPR) lavas (see Section 
4.3)—are the only tholeiites in this study. They plot squarely within the 
field for basaltic tholeiites from the EPR from the Gale et al. (2013)
database (Fig. 5). These two MORB-like samples have MgO contents 
ranging from 7.1 to 8.5 wt% (Supplementary Fig. S2a). Significantly, 
these MORB-like xenoliths have trace element patterns with shapes that 
are similar to EPR lavas (Fig. 6d). The MORB-like gabbro (TN426-D12- 
43-xenolith) has a slight positive Sr anomaly, typical for MORB gabbros 
that have accumulated plagioclase, whereas the MORB-like basalt 
(TN426-D12-21-xenolith) has a slight negative Sr anomaly, not unlike 
EPR MORB. Similar to many EPR lavas, the two MORB xenoliths both 
show Ba, K, and Pb depletion relative to elements of similar mantle 
compatibility (Fig. 6d).

The peridotite xenolith (sample TN426-D12-28-xenolith) from Tama 
Seamount has a (La/Sm)N of 4.5 (where “N” indicates normalization to 
primitive mantle from McDonough and Sun, 1995) and La concentra
tions ~6.5 times the primitive mantle (PM) value. It also displays a 

spoon-shaped rare earth element pattern on the spider diagram 
(Supplementary Fig. S3).

4.2. Geochronology

4.2.1. Zircon U–Pb age
Complete U–Pb age data on zircon grains separated from the neph

eline syenite xenolith (TN426-D12-4-xenolith) can be found in Supple
mentary Table S3. Spot analyses were 207Pb-corrected using the Isoplot 
Add-in for Microsoft Excel (Ludwig, 2012) and corrected for initial 230Th 
disequilibrium (Mattinson, 1973; Schärer, 1984), following the equation 
of McLean et al. (2011). We used an estimated melt Th/U ratio of 5.36, 
based on the average of the observed range of Th/U in volcanic rocks 
from the Rarotonga hotspot (Th/U ranges from 4.33 to 7.05; Supple
mentary Materials). The 207Pb-corrected and 230Th-corrected spot ana
lyses yield a weighted mean age of 0.74 ± 0.02 Ma (2σ, n = 30), where 
the reported uncertainty includes the analytical uncertainty, uncertainty 
associated with the 230Th-correction, and the long-term reproducibility 
of the UCSB lab added in quadrature. See Fig. 7 and Section 2 of the 
Supplementary Materials for additional details.

4.2.2. 40Ar/39Ar Age Data
The 40Ar/39Ar age determinations in this study are summarized in 

Table 1, with complete datasets provided in Supplementary Table S4
and associated plots shown in Fig. 8 and Supplementary Fig. S4. 
Groundmass was separated from TN426-D12-4-lava and TN426-D12-44- 
X16-lava from dredge 12 of Tama Seamount, as well as dredge 14 lava 
sample TN426-D14-11-lava (Rarotonga Island). Biotite was separated 
from the zircon-bearing nepheline syenite xenolith (TN426-D12-4- 
xenolith) hosted in lava sample TN426-D12-4-lava. All the experiments 
yielded long plateaus (73.2 %–81.8 % of 39Ar released; see Fig. 8 and 
S4). Each experiment produced 40Ar/36Ar inverse isochron intercepts 
within uncertainty of atmospheric values (Supplementary Fig. S4), and 
therefore the plateau ages are preferred for each sample and used in the 
subsequent discussion (Fig. 8).

Tama Seamount lava sample TN426-D12-4-lava yielded a ground
mass 40Ar/39Ar age of 0.664 ± 0.027 Ma (Fig. 8a), which is the youngest 
known age for an igneous rock in the Cook Islands. This is younger than 
the xenolith (i.e., TN426-D12-4-xenolith) hosted in the same lava, which 
has a zircon 238U/206Pb age of 0.74 ± 0.02 Ma; biotite separated from 
the same xenolith (TN426-D12-4-xenolith) has a 40Ar/39Ar age of 0.730 
± 0.007 Ma (Fig. 8b), which agrees (within uncertainty) with the 
weighted mean zircon 238U/206Pb age of 0.74 ± 0.02 Ma. As the xenolith 
was entrained by the lava, it is appropriate for the age of the xenolith to 
be older than the host lava.

