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The 1973 discovery of an underwater archaeological site during dredging for a ferry landing
at Mulifanua on Upolu raised important unanswered questions about the prehistory of Samoa,
particularly the evolution of Holocene shorelines and relative local sea levels. A cultural
horizon yielding Lapita potsherds, the only decorated Lapita assemblage yet found in Samoa
and dating to ca. 2.8 ka, lies at a depth of 2.25 m below modern sea level beneath a capping
of cemented paleobeachrock. With fluctuating hydro-isostatic sea level taken into account,
the sherd occurrence implies subsidence of a former coastline by ca. 4 m at a mean rate of
1.4 mml/yr. Shoreline features on both Upolu and nearby Savai'i are fully compatible with bulk
Holocene subsidence. We attribute the observed subsidence to downflexure of the lithosphere
from volcano loading centered on the Savai'i locus of historic volcanism, and conclude that
any other Lapita sites that may exist in Samoa have subsided by a comparable amount. Al-
though the Samoan linear volcanic chain resembles other Pacific hotspot tracks where active
volcano loading is confined to their southeastern ends, the most voluminous Holocene erup-
tions in Samoa have occurred on Savai'i at the northwestern end of the exposed island chain.
Samoan volcanism has evidently been influenced by lateral flexure of the Pacific plate as it
moves past the northern extension of the Tonga subduction zone, and the active volcanism
is apparently controlled by a longitudinal rift, which transects both Upolu and Savai’i and is
superimposed upon older volcanic edifices that may record earlier hotspot volcanism. Early
archaeological sites in American Samoa display a variable record of subsidence and possible
uplift apparently related to volcano loading in the Manu’a Islands and possibly to the location
of Tutuila in a position to be affected by uparching of lithosphere between downflexures
beneath more active volcanic islands to the east and west. Bulk subsidence of Upolu and

Savai'i may be the fundamental cause of damaging coastal erosion in modern Samoa. © 1998
John Wiley & Sons, Inc.

INTRODUCTION

In 1973, at Mulifanua on the the northwest tip of Upolu in Samoa (formerly
“Western Samoa”), the dredging of a new berth and turning basin for the interisland
ferry that plies between Upolu and Sava'i fortuitously recovered abundant prehis-
toric potsherds from sediment beneath the shallow reef-locked lagoon that borders
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much of the coastline of Upolu (Green, 1974a). The sherds are a Lapita assemblage
(5% diagnostic decorated sherds), representative of a cultural horizon that ex-
tended for 5000 km from the Bismarck Archipelago on the northwest to Tonga and
Samoa on the southeast during the millenium 1500-500 B.C. (Figure 1). Makers of
Lapita pottery were apparently the first inhabitants of the islands of Remote Oce-
ania lying to the southeast of the Solomon Islands chain (Green, 1992, 1997), but
to date no other sites yielding decorated Lapita pottery have been discovered within
either Samoa or American Samoa.

The position of the sherd-bearing horizon approximately 2.25 m below modern
sea level led archaeologists to infer that the Mulifanua site has been submerged
since its Lapita occupation by subsidence of at least part of Upolu (Jennings, 1974,
Green and Richards, 1975). If analogous subsidence has affected other parts of
Samoa, general submergence of coastlines might account for the failure to find any
other Lapita sites where no dredging has been undertaken offshore (Jennings et
al., 1976; Davidson, 1979). This viewpoint is in apparent conflict, however, with
previous conclusions of geologists, who had interpreted various natural shoreline
features as indicative of widespread emergence of islands in both Samoa and Amer-
ican Samoa by approximately 1.5 m since mid-Holocene time (Stearns, 1944; Kear
and Wood, 1959). This perspective has led to suggestions that any subsidence af-
fecting the Mulifanua site has been strictly local (Nunn, 1990:131; Clark, 1996:448).
Past inferences of emergence, rather than submergence, for Samoan shorelines
also raised the possibility (Leach and Green, 1989; Nunn, 1995:316) that the Muli-
fanua site could be the record of a stilt village built on piles over the lagoon, a
settlement type well known for Lapita sites within Near Oceania (Kirch, 1988; Gos-
den and Webb, 1994; Kirch, 1997:170-175).

Conventions adopted here for age notations are as follows: for geological time,
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Figure 1. Location of Mulifanua ferry-berth Lapita site (Upolu, Samoa) at eastern limit of known Lapita
region (diagonal rules) in southwest Pacific Oceania.
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Ma is millions of years ago and ka is thousands of years ago; for prehistoric time
controlled by radiocarbon dates, B.C. and A.D. have their usual connotations and
B.P. is before A.D. 1950; radiocarbon dates are uncalibrated.

BACKGROUND

Although the effect of Holocene sea-level changes on Pacific island shorelines
has long been considered an important factor for interpreting the environmental
settings of Lapita sites (Green, 1979:32,34,50-53), the issue attracted only desultory
attention for a number of decades. The subject was once again brought to the fore
in a preprinted review paper by Clark (1990), who showed that archaeological data
from island Oceania indicate significant changes in relative local sea level over the
past few thousand years along many island coastlines. In particular, he noted that
a regional mid-Holocene highstand in glacio-hydro-isostatic sea level (quantified by
Mitrovica and Peltier [1991]) broadly affected the Oceanian region, and concluded
that many early coastal sites are likely to be found well inland from modern strand-
lines. He also noted that the submerged Mulifanua ferry berth site on Upolu was
apparently a glaring counterexample to the broad pattern of late Holocene coastal
emergence within Oceania.

