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Abstract

The Waimanalo Formation (limestone) of Oahu has been correlated with the last interglacial period based on
U-series dating of corals by T.-L. Ku and colleagues. The limestone consists of growth-position corals and overlying
coral conglomerate. An apparent bimodal distribution of ages for the growth-position corals (mean age= 133 ka) and
the overlying coral conglomerate (mean age=119 ka) has been interpreted to represent two distinct high stands of
sea that occurred within the last interglacial period. Both growth-position corals and overlying, conglomerate coral
occur in an outcrop east of Kaena Point and consist mainly of Pocillopora and Porites. U-series ages of growth-
position corals that show closed-system conditons are 120+ 3 ka and 127 +4 ka; overlying conglomerate corals have
U-series ages that range from 12043 ka to 138 +4 ka. At Kahe Point, conglomerate corals have ages of 12043 ka
and 134 +4 ka. These data show that the growth position corals are not systematically older than the conglomerate
corals; thus, there is no evidence for two distinct high stands of sea.

Waimanalo deposits at Kahe Point and Mokapu Point (new U-series ages of 134+4 ka and 127+ 3 ka) have beach
deposits as high as 12.5 m and, at Mokapu Point, growth-position corals as high as 8.5 m. A last-interglacial sea-
level stand of +8.5 to +12.5 m conflicts with estimates of +6 m from a number of tectonically stable coastlines and
islands in the western Atlantic Ocean. We infer, therefore, that Oahu may be undergoing uplift at a low rate. This
uplift may be due to compensatory lithospheric flexure, because the island of Hawaii has been subsiding throughout
much of the Quaternary from volcanic loading. Because of this possible uplift, Oahu and islands like it elsewhere in
the Pacific cannot be used as reference points for sea level during the last interglacial period.

1. Introduction

The buildup of CO, and other greenhouse gases
in the atmosphere has led many investigators to
hypothesize that significant global warming could
take place during the next century. Recent studies
of the record of submerged reefs off the island of
Barbados show that sea-level rise due to ice sheet
melting can be rapid (Fairbanks, 1989). It is
therefore important to study periods of the recent
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geologic past where there may be good analogs to
future global warming and understand the timing
and magnitude of sea-level rise at those times. The
last interglacial period has been specifically com-
pared by modellers to possible future greenhouse
climates (Hansen et al., 1988).

The last interglacial period is recorded as emer-
gent coral reefs on many tropical islands and
coastlines. On Oahu, the distribution of emergent
reef limestones (Fig. 1) was mapped by Stearns
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Fig. 1. Distribution of emergent coral reef limestones on the
island of Oahu as mapped by Stearns (1974) and localities
referred to in the text. DH=Diamond Head; MRP=Makai
Range Pier; 4 P= Alala Point; K4 H=Kahuku Point.

(1939, 1974, 1978). The youngest reef, limestone
of the Waimanalo Formation of Lum and Stearns
(1970), has been correlated with the last intergla-
cial period based on 2°Th/?**U ages of corals
from a number of localities by Ku et al. (1974).
Their reported ages range from 112+6 ka to
137+11 ka. These workers did not provide a
detailed stratigraphy of each locality, but described
each sample as having come from either a growth-
position (or at least cemented) coral or unce-
mented, wave-deposited coral conglomerate; the
latter frequently overlie in situ reefs with corals in
growth position.

A recurring theme in Quaternary sea-level
studies is a bipartite high sea level during the last
interglacial. This concept arose from two observa-
tions of reef data. On the Huon Peninsula of New
Guinea, an elevated suite of coral reefs is well
expressed geomorphically and has been dated by
U-series methods (Chappell, 1974; Bloom et al.,
1974; Stein et al., 1993). New Guinea reef complex
VII of this suite has been correlated with the last
interglacial period based on this dating; it is com-
posed of a barrier reef (VIIb), a lagoon, and a
fringing reef (VIla). Chappell (1974), Bloom et al.
(1974) and Stein et al. (1993) inferred that a
disconformity may exist between reefs VIIb and
VIla. Chappell (1974) and Chappell and Veeh
(1978) therefore interpreted the reef complex to
represent two distinct high stands of sea during