A second Tama Seamount lava sample, TN426-D12-44-X16-lava, 
yielded a groundmass 40Ar/39Ar age of 0.816 ± 0.020 Ma (Fig. 8c), 
which is older than the other Tama sample (TN426-D12-4-lava) and the 
xenolith ages.

The lava from Rarotonga Island (TN426-D14-11-lava) provides a 
40Ar/39Ar age of 1.493 ± 0.007 Ma (Fig. 8d). This is within the age range 
of 40Ar/39Ar plateau ages previously reported for subaerial Rarotonga 
Island lavas (1.157–1.697 Ma; Rose and Koppers, 2019).

4.3. Radiogenic isotope data

4.3.1. Tama and Rarotonga lavas
The new radiogenic isotope data for the Rarotonga and Tama sam

ples are summarized in Supplementary Table S2. The two lava samples 
from Tama Seamount—including the 0.664 ± 0.027 Ma lava sample 
TN426-D12-4-lava and the 0.816 ± 0.020 Ma sample TN426-D12-44- 
X16-lava—display limited isotopic variation, ranging from 0.704481 to 
0.704485 for 87Sr/86Sr, from 0.512664 to 0.512670 for 143Nd/144Nd, 
and from 18.235 to 18.237 for 206Pb/204Pb (Fig. 9). Tama lava samples 
plot within the fields of published data for lavas from Rarotonga Island. 
Like lavas from Rarotonga, the two Tama Seamount lavas exhibit 
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moderate EM1 (Enriched Mantle 1) characteristics.
The radiogenic isotope compositions of the two newly dredged lavas 

from Rarotonga Island—including the 1.493 ± 0.007 Ma sample TN426- 
D14-11-lava—also exhibit limited radiogenic isotopic variation: 
87Sr/86Sr ratios range from 0.704340 to 0.704341, 143Nd/144Nd ratios 
range from 0.512711 to 0.512712, and 206Pb/204Pb ratios range from 
18.460 to 18.461 (Fig. 9). The two Rarotonga dredge samples plot 
within the field for previously reported lavas from Rarotonga Island 
(Fig. 9).

4.3.2. Tama xenoliths
The xenoliths from Tama Seamount exhibit considerable lithologic 

and isotopic variability. We categorize the xenoliths into three groups 
based on their lithology and geochemistry, as discussed above:

OIB-type xenoliths. The first group comprises xenoliths interpreted 
to be magmatic in origin that have OIB-type signatures. This group in
cludes a nepheline syenite xenolith (TN426-D12-4-xenolith, with a 
zircon age of 0.74 ± 0.02 Ma), a second nepheline syenite xenolith 
(TN426-D12-44-X5-xenolith), and a hornblendite (TN426-D12-38- 
xenolith). Their lithologies are summarized in Supplementary Table S1. 
They have 87Sr/86Sr ratios ranging from 0.704433 to 0.704475, 
143Nd/144Nd ratios ranging from 0.512645 to 0.512664, and 
206Pb/204Pb ratios ranging from 18.272 to 18.277. In Sr, Nd, and Pb 
radiogenic isotope spaces, all three Tama xenoliths plot within or close 
to the field for Rarotonga hotspot lavas defined in previous studies 
(Fig. 9).

MORB-type xenoliths. The second group of Tama xenoliths is 
igneous in origin and includes two MORB-type samples, TN426-D12-21- 
xenolith and TN426-D12-43-xenolith. Both xenoliths exhibit depleted 
radiogenic Sr and Nd isotope signatures (87Sr/86Sr =

0.702495–0.702759; 143Nd/144Nd = 0.513010–0.513126) and unra
diogenic Pb compositions (206Pb/204Pb = 18.547–18.589). These two 
xenoliths have isotopic compositions that plot well outside the field for 