A series of recent studies combining insights from archaeological and geological
observations have documented the impact of the mid-Holocene hydro-isostatic
highstand on specific Oceanian locales. For the Bismarck Archipelago (Figure 1)
in Near Oceania, Allen and Gosden (1996), drawing on the detailed work of Gosden
and Webb (1994), argue that the abrupt appearance of Lapita sites during the sec-
ond millenium B.C. reflects the initial creation of modern-day beach environments
as the peak of the mid-Holocene highstand waned. For Tonga (Figure 1) in Remote
Oceania, Dickinson et al. (1994) have shown that the cultural remains of several
Lapita communities, originally established along the strandline near the end of the
second millenium B.C., now occupy backbeach positions well above modern sea
level. Effects of late Holocene sea-level change have also been discussed with re-
gard to matters as diverse as evolving coastal landforms in Fiji (Nunn, 1990), plain
pottery sites in American Samoa yielding undecorated wares dating to the first
millenium B.C. (Kirch, 1993a, 1993b, 1993c; Clark and Michlovic, 1996), the prehis-
toric exploitation of obsidian sources in the Talasea area of New Britain (Torrence
etal., 1996:216-217), and the earliest pottery sites in the Mariana Islands dating to
the mid-second millenium B.C. on Saipan (Amesbury et al., 1996:54-58). Kirch
(1997:162-165) has provided an overall appraisal of current views on paleoshore-
line relations with respect to Lapita sites, and underscores that post-Lapita emer-
gence of island settings is the common context for nearly all known sites. In this
regional context, the inundated Mulifanua ferry berth site seems anomalous and
therefore problematic (Clark, 1990, 1996).

FOCUS

As interpreting the earliest prehistory of Samoa requires understanding the im-
plications of the submerged Lapita horizon at Mulifanua (Jennings et al., 1976), we
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first address that issue directly here. Our reappraisal of the Holocene shoreline
history of Upolu and neighboring Savai’i reveals evidence for wholesale subsidence
of both islands, owing to the load imposed on the lithosphere by continuing erup-
tion of young lava. Submergence of the mid-Holocene archaeological site at Muli-
fanua is thus not anomalous, but to be expected. Our geoarchaeological interpre-
tations highlight the necessity for blending observations derived from coordinated
archaeological and geomorphic investigations to gain an accurate understanding
of prehistoric environmental settings on Pacific islands. In closing, we return to
the broader picture of Lapita and related sites elsewhere, within the conceptual
framework of a mid-Holocene regional highstand in Oceanian sea level, in an effort
to appraise how much local subsidence or uplift may have complicated relations
in other island groups.

MULIFANUA SITE

The stratigraphy of the Mulifanua site (Figure 2) is known from correlation of
the nature of dredged materials with the depth of dredging while excavation was
in progress. The lagoon floor at the dredge site lay an average of 1.525 m below
modern sea level, and the material just beneath the sediment—water interface was
approximately 0.75 m of reef-derived calcareous sand tightly bound together by
interstitial calcareous cement. Most sherds were recovered from a thin humus-rich
layer just below the cemented layer, although a few, along with unabraded sea-
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Figure 2. General underwater stratigraphy of the Mulifanua ferry-berth Lapita site (after Jennings, 1974,
Green and Richards, 1975; Leach and Green, 1989). MSL = mean sea level.
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shells, were incorporated into the base of the overlying cemented crust. The sherd-
bearing horizon forms a band with a width of 30—40 m lying at a mean distance of
115 m offshore and extending for at least 110 m longshore (Jennings, 1974). Its
extent and coherence argue against any notion that the present offshore occurrence
of the sherds stems from scatter by currents from erosion of an onshore site. An
average of 4.575 m of sterile calcareous sand, within which larger coralline frag-
ments and pebbles of basaltic bedrock occur sporadically, underlies the sherd-
bearing horizon and rests in depositional contact on a rubble zone of basaltic boul-
ders that is approximately 2.75 m thick and grades downward into solid lava that
was cored to a depth of at least 10 m below sea level.

The most parsimonious interpretation of the underwater Mulifanua Lapita site is
straightforward. The key is the inference (Green, 1979) that the cemented crust
overlying the sherd-bearing horizon is paleobeachrock, formed originally within
the intertidal zone (Hopley, 1986) but now entirely subtidal. Beachrock is com-
posed of beach sand grains cemented together by precipitation of interstitial calcite
in pores between the sand grains when seawater that filters into the sand at high
tide is warmed by insolation of the beach surface at low tide (Ginsburg, 1953). The
local tidal range is only 1 m (Leach and Green, 1989), whereas the upper surface
of the paleobeachrock layer is 1.5 m below mean sea level. Evidence that the ce-
mented layer is not simply a hardground crust atop the fringing reef is provided by
the presence of 4.6 m of unconsolidated sand beneath the paleobeachrock. From
its position below the paleobeachrock layer, the humus-rich horizon yielding Lapita
sherds, shells, and turtlebone is viewed as a midden accumulation on a sandy
coastal strand that lay above sea level prior to local subsidence that allowed ce-
mentation of beachrock within the intertidal zone. Many modern coastal villages
of Upolu are perched upon an analogous modern coastal sand flat, as discussed
further below. The beach sand upon which the occupation was established evi-
dently onlapped the basaltic bedrock of the island core.

Evaluation of available bathymetry within the modern lagoon suggests that the
beach upon which the site was located lay on a protected lagoon shore opposite a
deep passage through an offshore barrier reef and at the head of an elongate canoe
passage through a coastal fringing reef (Leach and Green, 1989). Offshore islets
along the barrier reef would probably have afforded some additional protection
from surf, although the effects of postoccupation reef growth in modifying details
of the offshore morphology of reef features cannot be hindcast with any confidence.
In any case, the open nature of the lagoon shore, subject to intermittent attack by
storm waves, would not have made construction of a stilt village over the lagoon
an attractive option for habitation.

Radiocarbon ages for shells from coquina within the paleobeachrock overlying
the sherd horizon are difficult to interpret owing to the marine reservoir effect, but
date the Mulifanua site to approximately 2750 B.P. (Petchey, 1995), and our un-
published radiocarbon ages for turtlebone within the humus-rich layer underlying
the paleobeachrock confirm the estimate. From knowledge of the age range of
Lapita assemblages elsewhere, the inferred age of the site would be roughly the
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same on the basis of its decorated pottery in the absence of any direct dating
(Green, 1974b; Petchey, 1995). From the present underwater elevation of the in-
tertidal paleobeachrock, minimum subsidence of 1.8 m can be inferred since its
formation. For dry occupation of the underlying humus-rich midden, subsidence
in excess of 2.8 m is more likely. These figures imply an average subsidence rate
of at least 0.8 (= 0.2) mm/yr since 2.8 ka.

