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SHORT COMMUNICATION

40Ar/39Ar dating of Quaternary volcanic rocks in Samoa
S. J. Galea, D. P. Migginsb and A. Fepuleai c

aDepartment of Archaeology, The University of Sydney, Sydney, New South Wales, Australia; bCollege of Earth, Ocean, and Atmospheric
Sciences, Oregon State University, Corvallis, Oregon, USA; cSchool of Geography, Earth Science and Environment, The University of the
South Pacific, Suva, Fiji

ABSTRACT
Research on the Samoan volcanic lineament has focussed on shield volcanism and the
volcanic origins of the island chain, and has largely ignored the middle and late
Quaternary lavas that dominate the islands of Savai‘i and Upolu. Yet these rocks may hold
clues to the timing, origins and nature of rejuvenation volcanicity and to important
questions of ocean island geochemistry and geodynamics. Upolu is particularly interesting
for it possesses both shield-stage and rejuvenation-stage lavas. Although the chronology
of shield volcanism is well-established, little is known of its history of rejuvenation
volcanicity. The 40Ar/39Ar ages of 131.5 ± 7.3 ka (±2 s) and 138.7 ± 2.7 ka (±2 s) from the
compound volcano of Mount Lanotō in southeast Upolu represent the first
geochronometric determinations on the rejuvenation-stage lavas of the island. These cast
doubt on the last glacial age assigned to the Mulifanua Volcanics formation and provide
the first ages for the lavas erupted from the axial rift zone that dominates the island’s
geomorphology. These ages offer cautious endorsement of the proposition that
rejuvenation-stage volcanicity was initiated on the westernmost of the Samoan islands
and propagated east. Support for this belief comes from the systematic westward
increase in the incidence of rejuvenation-stage lavas along the island chain.
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Introduction

The Samoan volcanic lineament is located in the south
Pacific between latitudes 11°S and 15°S and longitudes
168°W and 178°W (Figure 1). The associated island
chain consists of six high volcanic islands (Nunn
et al. 2016) (Savai‘i, Upolu, Tutuila and the three
islands of the Manu‘a group) and numerous islets,
reef banks and seamounts. Although the volcanic
geology of the Samoan islands has been studied for
over 170 years (Dana c. 1849), there has been relatively
little interest in middle and late Quaternary volcanic
activity, with most research focussed on evidence of
ancient volcanism and the volcanic origins of the
island chain. Yet the so-called rejuvenation-stage
lavas found on Savai‘i, Upolu and Tutuila may hold
clues to the timing, origins and nature of rejuvenation
volcanicity and thus to some of the big unanswered
questions of ocean island geochemistry and geody-
namics. Rejuvenation volcanicity is the final episode
in a sequence that begins with the volumetrically
dominant stage of shield volcanism, is followed by a
period of quiescence of several million years and is
succeeded by rejuvenation-stage eruptions. The con-
cept of rejuvenated volcanism was originally advanced
by Stearns (1946) in the context of the Hawai‘ian
islands, but the phenomenon has long been recognised

as a feature of the volcanic evolution of many intra-
plate volcanic chains, including the Canary Islands
in the north Atlantic (Geldmacher et al. 2005; Carra-
cedo and Troll 2016; Rodriguez-Gonzalez et al.
2018), Mauritius in the Indian Ocean (Debajyoti
et al. 2005) and the Louisville seamount chain
(Buchs et al. 2018) in the south Pacific.

Rejuvenation volcanicity poses a particular prob-
lem for the mantle-plume model of hot-spot origin.
An ideal hot-spot track should consist of a single
line of volcanic edifices (Morgan 1972) built succes-
sively as the oceanic lithosphere drifts over an under-
lying magma source (Clague and Jarrard 1973). Yet
the hiatus in volcanic activity implies that any mantle
plume would have been long removed from the site of
eruption by the time that rejuvenated volcanism
occurs, whilst the distinct chemistries of shield and
rejuvenated volcanic rocks (Garcia et al. 2010) indicate
that different source materials must have been
involved in the generation of the melts.

