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Age and Evolution of the Volcanoes of Tutuila, American Samoa1

IAN McDOUGALL2

ABSTRACT: Tutuila is a basaltic volcanic island within the east southeasterly
trending Samoa Island chain in the Pacific Ocean. Potassium-argon ages on 38
whole rock samples oflavas and intrusives demonstrate that the main period of
subaerial volcanism occurred over a relatively short interval of about 0.6 Ma in
the Early Pleistocene. The major shield volcano, Pago, was built between about
1.54 and 1.28 Ma ago; its large caldera formed approximately 1.27 ± 0.02 Ma
ago. Partial filling of the caldera by volcanics occurred from shortly after its
formation until about 1.14 Ma ago, and activity on Pago Volcano ended with
emplacement of trachyte bodies which have ages of 1.03 ± 0.01 Ma. Construc
tion of the smaller satellitic Olomoana and Taputapu volcanoes, on the eastern
and western extensions of the main rift zone through Pago Volcano, took place
over much the same time interval as the volcanism on Pago. The youthful basaltic
volcanism on the Manu'a Islands, east of Tutuila, allows a rate of migration of
the center of volcanism of about 10cmjyr to be estimated. These results are
broadly consistent with a hot spot origin for the volcanoes .

island chains show a southeasterly migration
of shield-building volcanism with time (Me
Dougall 1964; Jackson et al. 1972; Duncan
and McDougall 1976; Jarrard and Clague
1977; Dalrymple et al. 1980; McDougall and
Duncan 1980). Similarly there is good
evidence for youthful volcanism in the south
eastern part of the Samoan chain in the
Manu'a Islands. However, it has long been
noted (Dana 1849; Daly 1924; Stearns 1944;
Chubb 1957) that although the shield
building volcanism on Tutuila and Upolu
clearly is of some antiquity, the most north
westerly island, Savai'i, is dominated by very
young basaltic volcanism, contrasting with
other Pacific island chains. Hawkins and Nat
land (1975) and Natland (1980) explain this in
terms of voluminous rejuvenescent volcanism
emanating from a rift zone formed in response
to deformation of the Pacific plate adjacent to
the Tonga Trench (Figure 1), which marks the
boundary between the Pacific and Australian
plates. Furthermore, these authors suggest
that activity of anure Samoan shield vol
canoes similarly was controlled by plate de
formation, and thus they do not favor the idea
of a hot spot origin for the island chain.
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TUTUILA LIES IN THE PACIFIC OCEAN at
14°20' S, 170°45' W within the Samoa Islands,
which extend as a volcanic chain over at least
370 km from Savai'i in the west northwest
to the Manu'a Islands in the east southeast
(Figure 1).The islands are the culminations of
basaltic volcanoes on a submarine ridge which
rises from old (Early Cretaceous) ocean floor
more than 4000 m deep. Rose Islet , about
150 km east southeast of the Manu'a Islands,
is part of American Samoa, but as a bathy
metrically isolated atoll it may not be directly
related geologically to the Samoan ridge
(Figure 1).

The overall trend of the Samoa Island chain
is subparallel to that of other young volcanic
island chains located on the Pacific litho
spheric plate. These chains are thought to rep
resent hot spot or plume traces (Wilson 1963;
Morgan 1971), recording movement of the
Pacific plate over fixed magma sources in the
mantle. Consistent with such models, these
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FIGURE I . Location map ofthe Samoa Islands in the southwest Pacific Ocean, together with generalized bathymetry.

A comprehensive program ofK-Ar dating
of the shield-building lavas of the Samoa
Islands has been undertaken to elucidate the
temporal history of the subaerial volcanism
and to test the various models for the origin of
the island chain. In this article, however, only
isotopic ages are reported for the island of
Tutuila, American Samoa, and thus this essay
is of much more limited scope.

Previously reported isotopic ages for the
Samoan chain are few. Turner et al. (1983)
referred to K-Ar ages on shield-building
lavas in the range 1.0 to 2.6 Ma from Tutuila
and Upolu, with those from Tutuila generally
younger than those from Upolu. On the basis
of paleomagnetic data, and in particular the
reverse polarity found for most lavas mea
sured from Tutuila, Tarling (1962, 1966)
suggested that most of the activity occurred
during the last (Matuyama) reversed chron,
confirmed by the present work .