Both these figures, however, are derived with respect to modern sea level and
do not take into account estimates of the position of regional sea level at 2.8 ka
from hydro-isostatic theory. The transfer of crustal load from Pleistocene ice con-
centrated in the polar regions to ocean water widely distributed across the Earth’s
surface led not only to the well-known eustatic rise in global sea level but also to
slow Holocene deformation of the Earth’s mantle that caused relative sea level to
fluctuate through time in various patterns in different regions. Although the latter
effect is nearly two orders of magnitude less than the former, a mid-Holocene (4-
5 ka) highstand in relative sea level, somewhat variable geographically, is retro-
dicted for the equatorial Pacific region (Dickinson et al., 1994). The current best
estimate for the magnitude of the residual highstand in Samoa at 2.8 ka is 0.8-1.6
m with respect to modern sea level (Mitrovica and Peltier, 1991:Figure 8j). Addition
of this estimate to figures for post-2.8 ka subsidence of the Mulifanua site with
respect to present sea level would carry the estimate of minimum net subsidence
into the range of 2.6-4.4 m.

For purposes of discussion here we adopt a figure of 4 m (1.4 mm/yr), obtained
by adding the mean estimate (1.2 m) for the regional hydro-isostatic highstand to
the minimum required to place the site on dry land with respect to modern sea
level. Before discussing archaeological implications of the late Holocene subsi-
dence at Mulifanua, we next outline our reasons for concluding that the local sub-
sidence inferred for Mulifanua is fully compatible with overall geologic relations
in Samoa.

BEDROCK UNITS

Bedrock exposures on Upolu and nearby Savai'i (Figure 3) are exclusively post-
mid-Pliocene (largely Quaternary) lavas of generally basaltic composition, together
with associated cinder cones and local feeder dikes (Kear and Wood, 1959; Keating,
1992). Key units include (a) late Pliocene to early Pleistocene Fagaloa Volcanics
(termed Vanu Volcanics on Savai’'i by Natland and Turner [1985]), (b) Salani Vol-
canics erupted largely during the last interglacial, (c) Mulifanua Volcanics erupted
during the last glacial, (d) early Holocene Lefaga Volcanics, (e) late Holocene
Puapua Volcanics, and (f) historic Aopo Volcanics. Relative ages are based mainly
on degree of weathering and extent of erosional dissection (Wright, 1963).

All units except the oldest display uniformly normal geomagnetic polarity indic-
ative of eruption since 780 ka during the Brunhes normal polarity chron (Tarling,
1965; Keating, 1985). The Fagaloa Volcanics, however, have mixed polarity, and
isotopic ages of 1.7-2.8 Ma (Matsuda et al., 1984:149; McDougall, 1985:319; Natland
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and Turner, 1985) reflect eruption during the preceding Matuyama reversed and
Gauss normal polarity chrons (Natland, 1980). Fagaloa exposures, marked by steep
coastal slopes and deeply incised interior valleys, are limited mainly to northeastern
Upolu, although local outcrops occur around Cape Mulitapuili in southwestern
Upolu, and the comparably dissected Vanu Volcanics lie inland from Matautu Bay
on the north coast of Savai'i (Figure 3). Although the polarity of the Vanu Volcanics
is normal, they were probably erupted during the Gauss polarity chron (2.58-3.58
Ma) rather than during the Brunhes polarity chron (Keating, 1985), as inferred
initially (Kear, 1967).

Almost the entire land surface of Savai'i and fully three-quarters of Upolu are
underlain by the post-Fagaloa units of latest Pleistocene and Holocene age (Figure
3). The surfaces of the young lavas form gentle and largely unbroken slopes ex-
tending from the seashore to the central spines of Savai'i (max. elev. 1825 m) and
Upolu (max. elev. 1150 m) capped by lines of cinder cones cloaked in thick vege-
tation. As the thicknesses of lavas of various ages are poorly known, Pleistocene—
Holocene eruption rates cannot be calculated with any confidence, but the elongate
shield volcano of Savai'i is the most active in the Pacific Ocean, apart from the
island of Hawai'i. Nearly a third of its surface is underlain by post-mid-Holocene
lavas (Figure 3). Voluminous eruptions occurred ca. 1760, in 1902, and during the
interval 1905-1911 (Keating, 1992). Based on the number of postglacial cinder
cones, the average return time for major eruptions is estimated to be approximately
300 years (Kear and Wood, 1959).

UPOLU SHORELINES

On Upolu, cliffed shorelines occur only on outcrops of the older Fagaloa Vol-
canics and at the margin of a late Holocene lava delta along the south coast (Figure
3). Elsewhere, a wide fringing reef transitional to a shallow barrier reef fronts a
lagoon shore exposing bedrock along both the north coast and the western end of
the island, whereas a fringing reef along the southeast coast fronts a narrow coastal
strip of carbonate-sand beach ridges built by storm-wave action (Richmond, 19923,
1992hb). Barrier spits blocking coastal swamps also occur locally at stream mouths.

Kear and Wood (1959) inferred that the coastal strip of Holocene sand deposits
standing at an elevation of ca.1.5 m (their figure) above modern sea level, and
termed by them Tafagamanu Sand, represents the record of a mid-Holocene high-
stand of relative sea level. These coastal sand deposits are episodically overtopped,
however, by storm waves at the present time, and hence do not require the pos-
tulate of a higher relative sea level to explain their occurrence (Richmond, 19923,
1992b). At many localities, moreover, at least the upper levels of the coastal sand
accumulations are cultural deposits locally 1-2 m thick (Davidson, 1969:232, 1974:
200). As a radiocarbon age of only 1180 = 55 B.P. has been obtained from suppos-
edly type “Tafagamanu Sand” (Grant-Taylor and Rafter, 1962), there seems every
reason to regard the deposits as submodern storm-beach berms and backbeach
washover flats forming embankments and veneers directly overlying lava bedrock.
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For centuries, residents of coastal villages have also carried sand up from the beach
almost daily to scatter around their houses, thus covering otherwise muddy ground,
and traditionally made their house floors of coral rubble and shell also obtained
on the shore (Davidson, 1965:65).