the last interglacial period. Support for the “dual
sea-level peak” during the last interglacial period
has also been derived from the presence of what
has been interpreted to be an apparent age division
of Ku et al’s (1974) U-series data for Oahu
(Stearns, 1976; Chappell and Veeh, 1978; Moore,
1982; Chappell, 1983; Chappell and Shackleton,
1986; Smart and Richards, 1992). These workers
divided the ages of Ku et al. (1974) into two
groups: an “in situ” group (including corals in
growth position, or at least cemented in the lime-
stone facies) whose ages average about 133 ka and
a “coral conglomerate” group, derived from the
uncemented, overlying conglomerate, whose ages
average about 119 ka. As pointed out by Chappell
and Veeh (1978) and Pillans (1987), a dual sea-
level peak during the last interglacial period is not
apparent in the foraminiferal oxygen isotope
record of deep-sea cores, where the last interglacial
period is recorded by deep-sea oxygen isotope
substage 5e. The deep-sea oxygen isotope record
correlates with orbital forcing models; therefore, a
dual sea-level peak during the last interglacial
period would be a major challenge to the orbital
forcing theory.

We collected corals from most known localities
of the Waimanalo Formation for U-series dating.
Mapping of the Waimanalo Formation at a pre-
viously unstudied locality is presented and new
U-series ages that bear on the issue of a bipartite
sea level during the last interglacial are reported.
We also discuss a mechanism whereby an apparent
higher-than-expected sea level on Oahu could have
occurred during this time period.

2. The Waimanalo Formation

We visited most known localities of the
Waimanalo Formation on Oahu, based on map-
ping by Stearns (1939, 1974, 1978) and locality
descriptions by Ku et al. (1974). We measured
most limestone elevations by hand leveling and
tape using sea level as a datum; mean tidal ranges
on Oahu are less than 0.5 m, so corrections are
not required. Many outcrops reported by previous
workers are now obscured by new buildings,
removed by construction activities or wave activity,
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Fig. 2. Geologic map showing distribution of Tertiary and Quaternary deposits on the north shore of Oahu east of Kaena Point.

or are modified such that detailed stratigraphy
cannot be described. Other localities have survived
but provide only minimum estimates of the eleva-
tion of the Waimanalo high sea stand. For exam-
ple, small reefs crop out at the Makai Range pier
at Kaupo Beach Park at +2.5 m, and at Alala
Point near Kailua at +3.5. At Diamond Head,
near the lighthouse, a small patch of coral-bearing
conglomerate is exposed at + 3.5 m, but is overlain
by ~2 m of eolianite. At Kahuku Point, growth-
position corals are exposed, but occur below sea
level and up to +2.5 m above sea level, where
they are overlain by eolianite. The best exposures
are near Mokapu Point, southeast of Kaena Point,
and directly east of Kaena Point (Fig. 1). In his
1:62,500 scale map of the geology of Oahu, Stearns
(1939) mapped the reef east of Kaena Point, but
curiously did not include this in his 1974 and 1978
maps (Fig.1). We found that the Waimanalo
Formation is better exposed and better preserved
here than anywhere else on the island. Using
1:12,000-scale aerial photographs as a base, we
remapped the Quaternary deposits along the coast
just east of Kaena Point (Fig.2). In this area,
there is a nearly continuous exposure of the
Waimanalo Formation that extends along the coast

for ~4km. The limestone east of Kaena Point
has two facies, a lower facies consisting of
coral/algal heads in growth position and an upper
facies of uncemented, seaward-dipping conglom-
erate (Fig.3). The clasts in the conglomerate
are well-rounded pebbles and cobbles composed
mostly of the corals Pocillopora and Porites. We
found no evidence of subaerial exposure, such as
a paleosol or weathered surface, at the contact
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Fig. 3. Cross section of deposits east of Kaena Point, showing
stratigraphic relations and U-series ages of corals.
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Fig. 4. Geologic map of the area around Mokapu Point, showing fossil localities and localities where elevation measurements were
taken. Geologic data modified from Wentworth and Hoffmeister (1939) and Langenheim and Clague (1987).

between the two facies. The maximum exposed
elevation of the reef is about 4.5 m, but this is a
minimum estimate, because the inner edge of the
reef is not exposed, owing to burial by younger
talus, fan, and eolian deposits (Fig. 3).
Approximately 3.5 km southeast of Kaena Point
(Ku et al’s locality C9), the Waimanalo
Formation is also exposed. At this locality, the
inner edge of the marine deposits is also covered
by colluvium, but we measured 2.5 m of coral-
bearing marine conglomerate that overlies a shore
platform (cut on basailt) with an elevation of 5-6
m. Thus, marine deposits around Kaena Point
have an elevation of at least 7.5 m.