GEOLOGY

Tutuila is about 32 km long and ranges
from less than 2 km to a maximum of 9 km
wide (Figure 2). It is the eroded subaerial rem
nant of a large volcanic edifice centered on a
shallow submarine platform more than twice
its present area at the 200 m isobath (Daly
1924). Tutuila is an island of rugged terrain,
with a deeply embayed, drowned coastline
and limited development of fringing reefs.
Steep, narrow valleys, often amphitheater
headed, are common.

The most comprehensive account of the
geology of Tutuila was given by Stearns
(1944), who also summarized the notable
earlier reports by Dana (1849), Friedlander
(1910), and Daly (1924). Stearns (1944)
showed that Tutuila consists of several basal
tic shield volcanoes, now extinct, that were
built over a major rift zone striking about
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FIGURE 2, Generalized geological map of Tutuila, modified from Stearns (1944), showing sample locations and measured ages. Altitudes of prominent
peaks are given in meters.
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N70° E, at an angle to the overall trend of the
Samoan chain (Figure 2). The major named
volcanoes are Olomoana, Alofau, Pago, and
Taputapu, although it will be shown that
Alofau may be part ofPago and not a separate
shield. Each volcano is moderately to deeply
eroded, and on this basis Daly (1924) and
Stearns (1944) suggested that the main vol
canism was Pliocene or earliest Pleistocene.

The lavas are dominantly olivine basalt and
hawaiite (Macdonald 1944, 1967), with low to
moderate dips and thicknesses ranging from
less than 1m to more than 10m in a number of
cases. Some of the more primitive olivine
basalts may be tholeiitic (Natland 1980),
although the bulk of the lavas belong to the
alkali olivine basalt suite (Macdonald 1967;
Natland 1980). Dikes of similar composition
to the lavas are locally very common in the
deeper parts of the lava pile, especially in Pago
Volcano . Their strike generally is about paral
lel to the trend of the island. Stearns (1944)
mapped the Masefau dike complex as the
oldest unit on Tutuila, but he recognized that
this formation may only be a little older than
the overlying lavas of Pago Volcano.

Tutuila is dominated by the eroded Pago
Volcano, which extends laterally over 18km
and rises to 653 mat Matafao Peak , just west
of Pago Pago Harbor (Figure 2). Stearns
(1944) showed that only the northern half of
the Pago shield is preserved. Following con
struction of the main shield volcano a large
caldera developed, up to about 9 km across ,
later to be partly filled by tuffs and lavas . Pago
Pago Harbor has been eroded out of the east
ern part of the caldera. A number of trachyte
bodies were emplaced in Pago Volcano, and
also in Olomoana, with two of them, Masefau
and Pioa, now the highest points in the land
scape. Both Daly (1924) and Stearns (1944)
estimated that Pago Volcano originally may
have been as high as 1200m above present sea
level.

Olomoana and Taputapu volcanoes were
built on the eastern and western extensions of
the main rift zone through Pago Volcano ana
consist of lavas similar to those found on
Pago. Stearns (1944) thought that much of
the shield-building volcanism on Tutuila was
nearly contemporaneous, but he suggested
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that Olomoana was somewhat older and
Taputapu younger than Pago Volcano. In
contrast Natland (1980) argued that the locus
of shield-building volcanism migrated from
west to east in Tutuila, with Taputapu Vol
cano the oldest and Olomoana Volcano the
youngest.

Volcanism was reactivated in Recent times
when the post-erosional Leone Volcanics
were erupted. These consist of cinder cones,
ash, and tuff, as well as an extensive basanite
lava flow that forms a broad plain in the
southwest of Tutuila. The tuff cone compris
ing Aunuu Island off the southeast coast may
belong to the same interval of volcanism.

METHODS

Samples were collected from the denser parts
of the freshest flows, dikes, and other intru
sions exposed in road cuts , stream beds, and
along the coast. Examination of thin sections
showed that overall the samples were unusu
ally fresh and well crystallized; many were
deemed ideal for age measurement. A ma
jority of the samples can be termed basalt
or hawaiite, consisting mainly of plagioclase,
clinopyroxene, and iron oxide, with or with
out olivine. About half the samples contained
olivine and , much less commonly, clinopyrox
ene or plagioclase as phenocrysts. In order to
minimize problems associated with possible
inclusion of excess radiogenic argon in the
phenocrysts, only the phenocryst-free portion
of each sample was dated. The trachytes, like
wise, are well crystallized and fresh, consisting
mainly of very fine grained feldspar. Detailed
petrographic descriptions of rocks from
Tutuila were given by Daly (1924) and Mac
donald (1944, 1967).

