Samoa reinstated as a primary hotspot trail
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ABSTRACT
The classical model for the generation of hotspot tracks maintains that stationary and
deep-seated mantle plumes impinge on overriding tectonic plates, thereby generating ageprogressive trails of volcanic islands and seamounts. Samoa has played a key role in discrediting this model and the very existence of mantle plumes, because early geochronological work
failed to demonstrate a linear age progression along this chain of islands. Specifically on Savai’i
Island, the bulk of the subaerial volcanics is younger than 0.39 Ma, much younger than the
5.1 Ma age predicted from the classical hotspot model and a constant 7.1 cm/yr Pacific plate
motion. This discrepancy led to alternative magma-producing mechanisms that involve the
cracking of the lithosphere beneath the Samoan islands, as a result of the extensional regime
generated by the nearby Tonga Trench. Here we report 40Ar/ 39Ar ages from the submarine
flanks of Savai’i Island showing that its volcanic construction began as early as 5.0 Ma and
in a true intraplate setting. This reinstates Samoa as a primary hotspot trail associated with a
deep mantle plume and a linear age progression.
Keywords: primary hotspots, 40Ar/39Ar geochronology, Pacific plate, plate extension, seamounts,
Samoa.
INTRODUCTION
Hotspots by and large are defined as focused
regions of anomalous intraplate volcanism, yet
the mechanisms driving this volcanism are subject to vigorous debate. One model assumes that
deep-seated mantle plumes drive hotspot volcanism and generate linear age progressions in
the hotspot trails they leave behind. These are
the so-called “primary” hotspot trails (Morgan,
1972; Courtillot et al., 2003; Koppers et al.,
2004) of which only three have been identified
in the Pacific basin: the Hawaii-Emperor, Louisville, and Easter seamount trails (Watts et al.,
1988; Clague et al., 1989; Courtillot et al., 2003;
Duncan and Keller, 2004; Koppers et al., 2004).
The absence of clear age progressions along
other hotspot trails, however, has been used as
an argument against the role for mantle plumes
in seamount trails, favoring alternative models
of lithospheric extension and the release of melt
from shallow mantle sources or plumelets (Davis
et al., 2002; Koppers et al., 2003; Koppers and
Staudigel, 2005; Natland and Winterer, 2005).
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In the case of Samoa, the omnipresence of
subaerial volcanic rocks younger than 0.39 Ma
on Savai’i Island (Natland and Turner, 1985;
Workman et al., 2004) appears to argue against
the mantle plume model, because a 7.1 cm/yr
Pacific plate motion would predict a hotspot age
of 5.1 Ma for this volcano (Hawkins and Natland, 1975; Natland, 1980; Foulger and Natland,
2003; Natland and Winterer, 2005). This led to
claims that this volcanic island has been constructed entirely as the result of the cracking of
the subducting Pacific plate, where it responds
to its bending and tearing along the northern terminus of the Tonga Trench. It thus follows that
distinguishing plume from nonplume origins
for hotspot volcanoes is critically dependent on
our understanding of the age progressions along
these volcanic island and seamount trails.
Unlocking the age systematics in linear volcanic trails is not a trivial exercise. Sample collections that cover all the islands and seamounts
from a given trail are sparse, and hydrothermal
and seawater alteration makes the dating of
submarine basalts complicated. Furthermore,
the surface exposure on islands (as well as on