Exposures of the Waimanalo Formation occur
at various places around Mokapu Point (Fig. 4).
At the northernmost localities south of the point
(e.g. HA-16 on Fig. 4), the deposits are gently
dipping, generally well-sorted and poorly
cemented, coral-bearing sands with few gravels;
we interpret them to be beach or sublittoral sands.
The deposits are 2-3 m thick in most places and
have maximum elevations of 12.5 m above sea
level. Farther south at localities HA-18 and HA-19
(Fig. 4), the beach or sublittoral sands are
underlain by a 1-2 m-thick marine conglomerate
with growth-position coral heads (Porites) and
coral and basalt pebbles and cobbles (Fig. 5). The
maximum elevation of the upper beach or sublit-
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Fig. 5. Cliff exposure of Quaternary deposits at Mokapu Point
showing stratigraphic relations, elevations of marine deposits,
and U-series ages of corals. U-series ages followed by (K) are
from Ku et al. (1974); those followed by (MS) are from the
present study.

toral sands here is also about 12.5 m; growth-
position corals at these localities occur as high as
8.5 m. Ku et al. (1974) reported an age of 131438
ka for a Porites and an age of 13447 ka for a
Pocillopora, both apparently from the lower con-
glomerate facies of the deposit.

At Kahe Point, a patchy marine conglomerate
is found on basalt at an elevation of 10.5+1.5 m
(Fig. 6). This areally limited deposit consists of
rounded cobbles of both coral and basalt weakly
cemented by calcium carbonate. No corals in
growth position were found in this deposit, and
there is no stratigraphic evidence of more than
one unit in the conglomerate. Seaward of this
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Fig. 6. CIiff and roadcut exposures of marine deposits near
Kahe Point, showing elevations of marine units and U-series
ages of coral. U-series age followed by (EK) is from Easton
and Ku (1981); those followed by (MS) are from the
present study.

deposit, in situ reef limestone is exposed in the
modern sea cliff, but available exposures are not
sufficient to determine if the in situ limestone is
correlative with the conglomerate found higher up
on the hillslope (Fig. 6). Easton and Ku (1981)
reported a single U-series age of 142+12 ka on a

Porites clast collected from the higher
conglomerate.
Table 1

3. Uranium-series dating

We collected well-preserved specimens of
Pocillopora and Porites from most exposures of
the Waimanalo Formation on Oahu for dating
by the uranium-series methods. The results from
collections made east of Kaena Point, Mokapu
Point, and Kahe Point are reported here. Uranium
and thorium concentrations and isotopic activity
ratios were determined by isotope-dilution alpha
spectrometry using a combined **°U-?**Th spike
as a yield tracer. All uncertainties given are based
on propagated errors from counting statistics and
are one sigma.

Modern specimens of Porites and Pocillopora
were collected from Mokuleia Beach, which is
~3 km east of the easternmost exposure of the
Waimanalo Formation mapped in Fig. 2 (Table 1).
These samples, HA-14(1) and HA-14(2), have U
concentrations of 2-3ppm, no measurable
amounts of #*°Th, and have #*U/**®U activity
ratios that are, within analytical uncertainty, in
the range of values reported for Pacific Ocean
water (Chen et al., 1986). The concentrations of
U are within the range reported by other workers
for modern tropical corals and serve as a criterton

Uranium concentrations, isotopic activity ratios, and ages of corals from various lacalities on Oahu

Sample Loc.? Genus® Calcite U BAY/B8Y BOThARTh 29Th/B4U Age®
(¥0) (ppm)
activity ratios (ka)

HA-14(1) MB Por. <2 2.7240.04 1.1340.01 >1 <0.001 <0.01
HA-14(2) MB Poc. <1 2774004 1.13+0.01 >2 <0.001 <0.01
HA-3R MP Algae? 100 0.74+0.01 1.124+0.02  >1 <0.003 <0.3