Upolu is of particular interest in this context, for
the island possesses both shield-stage and rejuven-
ation-stage lavas that are well exposed and may be
easily investigated. Despite this, little is known of the
chronology of middle and late Quaternary volcanic
activity on Upolu. The aim of this work was therefore
to clarify the more recent part of the volcanic
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stratigraphy of the island and to place its later
volcanic activity within a more reliable chronological
framework.

The geology of Upolu

The island of Upolu is approximately 72 km long and
25 km wide, with a broadly lenticular form aligned
east-southeast–west-northwest (Figure 2). A linear
upland chain, rising to an altitude of 1100 m, runs
along the main axis of the island, whilst to the north
and northeast lie detached areas of deeply dissected
upland terrain. The island is composed almost entirely
of basalt (Stearns 1944). Kear and Wood (1959)
divided the volcanic rocks into six units (Table 1).
The oldest of these, the Fagaloa Volcanics, forms an
eroded basement that is exposed on the northeastern
and southwestern sides of the island and at a handful

of locations where rivers have trenched gorges
through the overlying rocks. Stratigraphically over-
lying the Fagaloa Volcanics is the Vini Tuff (although
Kear and Wood [1959] speculated that this unit may
instead have been deposited during the subsequent
Salani episode). The Vini Tuff forms a series of dis-
sected cones that include Cape Tapaga at the southeast
tip of Upolu and all but one of Upolu’s outlying
islands.

The remaining four units constitute a packet that
rests unconformably on the Fagaloa rocks. They con-
sist mainly of olivine basalts that closely resemble each
other petrologically (Kear and Wood 1959), forming
primary volcanic landforms that include lava fields,
valley fills and volcanic cones. To the north and north-
east, the lavas abut and surround the dissected uplands
of theFagaloa rocks. Elsewhere, the landscape is domin-
ated by a series of volcanic craters and cones

Figure 1. (A) The western Pacific Ocean, showing the location of the Samoan volcanic lineament. (B) The bathymetry of the
Samoan volcanic lineament. Bathymetric and topographic contours at 200 m intervals. Map B is based on the Samoan hotspot
trail region-130S-1763W–Pacific Ocean predicted bathymetric map catalogued by EarthRef. Source: Fepuleai et al. (2018).
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developed along the east-southeast axis aligned along
the crest of the island. Both Dana (c. 1849) and Stearns
(1944) regarded the chain of craters and cones as
marking a rift zone from which the younger volcanic
rocks had been erupted. The lavas appear to have
flowed north and south from the island axis, infilling
pre-existing valleys and forming lobate features,
some of which extend out over the surrounding
reefs. Kear and Wood (1959) differentiated the
younger volcanic rocks mainly on the basis of the
extent to which they have been modified by weather-
ing and erosion, and by their relationship with indi-
cators of past sea levels (Table 1).

The chronology of volcanic activity

In their pioneering work, Kear and Wood (1959)
interpreted the Fagaloa Volcanics as late Pliocene–
pre-penultimate glacial in age and assigned the
remaining five units to the middle and late Quaternary
(Table 1). Subsequent work has refined this chronol-
ogy. Thus, K/Ar and 40Ar/39Ar ages of 2.78–0.93 Ma
(Matsuda et al. 1984; Natland and Turner 1985; Work-
man et al. 2004; McDougall 2010) constrain Fagaloa
volcanism to the late Pliocene–early Quaternary, well
within the span proposed by Kear and Wood (1959).

By contrast, few attempts have been made to date
the younger volcanic rocks on Upolu. Apart from
some palaeomagnetic measurements that may be
interpreted in a range of ways, a single 14C age of
1915 ± 65 BP was obtained from coral fragments inter-
bedded with the Vini Tuff at Cape Tapaga in southeast
Upolu (Grant-Taylor and Rafter 1962). This suggests
that at least one outcrop of the unit may be rather
younger than the last interglacial age proposed by
Kear and Wood (1959).

Study area

This project focussed on the volcano of Mount Lanotō
in the southeast of Upolu (Figure 2). Lanotō is a com-
pound volcano, made up of a subcircular scoria cone
and a secondary rift-like crater (Figure 3). It forms
part of the axial chain of volcanic cones developed
along the rift zone aligned along the spine of the
island. The rocks making up the volcano were
assigned to the Mulifanua Volcanics by Kear and
Wood (1959) and were thus considered to be of last
glacial age.