Fig. 6. (a) Primitive-mantle normalized trace element pattern or “spider diagram” for lava samples from Tama Seamount and Rarotonga Island analyzed in this 
study. Published Rarotonga and Aitutaki lava data are shown for comparison and are compiled from Harðardóttir and Jackson (2025). (b) Spider diagram for 
nepheline syenite xenoliths from Tama Seamount in this study. Syenites from the Canary hotspot (Wolff et al., 2000) are shown for comparison. (c) Spider diagram 
for the hornblendite xenolith analyzed in this study. (d) Spider diagram for MORB xenoliths analyzed in this study. Tm data for EPR MORB are calculated as follows: 
TmMORB,N = (ErMORB,N*YbMORB,N)0.5 (N represents normalization to primitive mantle values from McDonough and Sun, 1995). All data are normalized to primitive 
mantle values (McDonough and Sun, 1995). Global OIB data shown in panels (b) through (c) are compiled elsewhere (Harðardóttir and Jackson, 2025) using a 
strictly filtered dataset based on trace element measurements (whole rock, glass, or groundmass) by ICP-MS. Specifically, samples were excluded if they had MgO < 5 
wt% or no MgO values, no reported values for LOI, Ba/Rb, Ce/Ce*, or Y/Y*, or if they exhibited LOI > 4 wt%, Ba/Rb < 6 or >50, Ce/Ce* < 0.8 or >1.2, or Y/Y* < 0.7 
or >1.3. EPR MORB data and 735B gabbro average are compiled from Gale et al. (2013) and Hart et al. (1999), respectively.

Fig. 7. Zircon U–Pb ages for the Tama Seamount nepheline syenite xenolith (sample TN426-D12-4-xenolith). (a) Tera–Wasserburg diagram for new zircon U–Pb data 
from sample TN426-D12-4-xenolith; red circles shown on the CL image mark laser ablation spots on a representative zircon grain. (b) 207Pb- and 230Th-corrected 
weighted mean zircon date using a common Pb composition of 207Pb/206Pb = 0.830 ± 0.046 from the Tera–Wasserburg plot (calculated in panel a) and assuming a 
melt Th/U ratio of 5.36 (i.e., the Rarotonga hotspot average; see Supplementary Materials Section 2 and Supplementary Fig. S5 caption), yields a date of 0.7404 ±
0.0044 Ma (MSWD = 0.73, probability = 0.85; see Supplementary Table S3). Because the upper intercept of the Tera–Wasserburg diagram overlaps with the bulk- 
rock 207Pb/206Pb (within uncertainty), we continue to use the upper intercept for common lead correction. When the range in the Th/U ratios (ranging from 4.33 to 
7.05) in Rarotonga hotspot lavas is propagated through the reported age—together with the analytical uncertainty and the long-term reproducibility of the secondary 
standards—the resulting weighted mean age is 0.74 ± 0.02 Ma (2σ, n = 30) (see Supplementary Materials Section 2). All plots were generated using the Isoplot Excel 
Add-in (Ludwig, 2012).

Table 1 
Summary of geochronological results in this study.

Sample # Volcano Method Age (Ma) ±
2σ

MSWD

TN426-D12-4-lava Tama Groundmass 
40Ar/39Ar

0.664 ±
0.027

0.89

TN426-D12-4- 
xenolith

Tama Biotite 40Ar/39Ar 0.730 ±
0.007

0.66

TN426-D12-4- 
xenolith

Tama Zircon U–Pb 0.74 ± 0.02 0.72

TN426-D12-44- 
X16-lava

Tama Groundmass 
40Ar/39Ar

0.816 ±
0.020

0.87

TN426-D14-11- 
lava

Rarotonga Groundmass 
40Ar/39Ar

1.493 ±
0.007

0.88
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Rarotonga hotspot lavas but overlap with MORB erupted at the EPR 
(Fig. 9).

Peridotite-type xenoliths. The third group of Tama xenoliths consists 
of a single harzburgite xenolith, TN426-D12-28-xenolith. The radio
genic isotope signatures for this xenolith include 87Sr/86Sr = 0.704470, 
143Nd/144Nd = 0.512644, and 206Pb/204Pb = 18.310. This peridotite 
xenolith plots within or close to the fields defined by Rarotonga hotspot 
lavas in Sr, Nd, and Pb radiogenic isotope spaces (Fig. 9).

5. Discussion

We characterized new samples from Tama Seamount and Rarotonga 
Island to evaluate the three-hotspot hypothesis in the Cook–Austral re
gion. While the Macdonald and Rurutu–Arago hotspot trends are well 
defined (Fig. 2), suggesting the presence of active hotspots anchoring 
both hotspot tracks, Rarotonga has been considered a weaker candidate 
for a hotspot. In prior work (Chauvel et al., 1997; Jackson et al., 2020), 
the putative Rarotonga hotspot was thought to consist only of Rarotonga 
Island (and possibly the young-stage volcanism on Aitutaki Island), and 
thus, to date, there has been no strong evidence to support the existence 
of an active hotspot near Rarotonga. In the following sections, we 
discuss the geochemical and geochronological implications of the new 
samples from Tama Seamount and Rarotonga Island, and the evidence 
they provide for a Rarotonga hotspot origin.