HA-21(2) KP Por.© <1 2.7740.05 1.06+0.02 >300 0.724+0.01 135+4
HA-20(2) KP Por.*® 1 2.5540.03 1.12+0.01 > 600 0.68+0.01 12043
HA-20A KP Por.* 6 2.78+0.03 1.114+0.01 > 1000 0.70+0.01 12744
HA-15(1) KP Por. 4 2.88+0.06 1.13+0.02 >300 0.74+0.02 14048
HA-15(4) KP Por. <1 291+0.04 1.1040.01 > 300 0.7340.01 138+4
HA-15(2) KP Poc. <1 2.57+0.04 1.104+0.01 > 600 0.68+0.01 12044
HA-15(3) KP Poc. <1 2.7240.04 1.11+0.01 > 300 0.68+0.01 120+3
HA-18D(1) MP Poc. <1 29540.04 1.114+0.01 >300 0.70+0.01 12744
HA-18A(2) MP Poc. <1 29+04 1.11+0.01 >300 0.724+0.01 134 +4
HA-7X KAP Poc. <1 2.4840.03 1.1240.01 > 800 0.684+0.01 12043
HA-7Y KAP Por. 1 2.78+0.03 1.11+0.01 >200 0.7240.01 134+4

*MB =Mokuleia Beach; KP=Kaena Point; MP=Mokupa Point; KAP=Kahe Point. ®Por.= Porites sp.; Poc.= Pocillopora sp.
Calculated using half-lives of 244,000 yr (3%U) and 75,200 yr (***Th). “Unidentified coralline algae. “Samples taken from coral

heads in growth position.
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to assess whether fossil corals from Oahu have
lost U during diagenesis. A specimen of modern
coralline algae was also collected at Mokapu Point
and analyzed. It has a significantly lower con-
centration of U than coral (Table 1), but has
a P4U/2%®U value similar to modern sea water,
within analytical uncertainty. It also contains no
significant amounts of Th. These data suggest that
fossil algae has the potential to be a suitable
material for U-series dating.

U-series data for fossil corals can be evaluated
by mineralogic, geochemical, and isotopic criteria
in order to determine if apparant ages are reliable.
Corals should be unrecrystallized, because conver-
sion of primary aragonite to calcite can result in
loss of U. X-ray diffraction analyses indicate that
all samples but one are 96-100% aragonite;
HA-20A originally had only 85% aragonite, but
heavy liquid separations resulted in a subsample
with 94% aragonite. U concentrations should be
in the range found in modern corals (2-3 ppm),
and all our samples meet this qualification
(Table 1). Samples should be free of inherited
239Th, derived from silicate mineral contaminants;
contaminant-free samples are indicated by
239Th/?32Th values that are greater than about 20.
All fossil corals we analyzed have 23°Th/**’Th
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Fig. 7. Isotopic evolution plot showing sympathetic variation
of 234U/2%U and 2*°Th/?%*U as a function of time for corals
with initial #**U/*®U values of 1.155 (upper dashed line) and
1.135 (lower dashed line). Solid vertical lines are isochrons.
Closed circles are samples from the Waimanalo Formation in
Table 1; error bars represent one standard deviation. For
clarity, error bars for 2*°Th/?**U values are not presented.

values well above 200 (Table 1). In recent years,
the most serious concern over closed-system condi-
tions in fossil corals has been from apparent high
initial 24U/*?8U values (Ku et al, 1990; Bard
et al., 1991; Chen et al., 1991; Hamelin et al., 1991;
Stein et al., 1993). Corals take up U (but no Th)
in isotopic equilibrium with sea water, which has
B4U/P8U values of 1.135-1.155 (Chen et al.,
1986). If a fossil coral has been a closed system
with respect to 28U, 23*U, and 2*°Th, there is a
specific evolutionary pathway that will be followed
(Fig. 7). Samples that have experienced closed-
system conditions should have **U/%*U values
that, within analytical error, overlap the pathways
shown as dashed subhorizontal lines in Fig. 7.
Results indicate that all but two of the samples we
analyzed [HA-15(1) and HA-21(2)] meet closed-
system conditions and therefore can be regarded
as having reliable ages.