Methods

Mount Lanotō sample H (14.0064°S, 171.4980°W) was
collected from the main subcircular cone (Figure 3).
No bedrock outcrops were observed within the crater
and it was not possible to obtain in situ samples of sub-
strate material. Instead, basalt boulders, which can
have been derived only from the inner slopes of the
crater, were sampled. Sample H was taken for analysis
from the interior, unweathered part of one of these

Figure 2. The island of Upolu, Samoa from the southeast, showing the location of Mount Lanotō. Image size approximately 75 km
by 75 km (Image PIA1196: elevation data acquired by the Shuttle Radar Topography Mission, a National Aeronautics and Space
Administration, National Geospatial-Intelligence Agency and Jet Propulsion Laboratory co-operative project). The Digital Elevation
Model was processed using Shuttle Radar Topography Mission C-band data. Source: Fepuleai et al. (2018).

Table 1. The volcanic stratigraphy of Upolu as established by
Kear and Wood (1959).
Formation Age

Puapua Volcanics Middle–Late Holocene
Lefaga Volcanics Early Holocene
Mulifanua Volcanics last glacial
Salani Volcanics penultimate glacial–early last glacial
Vini Tuff last interglacial
Fagaloa Volcanics late Pliocene–pre-penultimate glacial
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boulders. The rock consists of porphyritic basalt con-
taining phenocrysts of olivine and pyroxene.

Mount Lanotō sample K (14.0094°S, 171.4927°W)
was collected from recent excavations that exposed
the bedrock walls of the secondary rift-like crater of
the volcano (Figure 3). The rock consists of vesicular
basalt containing phenocrysts of olivine.

Incremental heating methods were used to obtain
40Ar/39Ar ages from crushed subsamples of the
groundmass of samples H and K. The analytical
methods used, the standards and constants adopted,
and the methods of age modelling employed are
given in the Supplementary Material accompanying
this paper.

Results

Ages were obtained from the incremental heating data
using four approaches (Table 2). Since the ground-
mass constitutes the last crystallisation phase of the
basalt, the calculated ages represent the crystallisation
age of the rock.

The total fusion age is determined from the total
quantity of argon released during the analysis. The
total fusion age is thus broadly equivalent to a K/Ar
age. Such an approach potentially includes in the cal-
culation non-radiogenic 40Ar derived from a range of
sources. In the case of Mount Lanotō K, this appears to
include excess argon released from low retentivity sites
in the sample (Figure 4), resulting in an apparent age
that is markedly older than those obtained using the
other approaches. This is a common problem with

the K/Ar method and is one reason why the technique
has been superseded by the 40Ar/39Ar procedure,
which allows an assessment of the release of gas
from sites of increasing argon retentivity in a material
(Renne 2006; Lee 2015).

The plateau age is based on the determination of a
series of individual apparent ages obtained from sites
of increasing argon retentivity within the sample. In
well-behaved samples, such as those of Mount Lanotō
H and K, these display a plateau that exhibits, within
measurement uncertainty, essentially the same age
(Figure 4).

The third approach to the analysis of the incremen-
tal heating data involves the use of isochrons. These
have the particular advantage that they allow us to
check and, to some extent, correct for the presence
of non-radiogenic argon in the sample. If this is purely
atmospheric, the intercept (40Ar/36Ar) on the y-axis of
the normal isochron plot should have a value of 295.5
(Steiner and Jäger 1977)1 (or its reciprocal [36Ar/40Ar
= 3.384 × 10–3] on the inverse isochron plot) (Figures 5
and 6). If 40Ar/36Ar is greater than this, more 40Ar

Figure 3. The volcanic cone and rift crater of Mount Lanotō, southeast Upolu, Samoa, showing the locations of the bedrock
sampling sites. The image was obtained by the IKONOS Satellite Sensor in 2011.

Table 2. The 40Ar/39Ar ages of the basalts of Mount Lanotō
samples H and K based on four approaches to the analysis
of the incremental heating data.