5.1. Geochemistry of the new Tama lavas and associated xenoliths

The radiogenic isotope compositions obtained for lavas from dredge 
12 (Tama Seamount) and dredge 14 (Rarotonga Island) in this study are 
similar to those of previously reported Rarotonga Island lavas (Fig. 9; 
Jackson et al., 2020, and references therein). Additionally, the trace 
element patterns of the new lavas (but not the xenoliths) from both 
Tama Seamount and Rarotonga Island are similar to published Rar
otonga lavas (Fig. 6a). Although isotopic similarity alone cannot confirm 
a common hotspot origin, the geochemical, temporal, and spatial re
lationships between Tama Seamount and Rarotonga Island are consis
tent with derivation from a broadly similar mantle source at the same 
hotspot (see discussion in Section 5.2).

The OIB-type xenoliths and the peridotite xenolith from Tama 
Seamount also have similar radiogenic isotopic compositions to those of 
their host basalts, suggesting that they derived from the same mantle 
source as Rarotonga Island lavas (Fig. 9). The enriched REE pattern of 
the peridotite xenolith is consistent with metasomatism, a process 
commonly observed in the oceanic lithosphere (e.g., Hauri et al., 1993).

It is notable that the Tama Seamount lavas carried a varied xenolith 
cargo that includes peridotites (sampling the mantle portion of the 
oceanic lithosphere), MORB-type igneous rocks (crustal portion of the 
oceanic lithosphere), and coarse-grained OIB-type igneous rocks (sam
pling the volcanic interior of the seamount). Thus, the Tama xenolith 

Fig. 8. Apparent age versus Cumulative % 39Ark for (a) TN426-D12-4-lava groundmass, (b) TN426-D12-4-xenolith biotite, (c) TN426-D12-44-X16-lava groundmass, 
(d) TN426-D14-11-lava groundmass. The biotite 40Ar/39Ar age from TN426-D12-4-xenolith (0.7304 ± 0.0066 Ma) agrees with the U–Pb zircon age (i.e., 0.74 ± 0.02 
Ma; Fig. 7) from the same xenolith.
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cargo may represent a complete cross-section of the oceanic lithosphere: 
mantle lithosphere, MORB basement, and OIB volcano interior. Of 
particular note is that the presence of MORB-type xenoliths in OIB set
tings, such as those identified in Tama Seamount, is rare but has been 
reported from other OIB localities (e.g., Canary Islands [Hansteen and 
Troll, 2003] and Hawaii [Gao et al., 2016]). These MORB xenoliths 
provide an opportunity to investigate the composition and hydrothermal 
alteration history of the lower oceanic crust (Gao et al., 2016), which is 
rarely sampled—except in rare oceanic drill cores that penetrate deep 
into the MORB basement. The MORB-type xenoliths recovered from the 
Tama Seamount are particularly valuable because Tama sits atop lith
osphere formed during the Cretaceous Normal Superchron, where 
magnetic crustal isochron dating is not possible. As a result, future work 

on these xenoliths can potentially provide age constraints for the oceanic 
crust in the Cook Islands region.

5.2. Geochronology of Tama Seamount: a younger expression of the 
Rarotonga hotspot

We establish a Rarotonga heritage for Tama Seamount based on the 
geochemical evidence presented above. Here, we use geochronology to 
show that Tama Seamount may define the younger end of the putative 
Rarotonga hotspot.

Lavas from Tama Seamount have 40Ar/39Ar ages that range from 
0.664 ± 0.027 Ma to 0.816 ± 0.020 Ma. The xenolith ages (zircon U–Pb: 
0.74 ± 0.02 Ma and biotite 40Ar/39Ar age: 0.730 ± 0.007 Ma) from the 