4. Results and discussion

4.1. The concept of a dual sea-level peak during the
last interglacial period

The U-series ages from the Waimanalo
Formation do not support the concept of a dual
sea-level peak on Oahu during the last interglacial
period. At Mokapu Point, our U-series ages agree
with those of Ku et al. (1974). One sample of
Pocillopora from the lower conglomerate facies
(that contains growth-position corals) gives an age
of 134+4 ka and a Pocillopora from the upper
beach or sublittoral sand facies gives an age of
127 +4 ka (Table 1; Fig. 5). The overlapping ana-
lytical uncertainties of these samples do not allow
us to interpret these deposits as representing two
distinct high stands of sea. At Kahe Point, where
we analyzed corals from the upper conglomerate,
ages of 12043 ka and 134+4 were obtained
(Table 1; Fig. 6). Closed-system corals in growth
position cast of Kaena Point have ages of 120+3
ka and 127 +4 ka, and ages of closed-system corals
from the overlying conglomerate facies range from
120+3 ka to 138+4 ka (Table 1; Fig. 3). Thus,
our data indicate that there is no systematically
older suite of ages for the in situ facies and no
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systematically younger suite of ages for the overly-
ing conglomerate facies. We interpret the range of
ages found in both facies to represent a single high
stand of sea, in agreement with the conclusions of
Kaufman (1986) and Chen et al. (1991). A compi-
lation of both our age data and those of Ku et al.
(1974) reinforces this conclusion, particularly
when compared with the oxygen isotope record,
which shows only one peak during substage Se
(Fig. 8).

4.2. The magnitude of sea-level rise during the last
interglacial period

Islands such as Oahu which are distant from
plate boundaries formerly were considered to be
the most reliable coastlines from which to obtain
absolute data on the magnitude of sea-level high
stands (Veeh, 1966). This reasoning is based on
the assumption that coastlines on intraplate islands
or along passive continental margins are tectoni-
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Fig. 8. Plot showing a part of the spECMAP orbitally-tuned
deep-sea oxygen isotope record that covers the last interglacial
period (data from Martinson et al., 1987) in comparison to
U-series ages of Waimanalo Formation corals from the present
study and Ku et al. (1974). Only samples with concordant
2341J/38U values are presented. Error bars on U-series ages
are +1o. Bold numbers on lower curve are oxygen isotope
stages or substages.

cally stable and therefore emergent marine deposits
record higher-than-present sea stands. Notches
that are thought to represent the Waimanalo high
sea stand are frequently quoted as having a +7.6
m elevation, based on data presented in Ruhe et al.
(1965), but this figure is really the mean value of
a great many measurements, and most are of
nickpoints on interfluves measured on topographic
maps, rather than wave-cut benches with marine
deposits identified in the field. Stearns’ (1978)
principal reference locality for the Waimanalo high
stand of sea (Fig. 1) is actually two undated
notches cut into eolianite with reported elevations
of 6.7 m and 8.2 m; Stearns did not describe
marine deposits associated with the notches. Based
on an unsuccessful field search, we conclude that
this eolianite with its notches no longer exists.

At Kahe Point, Porites from the ~11 m deposit
gives an age of 134+4 ka and Pocillopora gives
an age of 120+3 ka (Table 1). Although these
ages indicate that the corals grew during the
same high stand of sea that is represented by
the Waimanalo Formation at Kaena Point and
Mokapu Point, the unbedded and poorly sorted
character of this deposit do not rule out deposition
by storm waves. However, at Mokapu Point we
measured three exposures of Waimanalo deposits,
with the highest coral-bearing sands at elevations
of 12.5, 12.4, and 10 m (locs. HA-16, HA-18, and
HA-19, respectively, on Fig. 4) above sea level.
Growth-position corals occur at elevations at least
up to 8.5 m above sea level (Fig. 5). We emphasize
that as far as a paleo-sea level elevation is con-
cerned, the growth-position corals at Mokapu
Point give only a minimum estimate. The majority
of reef-building corals of the Pacific (including
most species of Pocillopora and Porites) grow in
water depths ranging from less than a meter to as
much as 27 m, although some grow at much
greater depths (Wells, 1954). Because we lack
exposures with sufficient detail that would enable
us to reconstruct the original reef geomorphology,
the growth-position corals at Mokapu Point yield
only a minimum estimate of paleo-sea level.
However, assuming a water depth of at least 1 m,
the growth-position corals at Mokapu Point indi-
cate a minimum paleo-sea level of about 9.5 m,
relative to present. The coral-bearing sands found