seamount summits) often involves a sampling
bias toward younger lavas that may have been
erupted well after a volcano has passed the
hotspot (Pringle et al., 1991; Koppers et al.,
2000, 2003). To overcome these problems, it is
necessary to sample deep submarine flanks on
these volcanoes in order to access lavas erupted
during the earliest shield-building stages, and to
remove alteration in these samples using extensive acid-leaching procedures.
In this study, we provide 40Ar/39Ar incremental heating age data from a representative
sample set of deep submarine shield-building
lavas at Savai’i Island (Fig. 1). Our work provides a high-quality and concordant age data
set that demonstrates that the submarine part
of Savai’i Island formed ca. 5.0 Ma as a typical
intraplate volcano above a deep mantle plume,
which currently is located near Vailulu’u, the
volcanically active seamount at the eastern end
of the Samoan trail (Hart et al., 2000, 2004;
Staudigel et al., 2004).
SAVAI’I ISLAND AND SAMPLING
Savai’i is the westernmost island in the
Samoan Archipelago. The subaerial portion of
this island has been completely covered with
young posterosional lava flows dating back to
at least 0.39 Ma and continuing to historic eruptions in 1905–1911 (Natland and Turner, 1985;
Workman et al., 2004). A central rift zone,
aligned approximately in the direction of Pacific
plate motion, is marked by the presence of many
young, uneroded volcanic cones. Evidence for
possible late shield-stage volcanism is limited to
a single K/Ar age of 2.1 Ma on a trachytic stream
cobble (Workman et al., 2004). The island is further characterized by a relatively large volume
(2.4 × 104 km3), and it rises more than 6.2 km
above the seafloor, whereby only 3% of this volcanic edifice appears above sea level. Its underwater morphology is dominated by two major
east-west submarine rift zones, connecting to
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Upolu Island in the east, and running in a western direction for at least 75 km (Fig. 1).
The submarine portion of this volcano was
first sampled by the ALIA expedition in April
2005 (http://earthref.org/ERESE/projects/ALIA
including maps and cruise data). Two dredge
sites were placed as deep as possible on the
southwest flank of Savai’i Island, while a third
dredge was placed on a satellite seamount
(named Taumatau) located on the northeast
flank of Savai’i (Fig. 1). The ALIA-D114 and
ALIA-D115 dredge sites sampled the steep
slopes of two volcanic ridges that are abundantly present on the southern flanks of most
Samoan seamounts. Together, our dredges
resulted in a collection of relatively fresh volcanic rocks of diverse composition, ranging
from picrite (D114-03), transitional tholeiite
(D128-21), and alkalic trachybasalt (D115-03)
to hawaiite (D115-18, D115-28). Based on their
geochemistry and isotope composition, these
rocks are representative of the typical Samoan
shield-building phase (Jackson et al., 2007).
Ar/ 39Ar AGE DATING
Detailed 40Ar/39Ar incremental heating experiments were performed on five groundmass samples and two mineral separates of plagioclase
and K-feldspar in the laboratory of Oregon State
University. As can be seen from our results, the
seven submarine age determinations fall into
a distinctly older age range, between 4.1 and
5.0 Ma (see age boxes in Fig. 1), when compared
to the younger than 0.39 Ma ages that characterize the subaerial volcanics on Savai’i Island.
The GSA Data Repository1 contains all the age
plateaus of these experiments in Figure DR1,
summary analytical data in Table DR1, a
description of the applied techniques, and
a detailed description of the samples analyzed.
The oldest ages were measured on samples
recovered from the deepest Savai’i dredge
site, ALIA-D115. The ages from this dredge site
define a narrow range between 4.98 and
5.06 Ma, with the exception of the slightly
older age of 5.29 ± 0.21 Ma measured on a
plagioclase mineral separate from sample
ALIA-D115-18. This latter analysis, however,
has a significantly larger uncertainty due to
the low potassium concentration in plagioclase, making it statistically indistinguishable
from the narrow age range observed in the
other samples. Together, these samples give a
weighted average of 5.02 ± 0.03 Ma (n = 5) for
dredge site ALIA-D115. Groundmass samples
ALIA-D114-03 and ALIA-D128-21 are both
40

1
GSA Data Repository item 2008109, 40Ar/39Ar
techniques, applied quality criteria, data, and sample
descriptions and geochemistry, is available online at
www.geosociety.org/pubs/ft2008.htm, or on request
from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 1. Bathymetric map for Savai’i Island in the Samoan seamount trail based on a combination of multibeam data from the 2005 ALIA expedition onboard the R/V Kilo Moana, global
predicted bathymetry data (Smith and Sandwell, 1997), and Shuttle Radar Topography Mission (SRTM) data (U.S. Geological Survey EROS Data Center). The map has a 125 m contour
interval and shows the dredge locations and measured 40Ar/ 39Ar plateau ages. See Seamount
Catalog, http://earthref.org/cgi-bin/sc.cgi?id=SMNT-137S-1725W, for more detailed bathymetric maps, grid files, and multibeam data.

younger at 4.10 ± 0.11 Ma and 4.80 ± 0.06 Ma,
but they still are decidedly older than the oldest
2.1 Ma age measured on subaerial samples.
The age results meet strict quality criteria: (1)
Between 62% and 100% of the released argon
gas is used in the age calculations; (2) between
eight and 21 incremental heating steps define
each of the age plateaus; (3) 40Ar/36Ar isochron
intercepts are within error of the 295.5 value
for atmospheric argon; and (4) plateau, total
fusion, and isochron age estimates are internally consistent in all cases. Excellent agreement was achieved between a groundmass
(5.04 ± 0.04 Ma) and a K-feldspar mineral separate (4.98 ± 0.03 Ma) from sample
ALIA-D115-28. Overall, we can be confident
that the new 4.1–5.0 Ma ages represent the crystallization age of the submarine lavas and that
these ages mark the early stages of shield building on Savai’i Island.
LEAD ISOTOPE GEOCHEMISTRY
Pb isotopic data are diagnostic in establishing
a Samoan pedigree for the dated samples, and
provide geochemical evidence consistent with