Fig. 9. The radiogenic isotope compositions of samples analyzed in this study. Error bars are smaller than the symbol size. Colored fields for the Macdonald, 
Rurutu–Arago, and Samoa hotspots represent high-precision data compiled by Harðardóttir and Jackson (2025), restricted to lavas from the younger (<20 Ma) 
portions of each hotspot track. For 87Sr/86Sr data, only samples with MgO ≥ 2 wt% are included. Lead isotope fields include only double- or triple-spike TIMS 
analyses and analyses by MC-ICP-MS (both Tl-addition and Pb-spike). For comparison with the proposed Rarotonga hotspot, data are shown for Rarotonga Island 
lavas (compiled by Harðardóttir and Jackson, 2025), North Ralik seamounts (Konter et al., 2008; Koppers et al., 2007), and young-stage lavas from Aitutaki Island 
(compiled by Harðardóttir and Jackson, 2025); the same filtering criteria were applied to these datasets. See Supplementary Fig. S10 for datasets with no filters 
applied. The gray field represents MORB from the East Pacific Rise (EPR), based on the compilation by Gale et al. (2013), with one sample excluded due to an 
unusually high 87Sr/86Sr (0.70385).
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younger Tama lava (TN426-D12-4-lava: 0.664 ± 0.027 Ma) imply that 
the xenolith was not heated to above the closure temperatures of the 
U–Pb and 40Ar/39Ar chronometers because the U–Pb and 40Ar/39Ar ages 
on the xenolith agree and because the ages were not reset to that of the 
host lava. All Tama lavas have ages younger than the youngest known 
Rarotonga Island lava (i.e., 1.157 ± 0.003 Ma; Rose and Koppers, 2019), 
and the youngest Tama lava is substantially younger (by ~0.5 Ma). 
Critically, Tama Seamount lies on a Pacific plate flowline to the ESE of 
Rarotonga Island (Figs. 1 and 4), and the ages of Tama Seamount lavas 
place it on an age progression through Rarotonga Island defined by the 
absolute plate motion model from Wessel and Kroenke (2008) (Figs. 1 
and 4). These observations are consistent with the hypothesis that Tama 
Seamount is part of the Rarotonga hotspot track and is a younger 
expression of the Rarotonga hotspot than Rarotonga Island itself. We 
acknowledge that not all volcanic chains are generated by hotspots, and 
that localized non-plume mechanisms may also contribute to intraplate 
volcanism in the Cook–Austral region and the West Pacific Seamount 
Province (McNutt et al., 1997; Yan et al., 2021). Nonetheless, the clear 
age–distance relationship between Tama Seamount and Rarotonga Is
land, together with their overlapping elemental and isotopic composi
tions, strongly supports derivation from a common deep-seated mantle 
plume rather than from non-plume mechanisms.

One outstanding question is whether a seamount even younger than 
Tama Seamount exists further to the ESE along a Pacific flowline. Using 
the age range of Rarotonga lavas (1.16 to 1.70 Ma) and the Pacific plate 
motion velocity (~120 km/Ma), we estimate that the current location of 
the Rarotonga hotspot is approximately 140–200 km ESE of Rarotonga 
Island (i.e., the intersection of the gray band with the x-axis in Fig. 3). 
There are several seamounts located to the ESE of Rarotonga Island, 
including one shown in Fig. 4, which lies ~40 km ESE of Tama 
Seamount. If this volcano, named Pepe Seamount (meaning “baby” in 
Cook Island Māori), relates to the Rarotonga hotspot, the Pacific plate 
velocity and its location relative to Rarotonga Island would suggest that 
Pepe Seamount may be <0.5 Ma in age.

5.3. Aitutaki’s relationship with the Rarotonga hotspot?

Aitutaki Island has been suggested to be a volcano associated with 
the Rarotonga hotspot and exhibits geochemical similarities to Rar
otonga Island lavas (Chauvel et al., 1997; Jackson et al., 2020). Volcanic 
activity on Rarotonga Island (1.157 ± 0.003 to 1.697 ± 0.055 Ma) and 
the young stage of volcanism on Aitutaki Island (1.382 ± 0.058 to 1.941 
± 0.035 Ma) overlap temporally despite being more than 250 km apart 
(Rose and Koppers, 2019; Fig. 1). However, the two islands are sepa
rated in a north–south direction (i.e., a direction that is nearly orthog
onal to the proposed Rarotonga hotspot track; Fig. 1). At the Hawaiian 
hotspot, concurrently active shield volcanoes—like Mauna Loa and 
Mauna Kea, or Kilauea and Loihi—are typically separated by 40–50 km. 
Thus, if Rarotonga and the younger stage of volcanism at Aitutaki are 
related to the same hotspot, then concurrent volcanism on these two 
distantly separated Cook Island volcanoes would not conform to this 
Hawaiian model. In contrast, other oceanic hotspot systems, like the 
Tristan–Gough–Walvis Ridge, exhibit concurrently active volcanoes (e. 
g., Tristan Island and Gough Island) that are separated by over 300 km in 
a direction that is orthogonal to the hotspot track (O’Connor and Jokat, 
2015). We cannot conclusively link young Aitutaki volcanism to the 
Rarotonga hotspot. However, if young Aitutaki volcanism relates to the 
Rarotonga hotspot, then the geometry of concurrent volcanism at the 
Tristan-Gough-Walvis Ridge hotspot may serve as a potential analogue 
for a single hotspot linking concurrent volcanism on two volcanoes as 
distant from each other as Rarotonga Island is from Aitutaki.