322 D.R Muhs, B.J. Szabo/Marine Geology 118 (1994) 315-326

up to 12.5 m around Mokapu Point do not appear
to have been deposited by storm waves or by a
giant wave from a submarine landslide (Moore
and Moore, 1984; Moore and Moore, 1988); they
are well-sorted, bedded sands that lack significant
coral or basalt gravels. We interpret these deposits
to be typical beach or sublittoral sands. Overall,
the elevations of the growth-position corals give a
minimum estimate of paleo-sea level of about 9.5
m, and the beach or sublittoral sands give a
maximum estimate of paleo-sea level of about
12.5 m.

In late Quaternary sea-level and coastal tectonic
studies, the last interglacial is frequently cited as
having a maximum sea level of +6 m relative to
present (e.g., Broecker et al., 1968; Bloom et al.,
1974; Dodge et al., 1983; Muhs et al., 1992a; Ota
and Omura, 1992). The higher-than-present sea
level is thought to have been due to a lower ice
volume (relative to present) of either the Greenland
or West Antarctic ice sheets (Emiliani, 1969;
Mercer, 1970, 1978; Koerner, 1989; Johnson,
1991). The magnitude of sea-level rise is based on
a rough average of elevations of ~ 125-ka marine
deposits from a variety of what are thought to be
tectonically stable intraplate and passive margin
localities reported by Veeh (1966) in a pioneering
study. More recent studies have in general con-
firmed Veeh’s (1966) earlier conclusions. The best
data are from wave-cut notches or emergent reef
deposits with shallow-water corals in growth posi-
tion on tectonically stable islands in the western
Atlantic Ocean. On San Salvador and Great
Inagua Islands in the Bahamas, Chen et al. (1991)
report that last-interglacial, shallow-water corals
(e.g. Acropora palmata) in growth position record
a paleo-sea level of about 6 m above present sea
level. This paleo-sea level is supported by the
presence of a wave-cut notch, found elsewhere in
the Bahamas, at 5.6 m (Neumann and Moore,
1975). On Bermuda, Harmon et al. (1983) report
that ~125-ka, shallow-water patch reefs and
marine calcarenites are 5+ 1 m above modern sea
level. In a number of other locations, paleo-sea
level indicators for the last interglacial period
provide only minimum or maximum elevations
either because dated corals are not shallow-water
species (in which case elevations are minimum

estimates), or corals have been reworked into
beach deposits (in which case elevations may be
maximum estimates). Szabo et al. (1978) report
maximum elevations of 2-3 m for 120-to 125-ka
corals in growth position on the Yucatan
Peninsula. The Key Largo Limestone has growth-
position corals of last-interglacial age (Osmond
et al., 1965; Broecker and Thurber, 1965; Muhs
et al,, 1992b) and has a maximum elevation of
about 5.5 m on Windley Key, Florida (Hoffmeister
and Multer, 1968). Muhs et al. (1992a) report
U-series ages of 117-127 ka for corals from a +6
m marine conglomerate on tectonically stable
Guadalupe Island off Baja California. In a compre-
hensive review of last-interglacial shorelines
around Australia, Murray-Wallace and Belperio
(1991) concluded that in areas thought to be
tectonically stable, sea level was never higher than
~6 m and may have been lower. Parts of the
Australian coastline that have last-interglacial
deposits higher than 6 m are attributed by them
to tectonic uplift in the past ~125 kyr. We con-
clude from all these studies that sea level during
the last interglacial period had a maximum eleva-
tion of about 6 m, relative to present. Thus, the
+8.5 to +12.5 m Waimanalo marine deposits at
Mokapu Point and Kahe Point on Oahu differ
from the best estimates of paleo-sea level at ~125
ka by 2.5-6.5 m.