Our observations indicate that the coastal beach berms actually reach elevations
of as much as 2.5 m above high-tide level, but that figure is within the range ob-
served for modern beach berms on exposed coasts in nearby island groups such
as Tonga (Dickinson et al., 1994). Nowhere on the coast of Upolu could we find
any prominent erosional benches cut above modern sea level, nor any emergent
beachrock exposed above the intertidal zone. Where not masked by a veneer of
reef-derived sand deposited by storm waves, shoreline outcrops of lava bedrock
are typically bulbous knobs, of irregular shape, washed by the surf as they descend
below sea level. We conclude, with Richmond (1992a, 1992b), that shoreline fea-
tures on Upolu are fully compatible with continuing Holocene subsidence, probably
related to volcano loading of the lithosphere.

Three key features regarded by some as contrary to that view require comment.
At Lotofaga (Figure 3) on the south coast, Davidson (1969:232) reported supposedly
raised reef limestone exposed at low tide on the modern beach. Close examination
of that outcrop reveals, however, that it is actually well-cemented modern beach-
rock, composed entirely of wave-worn fragmental debris in beds lying parallel to
the beach face and within the intertidal zone at a normal elevation with respect to
present sea level. In Fagali'i Bay (Figure 3) on the north coast not far east of Apia,
a prominent block of reef limestone rises well above the modern high-tide line in
an apparently anomalous position with respect to modern sea level. Nunn (1994:
231-232) has shown elegantly, however, by his description and an accompanying
photograph, that the exposure is a tilted block of coralline limestone ripped off the
reef front and thrown atop the reef by storm waves, to be recemented into the
surface of the reef as an upward-projecting appendage after its displacement.
Ephemeral storm ramparts composed of transported coral blocks perched on top
of the fringing reef are commonly built to elevations of 2—3 m above mean sea
level by hurricanes striking the coast of Upolu (Richmond, 1992a). Local evidence
for shoreline emergence on Nu'utele Island off the southeast tip of Upolu (Nunn,
1997) may reflect the position of the islet on the upthrown side of an arcuate normal
fault that delineates a short segment of the nearby south coast of Upolu (Fig-
ure 3).

Cores from mangrove swamps on the south coast of Upolu provide evidence
supportive of a regime of bulk Holocene subsidence of the island under volcano
loading (Bloom, 1980). Radiocarbon ages for peaty mud deposited slightly below
high-tide level increase monotonically with depth. When observed depths are ad-
justed for inferred hydro-isostatic changes in relative sea level, the internally con-
sistent data imply subsidence at a mean rate of 1.4 mm/yr for the interval 5-1.5 ka
(Figure 4). This subsidence rate is the same as the minimum rate we infer since
2.8 ka from stratigraphic relations at Mulifanua. As the subsidence curve derived
from mangrove peat projects to a present elevation below the intertidal zone, it
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Figure 4. Plot of age-depth relations of peaty mangrove muds on south coast of Upolu after Bloom
(1980). Dimensions of blocks show uncertainties in age (*values for radiocarbon B.P.) and depth.
Central dots in blocks for hydro-isostatically adjusted depths below mean sea level denote mean esti-
mates. Arrows indicate movement of data points owing to hydro-isostatic depth adjustments. Magnitude
of hydro-isostatic adjustments after Mitrovica and Peltier (1991), with the oldest two points adjusted
for the peak mid-Holocene highstand (2.0-2.5 m) inferred from theory.

evidently incorporates some systematic error, such as sediment compaction, not
corrected by adjustment of observed elevations to account for the hydro-isostatic
mid-Holocene highstand in relative sea level.

SAVAI'l SHORELINES

Reconnaissance of Savai’i shorelines also suggests bulk Holocene subsidence of
Savali'i, which the concept of subsidence from volcano loading on Upolu would
seemingly require, for post-mid-Holocene volcanism has been more widespread on
Savai'i than on Upolu (Figure 3). Extensive segments of the Savai’i shoreline where
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Holocene lavas have flowed into the sea are so-called “ironbound” coasts, named
thus by early European seamen and marked by low but steep rocky cliffs 3—15 m
high. The cliffs of the ironbound coasts form when lavas flow off the land surface
as lava deltas spanning the width of fringing reefs or lagoons confined behind reef
barriers. When the flows, ponded temporarily within lagoons or above fringing reef
flats, finally plunge into deep water beyond the reef edge, they spill over abruptly
to preserve an almost vertical cliff that persists as an ironbound coast (Kear and
Wood, 1959:29). A similar cliff is preserved along the seaward margin of the Ho-
locene lava delta around Cape Nu’utoi on the south coast of Upolu (Figure 3).

Cliffed coasts are comparatively rare where post-Pliocene but pre-Holocene la-
vas are exposed along the coastline of Savai'i. Instead, irregular bedrock surfaces
typically slope gradually into the sea or terminate in irregular ragged seacliffs. This
relationship implies subsidence of pre-Holocene ironbound coasts, for wave ero-
sion of seacliffs without a relative rise in sea level would accentuate the height of
the seacliffs. No emergent beachrock occurs above the intertidal zone on Savai'i,
and emergent wavecut benches and notches observed slightly above modern sea
level on some cliffed headlands were eroded out by storm surf along brecciated
flow tops or interflow layers of tuff and breccia less resistant to erosion than the
massive lava above and below (Rodda, 1988).

Along the east coast of Savai’i and near Cape Mulinu’u at the western tip of the
island, coastal deposits of reef-derived calcareous sand (“Tafagamanu Sand”) form
beach ridges and backbeach washover flats with berm crests standing 1.5-2.5 m
above modern high-tide level. As on Upolu, these sand accumulations are regarded
here as active or submodern features formed by storm wave attack at present sea
level. In settlements around Cape Mulinu’u, waves associated with major hurri-
canes overtopped the coastal sand ridges and demolished structures well inland
from the shoreline during just the past 5 years. Coastal sand lying a meter above
present sea level and stratigraphically beneath late Holocene Puapua Volcanics just
north of Pu’apu’a on the east coast of Savai'i (Figure 3) has yelded a radiocarbon
age of only 1850 = 80 B.P. (Grant-Taylor and Rafter, 1962).