5.4. Rarotonga is a hotspot, but is it long-lived?

Prior work indicated that the Rarotonga trend is “less well expressed” 
than the other hotspot tracks than in the Cook-Austral volcanic 

lineament (Chauvel et al., 1997), and Jackson et al. (2020) even sug
gested that a non-plume origin for the Rarotonga trend could not be 
ruled out due to poor characterization of this putative hotspot (Jackson 
et al., 2020). These new results in this study show that Rarotonga sat
isfies a key condition for hotspot volcanism: volcanism younger than 
Rarotonga Island is located at Tama Seamount, to the ESE of Rarotonga 
Island (Fig. 1), and this young volcanism has an age consistent with 
absolute Pacific plate motion models (Figs. 2 and 3). However, if Rar
otonga is indeed a long-lived hotspot similar to Macdonald and Rur
utu–Arago, we would expect the presence of not only volcanoes younger 
than Rarotonga Island located to the ESE of Rarotonga Island, but also 
volcanoes older than Rarotonga Island located to the WNW of Rarotonga 
Island. Unfortunately, the corridor of Pacific seafloor located west of 
Rarotonga Island is sparsely populated with as-yet-uncharacterized 
seamounts, and very few of these currently align with the recon
structed Rarotonga hotspot track (Fig. 1).

While there are insufficient data to evaluate the track of the Rar
otonga hotspot immediately to the WNW of Rarotonga Island, a more 
distant lineament of seamounts in the northwest Pacific—the Ralik 
group—has been tentatively suggested to be the Cretaceous expression 
of the Rarotonga hotspot based on their geochemistry, location, and age. 
However, the hypothesized connection between the Rarotonga hotspot 
and the Cretaceous Ralik Seamount chain remains tenuous (Jackson 
et al., 2024), given the ~75 Myr temporal gap (the youngest Ralik 
seamount is 75.7 Ma [Koppers et al., 2007] and the oldest Rarotonga 
Island lava is 1.9 Ma [Rose and Koppers, 2019]) and the uncertainties 
associated with plate motion models extending back to the Cretaceous. 
Thus, it is possible that the Rarotonga hotspot formed only recently, and 
if this model is accurate, volcanism older than Rarotonga Island may not 
be identified to the WNW of Rarotonga Island. Future seagoing expe
ditions targeting unsampled seamounts along the modeled path of the 
Rarotonga hotspot may shed light on the hypothesis of a long-lived 
Rarotonga hotspot.

6. Conclusions

Submarine lavas dredged from Tama Seamount, located ~80 km ESE 
of Rarotonga Island, have isotopic compositions that overlap with Rar
otonga Island and support a genetic relationship with Rarotonga Island 
volcanism. New geochronological data reveal that Tama Seamount is 
significantly younger than Rarotonga Island and, at 0.664 ± 0.027 Ma, 
represents the youngest known volcanism in the Cook Islands. The new 
age of Tama Seamount combined with new and existing ages for Rar
otonga Island form an age versus distance trend consistent with the 
Wessel and Kroenke (2008) absolute plate motion model for the Pacific, 
supporting a Rarotonga hotspot origin for Tama Seamount. The 
geochemical and temporal relationships provide support for the hy
pothesis that Tama Seamount is related to the Rarotonga hotspot, that 
Rarotonga may represent an age-progressive hotspot, and that the 
“three-hotspot” model accurately describes the pattern of volcanism in 
the Cook–Austral region (Chauvel et al., 1997).
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The Supplementary Material includes detailed analytical methods, 
supporting figures, and four supplementary tables containing sample 
information, geochronological data, and geochemical compositions. 
These materials provide additional context and data referenced in the 
main text.

Supplementary material to this article can be found online at htt 
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