In most cases about 10g of sample of frag
ment size 250-500,um was used for Ar extrac
tion ; K was measured flame photometrically
on a representative portion crushed to less
than 150,um . Extraction and measurement of
At by isotope dilution followed procedures de
scribed previously (McDougall and Schmincke
1977). Isotopic measurements of the Ar were
performed on either an AEI MSIO or a VG
Isotopes MM 1200mass spectrometer operated
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in the static mode. Most samples contained a
relatively high proportion of radiogenic argon,
attesting to the freshness of the rocks. The
analytical precision of an individual age gen
erally was better than 2% standard deviation.

RESULTS AND DISCUSSION

Data are listed in Tables 1 and 2; sample
localities and ages are indicated in Figure 2.
The measured K-Ar ages on 38 samples from
the Pago, Olomoana, Alofau, and Taputapu
volcanoes fall into a restricted range from 1.54
to 1.00 Ma. Note that no measurements were
made on the volumetrically minor Recent
Leone Volcanics.

The results from individual shield vol
canoes fall within a narrow age span, showing
gratifying consistency over a wide range of
potassium contents. This finding suggests that
the K-Ar dates are realistic estimates for the
age of volcanism.

Seven samples mapped as belonging to the
extracaldera phase of Pago Volcano by
Stearns (1944) have ages ranging from 1.54 to
1.36 Ma (mean = 1.44 ± 0.07 Ma) . One lava
(TU54) from the south coast, also mapped
as extracaldera, gives a much younger age of
1.14 Ma and probably erupted subsequent to
caldera formation. The oldest age, 1.54 ±
0.02 Ma , was from a basaltic dike (TUI2) in a
dike swarm on the west side of Afono Bay on
the north coast. Samplesfrom two lava flows
adjacent to the coast about I km west yield
ages of 1.40 and 1.36 Ma. An age of 1.53 ±
0.03 Ma was obtained for a vesicular basalt
flow (TU7) from Fagasa Bay on the northwest
coast. This locality probably is from among
the deepest exposed parts of Pago Volcano.

Stearns (1944) mapped the Alofau Vol
cano, about 2 km in diameter, as a separate
shield situated between Pago Volcano and
Olomoana Volcano. Six samples yield ages
ranging from 1.28 to 1.48 Ma (Table I and
Figure 2) with a mean of 1.38 ± 0.08 Ma .
These ages are indistinguishable from those of
the extracaldera phase of Pago Volcano and
suggest that Alofau Volcano is the easterly
extension ofPago Volcano rather than a sepa
rate shield volcano. The geology is consistent
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with this view. Where dips of the lavas can be
. observed, they are small and generally toward

the east or northeast. Further, gravity data
(Machesky 1965) show no evidence for the
postulated Alofau caldera of Stearns (1944)
underlying Fagaitua Bay.

The combined K-Ar ages on the extracal
dera lavas (excluding the result on sample
TU54) ofPago Volcano, including those from
Alofau, yield a mean age of 1.41 ± 0.08 Ma ,
based upon 13 results, with a range from 1.28
to 1.54 Ma.

Seven samples of lavas of Pago Volcano
mapped by Stearns (1944) as intracaldera
have ages between 1.26 and 1.14 Ma (mean =
1.18 ± 0.04 Ma), suggesting a short eruptive
interval. These samples are from nearly flat
lying lavas close to present sea level on the
south coast, so they may be recording a par
ticular stage of the filling of the caldera. If we
accept the K-Ar ages at face value, caldera
formation probably occurred within the in
terval 1.28 ± 0.02 Ma (TU53) and 1.26 ±
0.02 Ma (TU61)-say, at an age of 1.27 ±
0.02 Ma .

Stearns (1944) believed that the extra
caldera volcanics of Pago Volcano could be
divided into older, more primitive olivine ba
salt flows that were pre-caldera in age and
younger, more fractionated basalts that were
erupted after caldera formation. The present
results , however , suggest that the bulk of the
mapped extracaldera lavas , including many of
the more fractionated types, judging from the
potassium contents, are pre-caldera in age.