Problematic outcrops with uncertain implications for relative Holocene sea-level
change occur near Gataivai on the south coast of Savai'i (Figure 3) where a prom-
inent coastal bench almost 60 m wide occurs on top of late Holocene Puapua
Volcanics (Nunn, 1994:130). Basaltic ash in which coral fragments are imbedded is
partially encased in lava at an elevation of 4 m above sea level on top of the bench,
and rounded gravel occurs at the base of a low cliff along the inland edge of the
bench at an elevation of 5 m above sea level (Kear and Wood, 1959:30). The ash
and gravel deposits have yielded overlapping radiocarbon ages of 710-760 (= 50)
B.P. (Grant-Taylor and Rafter, 1962), and fossil coral on the surface of the under-
lying lava platform has yielded a slightly older radiocarbon age of 1310 + 50 B.P.
(sample GAT-1, P.D. Nunn, personal communication, 1997). If the sediments and
coral formed near sea level, a rapid mean uplift rate of 5 = 2 mm/yr is implied.
Given the lack of evidence for any Holocene uplift elsewhere on Savai'i, we spec-
ulate that the emergent ash and gravel may instead have been rafted bodily upward
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from the lagoon floor on top of a Holocene lava flow that burrowed beneath un-
consolidated lagoon sediment in crossing the lagoon to form an ironbound coast.
From work in the northwest United States, it is well known that subaerial flows of
lava deltas expanding seaward commonly descend beneath surficial sediment as
underflows that spread out to form invasive sills beneath a cover of unconsolidated
sediment (Niem et al., 1994). If such a shallow sill ponded within a lagoon until the
cliffs of a typical ironbound coast formed offshore, overlying lagoon sediment
would be carried upward to a height comparable to the elevation of the coastal
bench at Gataivai.

VOLCANO SUBSIDENCE

Subsidence owing to volcano loading is not expected to be episodic in response
to intermittent eruptions because deformation of the underlying mantle in response
to added loads is not instantaneous. Analysis of crustal rebound following removal
of Pleistocene ice and lake-water loads indicates that the relaxation time for mantle
deformation driving the uplift is of the order of 10°-10* years (Crittenden, 1963).
As subsidence in response to added load is just the inverse of uplift in response to
removal of load, and the spacing of major Holocene eruptions on Savai'i is of the
order of only 102 years, steady gradual subsidence is expected from continuing
eruptive activity. Both historic and geologic evidence show that active volcanism
on Savai'i has extended throughout Holocene time.

Subsidence of lithosphere under the superposed load of a volcanic edifice does
not occur in pistonlike fashion, but in the form of a dimplelike depression created
by flexure of the elastic or viscoelastic lithosphere above the weak fluid substratum
of the underlying asthenosphere (Watts and Cochran, 1974). The centroid of the
volcanic load lies above the deepest part of the dimple, which is surrounded by an
upflexed annular arch with more than an order of magnitude less positive relief
than the negative relief of the depression. In Pacific island settings, the crest of the
arch lies in the range of 200—-250 km from the approximate center of the causative
volcanic edifice in the case of Rarotonga in the Cook Islands (McNutt and Menard,
1978, 1979; Lambeck, 1981), and in the range of 250-300 km for the island of
Hawai’i (Moore, 1970).

Analysis of data from Hawali'’i indicates a subsidence rate of 2.2-2.6 mm/yr at
Hilo (Moore, 1987; Moore et al., 1996), which lies 40—60 km from the active volcanic
centers of Kilauea and Mauna Loa. Mulifanua lies a comparable distance of 50 km
from the highest cinder cones on the central spine of Savai'i (Figure 3). The lower
subsidence rate of 1.4 mm/yr that we infer here for Mulifanua seems compatible
with the lesser eruption rate on Savai'i as compared to Hawai'i. Net volcano sub-
sidence rates cannot be calculated directly from observed eruption rates, which in
any case are not well known for Savai’i and Upolu, because the volumetric rate of
subsidence of the flexural cone of depression surrounding Hawai'i is several times
the known eruption rate (Moore, 1970). Subvolcanic intrusions and unobserved
submarine volcanism evidently contribute to the total volcanic load.
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The inferred subsidence rate for Upolu and Savai'i cannot be extrapolated to
other islands along the Samoan chain. In Hawali'i, the subsidence rate of 2.2-2.6
mm/yr on the active volcanic island declines to 0.75 mm/yr for Maui, at a distance
of 175 km but still within the cone of depression. Oahu (350 km) and Kauai (500
km) lie beyond the dimple of subsidence, and both islands preserve paleoshoreline
indicators reflecting mid-Holocene (3-5 ka) highstands of relative sea level in the
range of 1.4-1.8 m (Jones, 1992; Calhoun and Fletcher, 1996; Fletcher and Jones,
1996). As this amount of emergence closely matches the regional highstand for
Hawai'i anticipated from hydro-isostatic theory (Mitrovica and Peltier, 1991:Figure
8q), significant post-mid-Holocene subsidence for either Oahu or Kauai is appar-
ently precluded.

In Samoa (Figure 5), the Manu’a Islands at a distance of 305-330 km would be
expected to lie beyond the influence of subsidence owing to volcano loading at
Savai'i, but Tutuila at a distance of 200—215 km from the center of Savai'i may lie
near the crest of an annular arch surrounding Savai’i. A long gravity profile trans-
verse to the Samoan chain through Upolu seemingly confirms that the crest of the
flexural arch produced by volcano loading lies 205-210 km from the volcanic ed-
ifice (Robertson, 1987). Analysis of subsidence or uplift for either Tutuila or the
Manu’a Islands is complicated, however, by limited Holocene volcanism near Leone
on Tutuila and active volcanism in Manu’a, where a submarine eruption occurred
between Ta'u and Olosega in 1866 (Stice and McCoy, 1968).

SAMOAN VOLCANIC CHAIN

Our use of analogies between Hawali’i and Savai’i for subsidence analysis requires
defense in terms of the overall geologic evolution of linear Pacific island chains,
each of which is viewed as a hotspot track formed as the mobile Pacific plate of
lithosphere passed northwestward over multiple stationary hotspots in the under-
lying mantle (Jarrard and Clague, 1977). In Hawai'i, for example, the present po-
sition of the mantle hotspot is assumed to underlie the southeastern extremity of
the island chain beneath the active Kilauea volcano on land and nearby Loihi sea-
mount, where historic eruptions have occurred offshore.