their old 4.1–5.0 Ma age. In contrast to the young
posterosional (rejuvenated) basalts erupted subaerially on Savai’i, the dated submarine samples
exhibit Pb isotope ratios that are similar to
Samoan shield-phase volcanoes (Fig. 2). Wright
and White (1986) first noted the distinctive Pb
isotope difference between shield and posterosional volcanism in Samoa, and recent work
has borne this out (Hart et al., 2004; Workman
et al., 2004). While no subaerial shield basalts are
known from Savai’i, posterosional basalts from
Savai’i and Upolu are less radiogenic than
Upolu shield basalts, and significantly less
radiogenic than shield basalts from the eastern volcanic province (i.e., the Vai Trend and
Malumalu basalts), which all erupted between
0.39 Ma and the present (Hart et al., 2004; Workman et al., 2004). The submarine basalts from
dredges D114, D115, and D128 were dredged
135 km apart on opposite deep flanks of Savai’i,
yet all three dredges exhibit similar extreme isotopic compositions with 87Sr/86Sr ratios ranging
up to 0.720469 (Jackson et al., 2007). This may
suggest that Savai’i Island was characterized by
an early phase of shield-stage volcanism that
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Figure 2. Pb isotope plot of basalts from
throughout the eastern volcanic province of
Samoa, showing distinctive isotopic signatures for the various islands and submarine
lineaments. The Vai Trend volcanoes (green
circles) include the active submarine volcano
Vailulu’u and subaerial shield basalts from
Ta’u, Ofu, and Olosega Islands. Malumalu
Volcano (blue triangles) is a young submarine volcano anchoring the eastern end of
the 90 km submarine lineament running SE
from Tutuila Island. Subaerial basalts from
the eastern and western shields of Upolu
Island are shown as purple circles, and the
posterosional basalts that have resurfaced
Upolu and Savai’i Islands are shown as yellow diamonds. The 5.0 Ma shield basalts
dredged from three localities deep on the NE
and SW flanks of Savai’i are shown as large
orange circles. Previous data from Workman
et al. (2004).

erupted large volumes of enriched lava, with
a significant admixture of recycled upper continental crust sediments in the Samoan mantle
plume (Jackson et al., 2007).
ON THE EVOLUTION OF THE
SAMOAN HOTSPOT TRAIL
The new 5.0 Ma age in this study is practically
identical to the 5.1 Ma age that a present-day
7.1 cm/yr Pacific plate motion would predict for
the onset of hotspot volcanism on Savai’i Island
(Fig. 3). A similar match is apparent when comparing the new ages to the latest WKH06 plate
motion model of Wessel et al. (2006) based on
six Pacific hotspots (Hawaii, Louisville, Caroline, Foundation, Pitcairn, Cobb) excluding
Samoa (Fig. 3). This provides an independent
assessment showing that the 5.0 Ma Savai’i age
is consistent with age progressions observed in
at least six other Pacific hotspot trails. However,
the models used in these comparisons are both
based on the conjecture that hotspots remain
fixed in the mantle over extended periods of
geological time, whereas plate circuit modeling and paleomagnetic data provide evidence
to the contrary and are indicating substantial
hotspot motions (Tarduno et al., 2003). Nevertheless, rapid and large-scale motion of Pacific
hotspots appears limited to the period from the
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Figure 3. Sample age versus distance from
Vailulu’u, illustrating the age progression
for the Samoan island and seamount trail.
The new 5.0 Ma shield ages (orange circles)
for Savai’i closely fit the linear age progression predicted by a Pacific plate motion of
7.1 cm/yr and the latest plate motion model
(WKH06) of Wessel et al. (2006). In both
models Vailulu’u (zero age) is taken as the
current location of the Samoan hotspot (Hart
et al., 2000; Staudigel et al., 2004). Ages for
the other Samoan volcanoes are referenced
in Hart et al. (2004) and Workman et al.
(2004) and are indicated to belong to either
the shield stage (light orange squares), the
posterosional stage (light green squares), or
an undetermined volcanic stage (uncolored
squares) as based on their geochemistry.