Mount Lanotō H Mount Lanotō K

Dating method Age (ka±2 s)

Total fusion age 139.8 ± 3.3 199.9 ± 27.4
Age plateau 138.7 ± 2.7 131.5 ± 7.3
Normal isochron age 137.2 ± 3.7 128.3 ± 21.7
Inverse isochron age 137.5 ± 3.7 127.1 ± 19.5
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must be present in the sample than would be expected
were all the non-radiogenic 40Ar of atmospheric origin
and the sample must contain excess Ar. If 40Ar/36Ar is
less than this, the sample must have experienced argon
loss or contain sub-atmospheric argon.

For both sample H and sample K, the ages obtained
from the three approaches to the analysis of the incre-
mental heating data are indistinguishable at the 0.05
significance level (Dalrymple and Lanphere 1969;
Fleck et al. 1977). Because of their lower error, the
plateau ages are accepted here as the preferred ages.

Discussion

The ages of 131.5 ± 7.3 ka (±2 s) and 138.7 ± 2.7 ka (±2 s)
represent the first geochronometric determinations
from the younger basalts that make up the bulk of the
island of Upolu. These rocks were divided by Kear and
Wood (1959) into four units, ranging in age from
penultimate glacial–early last glacial to Middle–Late
Holocene (Table 1). The Mulifanua Volcanics, which
form the compound volcano of Mount Lanotō, were

assigned a last glacial age by Kear and Wood (1959).
Our preferred ages for the rocks that make up the vol-
cano are thus tens of thousands of years older than
previously thought. When coupled with the apparent
Late Holocene age obtained for the Vini Tuff,

Figure 4. The 40Ar/39Ar age spectra derived from incremental
heating of (A) the Mount Lanotō H basalt and (B) the Mount
Lanotō K basalt. The individual steps are plotted as a function
of the cumulative percentage of 39ArK released (where 39ArK is
the 39Ar produced from 39K by irradiation: see Supplementary
Material). Age uncertainties at ±2 s. Each step is corrected for
the presence of non-radiogenic 40Ar on the assumption that all
the non-radiogenic 40Ar is of atmospheric composition, with
the amount of non-radiogenic 40Ar calculated from the
measurements of 36Ar using the measured initial 40Ar/36Ar
ratio.

Figure 6. The inverse isochron plots of the 39Ar/40Ar and
36Ar/40Ar ratios derived from incremental heating of (A) the
Mount Lanotō H basalt and (B) the Mount Lanotō K basalt.

Figure 5. The normal isochron plot of the 39Ar/36Ar and
40Ar/39Ar ratios derived from incremental heating of the
Mount Lanotō K basalt.
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previously assigned to the last interglacial, there may
be a case for re-assessing the long-established chronol-
ogy of volcanic activity on the island.

Mount Lanotō represents one of around 58 erup-
tive centres located along the linear upland chain
that runs along the main axis of the island. These fea-
tures dominate the geomorphology of Upolu and
mark a rift zone from which the younger volcanic
rocks appear to have been erupted (Dana c. 1849;
Stearns 1944). The ages on the volcano thus provide
the first indication of the timing of rift eruption (bear-
ing in mind that the overlapping of eruptive centres
indicates that the rift volcanicity is likely to have
been diachronous) and for the formation of the
upland spine that dictates the form of the island.

The pattern of shield volcanicity along the Samoan
island chain is relatively straightforward. Ages of
13.2 Ma on the westernmost seamount decrease to
0.27 Ma in the east, strongly suggestive of a hotspot
origin for the volcanic lineament (Koppers et al.
2008, 2011) (but see Strak and Schellart [2018]). By
contrast, the timing of rejuvenated volcanism is poorly
constrained. On Savai‘i, rejuvenation-stage rocks
range in age from at least 0.42 Ma (McDougall 2010)
to historical times (see, for example, Jensen [1906]).
On Upolu, the three ages of <2 ka, 132 ka and
139 ka are supported by the widespread presence on
the island of fresh-looking primary volcanic
landforms. On Tutuila, ages on rejuvenation-stage
rocks of 24.3 ka to 4.4 ka (Reinhard et al. 2019) are
consistent with the presence of youthful-looking
volcanic landforms that form a broad flat plain on
the southwest side of the island (Stearns 1944) and a
veneer of apparently recent lavas and tuffs on the
shield volcano of Taputapu (Natland 1980).