As typical hotspot volcanic chains evolve, older volcanic edifices tend to subside
slowly, as the underlying lithosphere cools in moving away from the hotspot, leav-
ing the highest and bulkiest islands on the southeast above the hotspot, with
smaller islands, atolls, and submerged seamounts trailing off toward the northwest
along each chain. The progressive thermal subsidence of the successive islands
tends to occur, however, at rates one to two orders of magnitude slower than the
subsidence under volcano loading inferred for Hawai'i and Savai'i—Upolu. From
their positions hundreds of kilometers from a presumed hotspot locus at the south-
eastern end of the Samoan volcanic chain, hotspot theory would seemingly predict
such slow rates of subsidence for Savai'i and Upolu as well.

The general morphology of the linear volcanic chains was known long before
the hotspot hypothesis was developed, and the Samoan chain was identified as
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anomalous in some respect at least 40 years ago (Chubb, 1957). In Samoa, the
largest, highest, and most volcanically active island of Savai'i is located at the
northwestern end of the exposed part of the chain, with successively smaller is-
lands to the southeast and Rose Atoll beyond them along the projection of the
bedrock island chain (Figure 5A). Despite its resemblance to other hotspot tracks,
the linear Samoan volcanic chain may owe its origin to rupture or dilation of the
Pacific plate of lithosphere as it is flexed laterally in moving past the curved north-
ern end of the Tonga Trench subduction zone (Figure 5A), or to thermal pertur-
bations induced in the mantle beneath the plate by the flexural deformation of the
moving plate (Natland, 1980; Natland and Turner, 1985). Unlike classic hotspot
chains, Samoa displays Holocene volcanism of variable intensity along almost the
full length of the exposed island chain (Figure 5B).

The hotspot interpretation of Samoan volcanism has been preserved in modified
form by close attention to the petrologic evolution of individual volcanic centers.
Work in Hawai’i has shown that the initial shield-building phase of island volcanism,
during which the bulk of each volcanic edifice is constructed, usually erupts sub-
alkalic (tholeiitic) basalt, which is succeeded later in the history of each volcano
by eruption of a veneer of alkalic basalt. The distinction between tholeiitic and
alkalic basalt is based upon differences in petrochemistry, and in the nature of
associated derivative lavas produced by crystal fractionation or other modification
of the parent magmas, and is not readily apparent to nonpetrologists in the field.

Although most exposed Samoan volcanics are alkalic olivine basalts and their
differentiates (Macdonald, 1968; Hawkins and Natland, 1975), the pre-mid-Pleisto-
cene lavas of the Fagaloa and Vanu Volcanics on Upolu and Savai'i are transitional
in petrochemistry between tholeiitic and alkalic basalt (Natland, 1980). The tran-
sitional lavas are viewed as the only exposed record of the shield-building phase
of Savai'i-Upolu volcanism, with eroded shields mostly buried by younger alkalic
basalts erupted from a linear rift marked by the curvilinear array of cinder cones
(Figure 3) extending for 170 km along the aligned crests of Savai’'i and Upolu (Nat-
land and Turner, 1985). By reasoning from this perspective, and regarding only the
oldest lavas of each volcanic center as the products of hotspot volcanism, the
Samoan islands can be interpreted as the eastern segment of a hotspot track com-
posed of seamounts and islands extending for ca. 1000 km parallel to Pacific plate
motion (Figure 5A). A monotonic age progression in the normal sense for Pacific
hotspot tracks (oldest to the northwest) can be inferred if only the oldest lavas
known at each volcanic edifice are used to construct a time-distance curve (Figure
5B). The younger lavas on Upolu and Savai'i have poured over the eroded remnants
of older shields (Figure 3).

Even so, petrologic relations are atypical for hotspot chains. In Manu’a, where
only eroded late Pleistocene shields are present, all the exposed lavas are alkalic
(Stice, 1968). On Tutuila, where a deeply dissected Pleistocene shield volcano is
flanked by coalescing satellite cones (McDougall, 1985), all the exposed volcanics
are also alkalic (Macdonald, 1944). In fact, no unequivocal tholeiitic basalts occur
anywhere in the Samoan Islands (Natland, 1980:720). Moreover, ratios of radiogenic
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strontium (Figure 5C), thought to reflect the nature of mantle sources, vary system-
atically from east to west in Samoan volcanic rocks (Hedge et al., 1972), implying
derivation from multiple sources rather than from a single mantle hotspot. Dredged
samples from seamounts of the Samoan linear volcanic chain west of Samoa are
also dominantly alkalic lavas, although one sample of tholeiitic basalt was recov-
ered from Combe Bank (Sinton et al., 1985; Johnson et al., 1986).

We conclude that subsidence due to volcano loading cannot be restricted in
Samoa to some cryptic early shield-building phase of transitional basaltic eruptions,
but must continue through the eruptive phase of voluminous alkalic magmas. Re-
gardless of the nature of the largely invisible underpinnings of the Savai’i and Upolu
volcanic edifices, eruptions of alkalic magmas from the longitudinal rift zone tra-
versing the two islands have been most voluminous toward the west on Savai'i
(Natland, 1980), in a geographic position favorable to drive subsidence at Muli-
fanua. The lithosphere does not respond flexurally to the petrochemistry of erupted
lavas, but to their weight regardless of petrologic affinity.

ARCHAEOLOGICAL IMPLICATIONS

Nearly 4500 sherds have been recovered from the Mulifanua ferry berth site, of
which nearly 5% are decorated in distinctive Lapita style (Petchey, 1995). The pro-
portion of decorated sherds is typical of Eastern Lapita assemblages elsewhere, in
part because only pot rims and the upper parts of bodies above the shoulders were
typically decorated. Petrographic analyses of sand tempers in representative sherds
show that the sands are detritus derived from Upolu bedrock units, and could have
been collected nearby (Petchey, 1995), although sources elsewhere on northwest
Upolu are not precluded (Dickinson, 1974, 1976). The sands resemble in a generic
sense tempers from younger Samoan sherd assemblages (Dickinson, 1969, 1993).
These observations indicate that the pottery-makers were living at or near Muli-
fanua, making both their decorated and undecorated ceramics from indigenous
materials (Jennings and Holmer, 1980), and preclude the possibility that the dec-
orated fraction of the Mulifanua sherd assemblage represents pottery brought by
itinerant travellers, suggested as one possibility by Clark (1993, 1996:450).