Late Cretaceous to the Paleocene (e.g., Sager
et al., 2005), and although hotspot motion has
been proposed for the last five million years on
the basis of geodynamic modeling (e.g., Steinberger, 2000), it is small and can be ignored in
the context of our present study.
In addition to the above observations, the
tectonic framework of the southwestern Pacific
shows that extension and cracking of the lithosphere could not have been responsible for the
early eruption of the Savai’i lavas at 5.0 Ma
(see detailed discussion in Hart et al., 2004).
Due to the rollback of the downgoing Pacific
slab, the Tonga Trench moved rapidly east
through geological time. Over the same time
interval, Savai’i has been moving slowly in the
opposition direction (Fig. 4). This simplified
plate reconstruction reveals that the northern
terminus of the trench was located 1500 km to
the west of Savai’i Island at 5.0 Ma and could
not possibly have influenced its shield-building
volcanic stage.
Instead, the 40Ar/39Ar age dates, the Pb isotope geochemistry, and the plate reconstructions all suggest that the greater part of the
Savai’i shield volcano was formed around
5.0 Ma in a “true” intra-plate setting. Furthermore, based on the deep submarine sampling
of the lavas dated in this study, the lavas are
likely to represent the earliest shield-building
phase for Savai’i Island. This is in contrast to
the shield basalts sampled and dated for Upolu
and Tutuila, which are more likely to represent

Figure 4. Simplified tectonic map of the
Samoa region showing the major rollback
of the Pacific plate over the last four million
years at the Tonga Trench and with reference
to the Samoan hotspot. The northern termination point of this trench and the present
location of the Samoan hotspot beneath the
Vailulu’u submarine volcano are indicated
by red and green circles, respectively. In this
reconstruction the current shape and size of
the Tonga Trench are kept constant for simplicity. For a more detailed discussion of the
tectonic evolution of this region, we refer to
Hart et al. (2004) and Ruellan et al. (2003).

later phases in their shield building. Because
the total duration of the shield-building stage
may be as long as a few million years, an age
offset is expected, whereby late-stage shield
lavas of Upolu and Tutuila plot decidedly
below the expected age-distance lines (Fig. 3).
It is remarkable that late-stage shield lavas
have never been sampled at Savai’i, because
a blanket of anomalously young 0.39 Ma volcanics covers the entire island surface. The
timing of this posterosional volcanism places
Savai’i directly northwest of the northern terminus of the Tonga subduction zone (Fig. 4).
As similar posterosional volcanics have been
identified on the islands of Upolu and Tutuila,
this suggests that the bending of the subducting
Pacific plate may have induced a lithospheric
fracture, ~300 km long and following the axis
of the Samoan hotspot trail, along which shallow mantle melts are allowed to seep through
and produce multiple centers of simultaneous
posterosional volcanism (Hawkins and Natland, 1975; Natland, 1980). We thus conclude
that Savai’i Island is characterized by two distinct stages in its volcanic evolution: (1) an
early hotspot/plume stage, which constructed
the largest part of the volcanic island, beginning
ca. 5.0 Ma, and (2) a later stage, driven by lithospheric cracking, which formed the pervasive
posterosional volcanic cap on top of Savai’i
Island, starting much later, ca. 0.39 Ma.
Including the new 40Ar/39Ar age dating
results from Savai’i Island, the Samoan hotspot
trail now depicts a linear age progression
between young shield volcanoes in the east
(Ta’u, Vailulu’u) and older seamounts in the
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west (Combe, Lalla Rookh). This is consistent
with both a constant 7.1 cm/yr plate motion and
the latest plate motion models, assuming fixed
hotspots. This observation rules out the principal objection to a plume origin for the Samoan
trail, and reinstates it as a primary hotspot trail
in the Pacific basin. Along with the HawaiiEmperor, Louisville, and Easter trails, Samoa
performs like a textbook hotspot with a wellunderstood age progression and with a likely
deep origin in the mantle, based on persistent
velocity anomalies in S- and P-wave tomographic images (Montelli et al., 2006).
Our observations, on the other hand, are in
contrast to recent geochronological studies that
show that many seamount trails in the Pacific
do not exhibit clear age-progressive volcanism
(e.g., Gilbert Ridge, Tokelau seamounts, West
Pacific seamount province). These latter hotspots
require alternative processes such as lithospheric
extension and cracking of the Pacific plate
(Koppers et al., 2003; Koppers and Staudigel,
2005). A one-model-fits-all approach thus
seems improbable and undesirable for settling
the scientific debate regarding the existence of
mantle plumes. In the case of Samoa, a complex
tectonomagmatic history is now illuminated by
our observations, yet the role for plume-driven
intraplate volcanism is evident.
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ONLINE GSA DATA REPOSITORY ITEM
40Ar/39Ar TECHNIQUES
The 40Ar/39Ar age determinations were performed on crystalline groundmass separates (210-300
µm) and plagioclase and K-feldspar mineral separates using a continuous, 10W CO2 laserprobe
combined with a MAP-215/50 mass spectrometer. Sample preparation and acid leaching
procedures are described in Koppers et al. (2000). Irradiated samples were loaded into Cuplanchettes designed with a variety of pans that hold up to 50 mg of material, which are then
pumped within a sample chamber fitted with a ZnSe window that is transparent to the CO2 laser
wavelength. Software allows for scanning across samples in a preset pattern with a defocused
beam, to evenly heat the geological material. Gas cleanup was accomplished with a series of ZrAl getters. All ages were calculated relative to the flux monitor standard FCT-3 biotite (28.04 ±
0.18 Ma, 1ı, Renne et al., 1994) and calculated using the corrected Steiger and Jäger (1977)
decay constant of 5.530 ± 0.097 x 10-10 1/yr (2ı) as reported by Min et al. (2000). For a detailed
description of the analytical facility and the constants used in the age calculations we refer to
Koppers et al. (2003). Incremental heating plateau ages and isochron ages were calculated using
the