The limited evidence thus suggests that rejuven-
ation volcanicity was initiated on the westernmost of
the islands and propagated east. In support of this,
the quantity of rock erupted appears to have varied
dramatically and perhaps systematically along the
island chain (Figure 7). Savai‘i is almost entirely bur-
ied by rejuvenation-stage lavas, with subaerially
exposed shield-stage rocks found only in the deeply
incised gorge of the Vanu River (Konter and Jackson
2012). Rejuvenation-stage lavas are less common on
Upolu, but they still make up over half the area of
the island. On Tutuila, rejuvenation-stage rocks are
confined to the southwest part of the island, whilst,
on the Manu‘a islands of Ta‘u, Ofu and Olosega, the
products of rejuvenation volcanicity are entirely
absent (Hawkins and Natland 1975; Natland 1980;
Koppers et al. 2011; Konter and Jackson 2012). How-
ever, these observations cannot definitively exclude
other models of rejuvenation volcanicity and further
dating will be required to assess whether the pattern
is one of eastward propagation of the locus of rejuven-
ation volcanicity, one of near-simultaneous volcanic
activity along the entire chain, whether the rejuven-
ation phase of volcanic activity is focussed essentially
on Savai‘i, or whether rejuvenation volcanicity follows
another pattern entirely. These questions and their
solutions have important implications for investi-
gations of the causes of rejuvenation volcanicity and
for the debate over the geodynamic mechanisms
involved in its generation.

Conclusions

The 40Ar/39Ar ages of 131.5 ± 7.3 ka (±2 s) and 138.7 ±
2.7 ka (±2 s) obtained from the compound volcano of

Figure 7. The distribution of shield and rejuvenation volcanicity lavas on the main islands of the Samoan chain (A) Savai‘i, (B)
Upolu, (C) Tutuila and (D) the Manu‘a islands. Source of data: Stearns (1944), Kear and Wood (1959), Stice and McCoy (1968), Nat-
land (1980) and Konter and Jackson (2012). Stice (1968) and Stice and McCoy (1968) interpreted the Faleasao and Fitiiuta For-
mations on the island of Ta‘u in the Manu‘a group as the products of rejuvenation volcanicity. However, Natland (1980)
regarded the chemistry of these rocks as comparable with that of the Ta‘u shield volcano and interpreted the entire island as
the product of shield volcanicity. Notwithstanding this debate, the area of the Faleasao and Fitiiuta Formations is no more
than around 5 km2 (Stice and McCoy 1968), which would contribute little to the overall volume of volcanic rock on the island.
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Mount Lanotō in southeast Upolu represent the first
geochronometric determinations on the younger
basalts that make up the bulk of the island of Upolu.
They also provide the first ages for the lavas erupted
from the island-long rift zone that dominates the geo-
morphology of the island.

The stratigraphy of middle and late Quaternary vol-
canic activity established on Upolu by Kear and Wood
(1959) was based on the extent to which rock units had
been modified by weathering and erosion, and by their
relationship with indicators of past sea levels. The ages
reported here suggest that at least one unit, the Muli-
fanua Volcanics, may be rather older than believed,
whilst the Vini Tuff may be considerably younger. In
the light of these findings, a re-assessment of the trad-
itional stratigraphy of the island may be overdue.

The extent of rejuvenation volcanicity appears to be
far greater in the west of the island chain than in the
east. It is unclear whether this represents a pattern of
eastward movement of the locus of rejuvenation volcan-
icity, one of near-simultaneous volcanic activity
along the entire chain, whether the rejuvenation
phase of volcanic activity is largely focussed on Savai‘i
or whether rejuvenation volcanicity follows another
pattern entirely. Although the new ages provide cau-
tious support for the thesis that rejuvenation-stage
volcanicity has propagated to the east, further dating
will be required before any realistic assessment of
the various models may be made. These questions
have important implications for the broader problem
of the origins of rejuvenation volcanicity in Samoa
and for the debate over volcanic island geodynamics.

Note

1. The atmospheric 40Ar/36Ar ratio of 295.5 has been
used by convention since 1977 (Steiner and Jäger
1977). The more up-to-date determination of 298.56
±0.31 (±1 s) (Lee et al. 2006) is increasingly accepted,
although Renne et al. (2009) have shown that in most
cases the effect of this correction is negligible.
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