Samples from five of the trachyte bodies
have been dated (Table 1) and yield concor
dant ages of 1.03 ± 0.01 Ma . The trachytes of
Pioa Mountain and Ta'u Mountain were em
placed along or near the caldera margin,
whereas the Matafao trachyte intrudes the
intracaldera volcanics. The large trachyte
body comprising the steep ridge on the west
ern side ofVatia Bay and the trachyte plug on
the east side of Afono Bay intruded extra
caldera lavas of Pago Volcano on the north
coast of Tufuila. In view of the concoroant
ages found for these five bodies it is probable
that all the trachytes ofTutuila were emplaced
at essentially the same time. The undated
bodies include those of Olomoana and Leila .
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*Olivine and clinopyroxene phenocrysts removed. Except for trachytes, a l l samples are basalt or hawaiite.

TABLE 1. ISOTOPIC AGE DATA ON WHOLE ROCK SAMPLES, PAGO VOLCANO, TUTUILA

Locality

E slopes, Tau Mountain
Boulder , Papa Stream, from Matafao Peak
NW flanks , North Pioa Mountain
N coast , west side Vatia Bay
N coast, east side Afono Bay

Flow, road cut, Avapui Ridge, S coast
10 m flow, Matalesolo Point, S coast
5 m flow, W coast of Aoa Bay
Lava flow?, W coast of Aoa Bay
Dike or flow?, Motusaga Point, Aoa Bay
1 m flow, near Masausi, N coast

E flank Breakers Point, S coast
30 m flow , Breakers Point
Aphyric flow, Tulutulu Point
5 m flow, Niuloa Point
5 m+ flow, Avau, S coast
1 .5 m flow, Oti Point
Thick flow, quarry, 1.3 km W of Nuuuli

5 m flow, Faasouga Point , S coast
50 m+ flow, altitude 210 m, 0.7 kID NW of Aua
5 m flow, altitude -70 m,0.7 km S of Afono
8 m flow, altitude 50 m, Masefau Bay
5 m dike, W side of Afono Bay
2 m flow, Sauma Ridge, altitude 110 m
Flow, Sauma Ridge, altitude 105 m
1.5 m flow, Fagasa Bay, N coast

1.34 ± 0.02
1. 28 ± 0.02
1.44 ± 0.02
1.41 ± 0.02
1.48 ± 0.02
1.32 ± 0.02

1.14 ± 0.02
1.44 ± 0.02
1.38 ± 0.02
1.44 ± 0.02
1.54 ± 0.02
1.40 ± 0.02
1.36 ± 0.02
1.53 ± 0 .03

1.14 ± 0.02
1.17 ± 0 .01
1.20 ± 0.02
1.14 ± 0.02
1.16 ± 0.02
1.18 ± 0.02
1.26 ± 0.02

1.03 ± 0.01
1.02 ± 0.01
1.01 ± 0.01
1.03 ± 0.06
1.04 ± 0.01

Calculated Age
(Ma ± 1 s.d.)

31.5
26.3
44.6
49.3
45.3
19.0

22.2
35.0
27.4
61.4
36.5
37.7
36.4
17.3

20.7
35 .6
28.0
17 .5
19.7
19.4
30.1

71. 3
69 .8
81.4
5.2

76.3

100 Rad. "OAr
Total "OAr

1. 797
3.245
3.419
4.210
3.4 28
2.224

2.939
4.406
2.909
3.591
2.550
2.610
2.639

3 . 011
2.503
2.655
5.747
3.610
2.674
3.799
0.865

6.958
5.685
7.402
6 .445
7.882

Radioyenic "OAr
(10- 2 mol/g)

K
(wt %)

3.867,3.892
3.208,3 .205
4.236, 4.244
3.614,3.597
4 .389,4.364

1.497,1.488
2.173,2.171
1. 396,1. 393
1.816 ,1.815
1. 262,1. 261
1.271 ,1.268
1. 203,1. 206

1.528,1.526
0 .997,1.004
1.107,1.110
2.290,2 .307
1.351 ,1.348
1.098,1.102
1. 608,1. 611
0 .326,0 .327

0.773,0.778
1.460,1.459
1.375,1.371
1. 719,1. 723
1.333,1.329
0.976,0.969

Lab .
no.