Although it is impossible to predict how many early Lapita sites may exist in
Samoa, or how many of them harbor decorated wares, it seems unlikely to us that
settlers would confine their occupation to only one locale within such a large ar-
chipelago for any extended period of time. Our subsidence analysis implies that
any other Lapita sites on Upolu or Savai'i now lie below the intertidal zone where
sedimentation, surficial coral growth, or formation of beachrock, as at Mulifanua,
may have prevented their fortuitous discovery in the absence of dredging. Some
Lapita sites could even lie deeply buried under Holocene lava flows.

Recent work in American Samoa (Tutuila and Manu’a Islands of Figure 5A) sug-
gests, however, that Lapita decorative practices either died out rapidly in Samoa
following initial settlement, or that decorated pots were made only at certain places
for special purposes that are unknown. Earlier work in Samoa had suggested that
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a cultural transition from decorated Lapita ware to undecorated Polynesian Plain-
ware did not occur until perhaps 300 B.C. (Green, 1974b). This inference initially
came under challenge with the excavation of plain pottery sites on Upolu and
nearby Manono (Figure 3) dating to early in the first millenium B.C. (Jennings and
Holmer, 1980:111-115). In American Samoa, moreover, the deepest cultural levels
of sites that have yielded only undecorated sherd assemblages at ‘Aoa on Tutuila
(Clark and Michlovic, 1996) and at To’aga on Ofu in the Manu’a Islands (Kirch et
al., 1989; Kirch, 1993c; Kirch and Hunt, 1993b) date to ca. 1000 B.C.

Data from multiple excavations suggest that the manufacture of pottery may have
ceased throughout most of Samoa during the interval A.D. 250-500 (Green, 1974b;
Hunt and Kirch, 1987; Kirch, 1993c; Kirch and Hunt, 1993b), although relations at
‘Aoa Valley on Tutuila are permissive of continued local manufacture until the
protohistoric interval A.D. 1400-1650 (Clark and Michlovic, 1996). The eventual
decline in ceramic usage may stem in part from difficulties that ancient potters
experienced in finding usable clay deposits (Claridge, 1984). Widespread ceramic
manufacture in Samoa for well over a millenium suggests, however, that restriction
in vessel form to bowls and later replacement by wooden bowls were related in-
stead to an increasing dependence on pit ovens for cookery, together with adoption
of nonceramic means for food serving and storage (Green, 1974b).

AMERICAN SAMOA SHORELINES

Paleoshoreline analyses of occupation sites in American Samoa yielding only
Polynesian Plainware, but contemporaneous with the Mulifanua Lapita site, imply
comparable subsidence in the Manu’a Islands, where the prevailing volcanism is
recent enough to drive subsidence by volcano loading (Kirch, 1993a; 1993b), but
coastal emergence on Tutuila (Clark and Michlovic, 1996), where the principal
volcanism occurred more than a million years ago (McDougall, 1985).

The To'aga site on Ofu in the Manu’a Islands (Figure 5) is located at the inner
margin of a narrow coastal flat, 75-175 m wide, bordered by a continuous sand
beach, which is armored locally by sloping intertidal beachrock cuestas and fronted
by an offshore fringing reef (Kirch et al., 1990). Modern beachrock locally extends
slightly above high-tide level on both Ofu and nearby Ta'u (Stice and McCoy, 1968:
442, 456), but not above the swash zone of waves that overtop the narrow fringing
reef at high tide. Alternate wetting and drying of beach faces influenced by mild
surf provides essentially the same local control for beachrock formation as inter-
tidal fluctuation alone on surf-free shorelines.

The To’aga site is backed by a steep slope of colluvium and talus at the foot of
towering precipitous cliffs that are nearly 400 m high, and ceramic-bearing horizons
dating from approximately 1000 B.C. to A.D. 500 are buried beneath the toe of the
slope apron derived from the cliffs (Kirch and Hunt, 1993a). The site is interpreted
as a coastal settlement, with the coastal flat now separating it from the shore in-
terpreted as a progressively accreted complex of beach ridges deposited as the
beach prograded seaward over the past 2000 years (Kirch and Hunt, 1993a). Subtle
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topographic features on the coastal flat may be the record of successive positions
of paleobeach ridges along the prograding shoreline. The oldest excavated cultural
horizon overlies paleobeach sand at a present elevation within 0.5-1.5 m of the
modern high-tide level, although the modern beach berm stands 2.5-3.5 m above
the modern high-tide line on the present beach face. Allowing for a hydro-isostatic
decline in relative sea level of 0.6—1.8 m since 2—3 ka (Mitrovica and Peltier, 1991),
the site has probably subsided 2.6 (+1) m since 2 ka and 3.8 (+ 1) m since 3 ka,
at a mean rate of 1.3 mm/yr, nearly the same rate derived here for Mulifanua.
Although the To’aga site is not underwater, it is masked by colluvial cover that hid
it as effectively from surface surveys as water could, and points to another possible
reason why few sites of comparable age have been found in Samoa (Kirch and
Hunt, 1993b).

In ‘Aoa Valley on Tutuila (Figure 5), accelerated erosion, reflecting the impact
of human settlement on the local landscape, has also buried an ancient occupation
site beneath thick sediment cover deposited at the foot of mountainous slopes
(Clark and Michlovic, 1996). On Tutuila, however, variably degraded bedrock
benches, interpreted as emergent mid-Holocene wavecut platforms (Stearns, 1944;
Nunn, 1997), stand distinctly above modern high-tide level on many headlands,
offshore islets, and selected seastacks. No comparable features are present in the
Manu’a Islands (Stice and McCoy, 1968). An elevation difference of 1.8 (=0.1) m
was measured between the best preserved mid-Holocene wavecut bench and its
modern counterpart at Ma’ama’a Cove on the islet of Aunu’u (offshore from eastern
Tutuila), where both features are cut into inclined beds of tuff forming a local
tephra cone of probable early Holocene age. From this observation, late Holocene
emergence of Tutuila-Aunu’u lies within the range (1.5-2.6 m) expected for sea-
level drawdown following the regional mid-Holocene highstand in hydro-isostatic
sea level (Mitrovica and Peltier, 1991:Figure 8j), and thus implies a lack of signifi-
cant post-mid-Holocene subsidence or uplift. The mid-Holocene highstand in local
relative sea level apparently inundated ‘Aoa Valley prior to post-mid-Holocene de-
cline in sea level that fostered human settlement of the bayhead valley (Clark and
Michlovic, 1996).