ArArCALC

v2.4

software

from

Koppers

(2002)

that

is

available

http://earthref.org/tools/ararcalc.htm website. In this paper, all errors on the

from

the

40

Ar/39Ar ages are

reported at the 95% confidence level (2ı), unless otherwise indicated.
40Ar/39Ar QUALITY CRITERIA
In this study we adopted the following quality criteria: (1) age plateaus should include more than
three incremental heating steps and at least 50% of the total amount of

39

Ar released, (2) the

plateau, isochron and total fusion ages should be concordant at the 95% confidence level, (3) the
40

Ar/36Ar intercepts on the isochron diagrams should be concordant with the atmospheric value of
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295.5 at the 95% confidence level, and (4) the mean square of weighted deviations for both the
plateau ages (MSWD = SUMS/N-1) and isochron ages (MSWD = SUMS/N-2) should be
sufficiently small when compared to student’s t-test and F-statistic critical values for significance.
40Ar/39Ar DATA
In Table DR1 a summary of the results of our seven new 40Ar/39Ar analyses have been listed. The
age plateau diagrams are all depicted in Figure DR1, whereas the dredge locations are displayed
on top of a 3D rendition of Savai’i Island in Figure DR2.
SAMPLE DESCRIPTIONS AND GEOCHEMISTRY
In Table DR2 we provide summary of the sample descriptions (Russell, 2007). In Table DR3 we
list the major and trace element geochemistry and isotope ratios of the six dredge samples
(Jackson et al., 2007) that also were dated using the

40

Ar/39Ar technique in this study. For a

detailed description of the analytical techniques used we refer to the Supplementary Table 3 in
Jackson et al. (2007).
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Figure DR1. New 40Ar/39Ar age spectra for the submarine Savai’i basalts. The reported ages are
weighted age estimates with errors reported at the 95% confidence level, including 0.3-0.4%
standard deviations in the J-value. Note that the groundmass age spectrum for sample ALIAD115-28 was reproduced within the 95% confidence limit in a second incremental heating
experiment with a K-feldspar mineral separate (green lines).
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Figure DR2. 3D rendition of Savai’i Island looking from the SW with dredge locations. Visit the
Seamount Catalog to find detailed bathymetric maps, grid files and multibeam data by using the
http://earthref.org/cgi-bin/sc.cgi?id=SMNT-137S-1725W web link.
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40

Ar/39Ar age data on dredge

Table DR1. Summary of

samples from the submarine flanks of Savai’i Island. All
samples were monitored against FCT-3 biotite (28.04 ±
0.18 Ma) as calibrated by Renne et al. 1998 (1998).
Reported errors on the

40

Ar/39Ar ages are at the 95%

confidence level including 0.3-0.4% standard deviation on
the J-value. All input parameters to the calculations are
published in Table 2 of Koppers et al. 2003 (2003),
whereas the ArArCALC v2.4 age calculations are
described in Koppers 2002 (Koppers, 2002). Detailed data
sets are available in the Supplementary Materials and all
ArArCALC age calculation files can be downloaded
separately from the EarthRef.org Digital Archive (ERDA).
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Table DR2. Sample descriptions and thin section pictures of Savai’i dredge samples. After
Russell (2007).
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Table DR3. Major and trace element data and isotope ratios on Savai’i dredge samples. After
Jackson et al. (2007).
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