82-202
82-203
82-214
82-212
82-210
82-208
82-206

82-199
82-149
82-148
82-195
82-157
82-162
82-161
82-152

82-197
82-198
82-186
82-185
82-184
82-196

82-205
82-222
82-155
82-159
82-146

Note:

Extracaldera volcanics

Volcanics from Alofau

Intracaldera volcanics

TU57
TU58
TU69
TU67
TU65
TU63
TU6l

TU54
TU4
TU3
TU50*
TU12*
TU17
TUl6
TU7

Tr achytes

TU52
TU53
TU4l*
TU40*
TU39*
TU5l

TU60
TU77
TUlO
TUl4
TUI

Field
no.



TABLE 2. ISOTOPIC AGE DATA ON WHOLE ROCK SAMPLES, OLOMOANA AND TAPUTAPU VOLCANOES, TUTUILA

Field Lab. K Radiogenic "OAr 100 Rad. "OAr Calculated Age Localityno . no. (wt %) (10-12 mol/g) Total 40Ar (Ma ± 1 s .d.)

Taputapu Volcanics, Taputapu Volcano

TU19* 82-164 1.124,1.126 2.041 14 .8 1.05 ± 0.02 NW coast, near Fagalii, 5 m flow
TU20 82-165 1.210,1.211 2. 185 18.8 1.04 ± 0 .02 5 m flow , next below TU19
TU2l* 82-166 1.393 ,1.396 2.694 41.2 1.11 ± 0 .01 Thick flow, Faiaiulu Point, NW coast
TU23* 82-168 1.234,1.243 2.166 29.6 1.01 ± 0 .02 Thick flow, Leopard Point
TU25 82-170 1.314,1.319 2.851 40.5 1. 25 ± 0 .02 Thick flow, Logua Falls, S coast
TU29* 82-174 0.694,0.695 1. 424 26.9 1. 18 ± 0.02 1 .5 m vesicular flow, Asili Point

Olomoana Volcanics, Olomoana Volcano

TU36 82-181 1.673,1.672 3.219 16.7 1.11 ± 0 .02 Thick flow, Maatulaumea Point, S coast
TU35 82-180 2.074,2 .086 4.425 35 .9 1.23 ± 0.02 Flow, on coast, N of Lealaeli Hill
TU34 82-179 0 .950,0.94 7 2.092 23.5 1. 27 ± 0.02 5 m flow, E coast, S of Tula
TU32 82-177 1.219,1.216 2. 383 7.0 1. 13 ± 0 .04 50 m + flow, di sused quarrY"Maupua
TU30* 82-175 0.903,0 .907 2.995 43.6 1.47 ± 0 .02 Flow exposed on Solo Point, N coast
TU43* 82-188 1.597,1.587 3.641 55 .0 1. 32 ± 0.02 Flow in disused quarry, S of Aoa

Note: For constants used, see Tabl e 1. Al l samples are basalt or hawaiite.
* Olivine and, if present, clinopyroxene phenocrysts removed .
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On the extension of the main rift zone of
Pago Volcano to the east lies the small
Olomoana Volcano, about 3 km in diameter
and rising to an altitude of 327m. Ages on
samples from six lavas range from 1.47 to
1.11 Ma (Table 2 and Figure 2), yielding an
average of 1.26 ± 0.18 Ma. Thus Olomoana
Volcano was constructed essentially simul
taneously with Pago Volcano, its activity
overlapping in time with both the extracaldera
and intracaldera volcanism of the latter.

The larger Taputapu Volcano, abutting the
western flanks of Pago Volcano, forms a
broad shield rising to an altitude of about
400 m. Six samples from Taputapu Volcano
have ages ranging from 1.25to 1.01 Ma (Table
2 and Figure 2), with a mean of 1.11 ± 0.09
Ma . Samples TU19 and TU20 are from suc
cessive lava flows at Fagalii on the northwest
coast and yield indistinguishable ages. The
two oldest ages found are from lavas on the
south coast (samples TU25 and TU29) and
presumably are from deeper in the lava pile.
These results show that Taputapu Volcano
was active concurrently with the eruption of
the caldera-filling lavas ofPago Volcano, con
tinuing until about the time the trachytes were
emplaced.