Volcano loading by the young (< 0.1 Ma; McDougall, 1985) shield volcano of Ta'u
(Figure 5) can account for subsidence of nearby Ofu (0.3 Ma; McDougall, 1985),
which lies only 25 km away. Excavation of the only known ceramic-bearing site
on Ta'u (Hunt and Kirch, 1988) has been too limited to define its history relative
to changing local sea level. Tutuila and nearby Aunu’u, distant 120—-150 km from
Ta'u, probably lie near the inflection point for the cone of subsidence surrounding
Ta'u, meaning that depression of Tutuila—Aunu’u from volcano loading at Ta'u is
expected to be negligible or minor. Moreover, Tutuila—Aunu’u may lie along an
upflexed arch surrounding the cone of subsidence around the volcanic center of
Savai’i, as discussed above, meaning that slight flexural uplift may roughly com-
pensate for any flexural subsidence induced by volcano loading at Ta’'u. We con-
clude that the emergent mid-Holocene paleoshoreline features on Tutuila and
Aunu’u faithfully record the approximate height of the regional hydro-isostatic high-
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stand within the limits of error inherent for hydro-isostatic and flexural-loading
theory. The observed emergence of Tutuila—Aunu’u by ca. 1.8 m since mid-Holo-
cene time is closely matched by the comparable emergence of ca. 1.7 m noted for
remnants of raised reef flats at Rose Atoll (Mayor, 1921), which lies 150—-160 km
east-southeast of Ta'u (Figure 5) and well beyond the influence of Savai'i.

ENVIRONMENTAL IMPLICATIONS

Knowing that Upolu and Savai'i are subsiding influences thoughts not only about
prehistoric events, but also about future environmental conditions. Widespread and
locally severe coastal beach erosion is a current environmental problem on Upolu
(Richmond, 19923, 1992b). The removal of coastal vegetation, the mining of beach
sand for construction, the building of seawalls that alter wave behavior, and the
construction of groins and piers that interrupt longshore sediment transport and
beach replenishment doubtless exacerbate the problem, but the root cause may be
island subsidence (Richmond, 1992a, 1992h:119). The reach and intensity of waves
breaking on the coast may be gradually enhanced as subsidence allows slow trans-
gression of the sea over the land surface. Such transgression may be reflected by
the occurrence of beachrock cuestas stranded tens of meters offshore within the
intertidal zone at selected sites along the north coast of Savai’i, notably in Matautu
Bay, and on the south coast of Upolu, notably east of Vaie'e Peninsula (Figure 3).
Beachrock that formed originally as a sloping armor on beach faces may have
become separated from the shoreline at these and other localities by marine trans-
gression and consequent removal of the seaward edges of coastal flats by wave
attack during storms. The actual or potential impact of island subsidence on coastal
erosion underscores the relevance of archaeological studies for environmental
planning.

CONCLUSIONS

The recent archaeological literature for Oceania has begun to reflect an informed
appreciation of the mid-Holocene (ca. 6-3 ka) highstand (ca. 1.5-2.5m) in regional
hydro-isostatic sea level. Its implications for sites of the Lapita horizon (ca. 3.5-
2.5 ka) are being discussed in some detail based on studies combining archaeolog-
ical and geomorphological observations. Emergent beach zones with Lapita arti-
facts and Lapita sites now stranded well inland are clearly common. The Mulifanua
case, however, underscores a point made by Boyd et al. (in press): “detailed local
studies are needed before generalised regional models can be proposed for the
impact of Holocene sea level changes on Lapita settlements.” In particular, the
potential for local subsidence or uplift affecting individual sites must be assessed
correctly before the impact of the mid-Holocene highstand can be gauged properly
from place to place.

The notion of a stilt village built offshore to explain the submerged artifacts at
Mulifanua without post-Lapita shoreline submergence seems unlikely for three rea-
sons: (1) Emplacement of piles into shifting unconsolidated sand, which is now
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buried beneath the paleobeachrock layer at the site, would present difficulties for
construction that were not encountered at typical stilt villages rooted in shallow
reef flats of Near Oceania (Gosden and Webb, 1994:40; Kirch, 1988:333); (2) there
is no reason to suppose that the Mulifanua site maintained its position relative to
sea level as wholesale subsidence of Savai'i and Upolu proceeded; and (3) Lapita
stilt villages are common in Near Oceania, and at younger plain pottery sites in
Micronesia, but are thus far unknown for Lapita settlements in Remote Oceania,
where Lapita house styles apparently lost any tendency for raised floors, to be built
directly on the ground surface (Green and Pawley, in press).

Subsidence for Lapita sites, as at Mulifanua, may prove to be a rare phenomenon,
although volcano loading of an oceanic plate is not the only mechanism of subsi-
dence that may be operative within Oceania. Tectonic subsidence of segments of
the island arcs lying farther west may prove to be a factor, and would tend to hide
its effects by removing sites from view by submergence. Better documented thus
far is tectonic uplift of segments of the island arcs, as reflected by originally coastal
Lapita sites that now stand well above the reach of hydro-isostatic fluctuations in
sea level. Salient examples include the Kandrian region along the southwest coast
of New Britain, where 2—3 m of post-Lapita tectonic uplift is inferred (Boyd et al.,
in press), the island of Nendo in the Santa Cruz Group where the Nanggu Lapita
site lies 0.5 km inland and 5-6 m above modern sea level (Green, 1976:249-250,
1979:51), and the island of Malo in Vanuatu where Lapita sites are located on a
raised reef platform at elevations of 10—12 m above modern sea level (J.D. Hedrick,
draft manuscript, 1981). The submergence of the Mulifanua site is an apt reminder,
however, that subsidence rather than uplift may affect some Pacific islands.

We appreciate conversations and correspondence with Jeffrey T. Clark and Patrick D. Nunn. Figures
were prepared by Jim Abbott of SciGraphics in Tucson and Jacqueline Dickinson assisted all the geo-
logical field work.
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