CONCLUSIONS

Tutuila is the eroded summit of a large
volcanic edifice. Subaerial volcanism extend
ed from about 1.54 to 1.00 Ma in the Early
Pleistocene. Tutuila is dominated by Pago
Volcano, whose main shield was constructed
subaerially between 1.54 and 1.28 Ma ago.
The lavas of Alofau are considered to form
part of the eastern flanks of Pago Volcano.
The large Pago caldera developed 1.27 ± 0.02
Ma ago and was partly filled subsequently by
tuffs, breccias, and lavas, the youngest dated
samples of which yield ages of 1.14 Ma. Tra
chyte intrusions were emplaced 1.03 Ma ago,
bringing to a dose the volcanism associated
with Pago Volcano.

Both Olomoana and Taputapu volcanoes
may be regarded as essentially satellitic shield
volcanoes to the main Pago Volcano, a
conclusion that is supported by the Bouguer
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gravity anomaly map of Machesky (1965).
Olomoana is a little older than Taputapu Vol
cano, but both were built during the interval
that Pago Volcano was active.

These results demonstrate that the duration
of the main subaerial shield-building volcan
ism ofTutuila was only of the order of0.6 Ma,
although it is unlikely that the full age range of
lavas has been sampled. The subaerial shield
building phase of many other volcanoes in
oceanic regions likewise is found to be short
lived. Examples include the Hawaiian vol
canoes (McDougall 1964), numerous other
volcanoes on the Pacific plate (Duncan and
McDougall 1976; McDougall and Duncan
1980), and Gran Canaria in the Atlantic
(McDougall and Schmincke 1977).

Similarities with Hawaiian volcanoes
extend to the eruption of strongly undersatu
rated magmas on Tutuila, comprising the Re
cent Leone Volcanics , following a long ero
sional interval after construction of the main
shield. In addition the lavas of the exposed
part of the shields of Tutuila principally are
of the alkali olivine basalt suite, similar to
those commonly found overlying the main
shield-building tholeiiti c lavas characteristic
of Hawaiian volcanoes . In this respect,
Tutuila is like many other oceanic volcanoes,
perhaps reflecting different degrees of partial
melting in the source regions and of exposure
of the edifice by erosion.

A briefcomment can be made here concern
ing migration of volcanism in the Samoa
Islands; a more detailed discussion will be
given subsequently when dating of the other
islands in the chain is completed. The Manu'a
Islands lie about 115km east of Tutuila (Fig
ure 1) and are the summits of two basaltic
volcanoes which have developed calderas
(Daly 1924; Stearns 1944; Stice and McCoy
1968). These volcanoes are quite youthful,
confirmed by unpublished K-Ar ages from
this laboratory averaging 0.3 Ma for
OfujOlosega and less than 0.1 Ma for Ta'u.
The mean age forthe subaerial shield-building
volcanism on Tutuila is 1.26 ± 0.15 Ma, the
average of 33 ages for the volcanics, excluding
the results on the trachytes. From these data a
rate of migration of the center of volcanism
from Tutuila to Manu'a of about 10 cmjyr is
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derived. Similarly, unpublished K-Ar age
data from this laboratory for the Fagaloa Vol
canics (Kear and Wood 1959), the shield
building lavas of Upolu, are mainly in the
range 2.8 to 1.7 Ma, with a mean age of 2.2
Ma. As Upolu is about 120 km northwest of
Tutuila (Figure 1), the average rate of migra
tion of volcanism from Upolu to Tutuila is
about 10.5 cmjyr. These rates and the direc
tion of migration of volcanism are broadly
consistent with the predicted values in the
range 9 to 11 cmjyr for the Samoa Island
chain along small circles about several pro
posed rotation poles for the Pacific plate (Jar
rard and Clague 1977; McDougall and Dun
can 1980), based upon volcanic migration
rates and directions observed in other Pacific
island chains. Thus it is concluded that Upolu,
Tutuila, and the Manu'a Islands comprise a
hot spot or plume trace on the Pacific plate,
similar to the Hawaiian and Society Island
chains. Nevertheless the dominance of youth
ful volcanism on Savai'i remains an enigma
and may indeed reflect major rejuvenescence
related to deformation of the Pacific plate ad
jacent to the Tonga Trench, as proposed by
Hawkins and Natland (1975) and Natland
(1980).
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