4.3. Uplift of Oahu due to lithospheric flexure from
volcanic loading

Lithospheric flexure can explain the higher-than-
expected Waimanalo deposits on Oahu because
the island of Hawaii (Fig. 1) is active volcanically.
Tide gauge data, evidence of subaerial exposure
surfaces and soils below sea level, submarine ter-
races, submarine canyons, and seismic refraction
data on crust depths all indicate that volcanic
loading on the island of Hawaii is causing subsi-
dence of the Hawaiian Ridge (Moore, 1987).
Recent studies of submerged coral reef terraces off
Hawaii have documented that the island is subsid-
ing at a rate of about 2-3 m/kyr (Szabo and
Moore, 1986; Moore and Campbell, 1987; Ludwig
et al., 1991). Subsidence due to volcanic loading
on Hawaii could result in an upward lithospheric
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flexure on distant islands in the Hawaiian chain
(Moore, 1970). Using tide gauge data, Moore
(1970) showed that the islands of Hawaii and
Maui are undergoing subsidence, whereas Kauai
and Midway are undergoing uplift. Moore (1987)
updated this analysis with additional tide gauge
data and reached the same conclusions, although
the new data result in lower rates of subsidence
for the islands of Hawaii and Maui. A longer-term
(1947-1979) sea-level trend for Midway Island is
—0.58 mm/yr (Barnett, 1984). This trend, when
compared to the global trend, suggests an uplift
rate on the order of 2.2 mm/yr, in support of
Moore’s original (1970) conclusion. An updated
long-term (1905-1980) sea-level trend for Oahu,
based on tide gauge data, is 1.6 mm/yr (Barnett,
1984). Mean global sea-level rise from 1880-1980
records, obtained from tide gauge stations located
away from tectonically active or isostatically
rebounding areas, is 1.8 mm/yr (+0.1 mm/yr)
(Douglas, 1991). The long-term trend for Oahu,
therefore, is not significantly different from the
global trend, so a low rate of uplift may not be
detectable from tide gauge data. However, if sea
level during the last interglacial at ~125 ka was
+6 m relative to present, and Waimanalo deposits
at Mokapu Point indicate a relative paleo-sea level
of +9.5 m (+8.5 m for growth-position corals,
plus a minimum of 1 m water depth) to +12.5 m,
then a late Quaternary uplift rate for Oahu of
0.028-0.052 m/kyr is implied. This rate is similar
to that calculated from last-interglacial coral reef
data for the southern Cook Islands where
Woodroffe et al. (1991) attributed uplift to lith-
ospheric flexure from volcanic loading.

Older marine deposits at +30 m on Oahu were
reported by Stearns (1978) and are the basis for
his Kaena high stand of sea. Stearns (1973)
reported a single U-series analysis (done by H.H.
Veeh) of a coral from +30 m Kaena-age deposits
from the Lualualei Valley on the leeward (west)
coast of Qahu; the 2°Th/**U age is reported by
Veeh through Stearns (1973) to be >200 ka and
a 24U/?8U value of 1.03 is reported to indicate
an age of 600+100 ka. We observed these and
other + 30 m Kaena high stand deposits on Oahu
and confirmed their general elevations. The sedi-
mentology of these deposits and their limited, but

similar elevations at at least three localities on
Oahu suggest that they are not deposits left by a
giant wave from a submarine landslide of the sort
that has been documented on Lanai and other
islands by Moore and Moore (1984) and Moore
and Moore (1988). If they are indeed ~ 600 ka in
age, they provide evidence for long-term uplift of
Oahu, because a middle Pleistocene high stand of
sea that is 30 m higher than the present one is
unlikely, given the present volume of ice sheets
that are most likely to be susceptible to melting
during an interglacial. The present Greenland ice
sheet could cause a rise in sea level of only 7-7.4
m (Reeh, 1985; Warrick and Oerlemans, 1990),
and the present West Antarctic ice sheet could
cause a rise in sea level of only 5-10 m (Mercer,
1978; Drewry et al.,, 1982; Lingle, 1985). This
interpretation is supported by examination of the
oxygen isotope composition of foraminifera in
deep-sea cores, because these data record, at least
in part, relative ice volumes, and therefore relative
sea level. Examination of the record from equato-
rial Pacific core V28-239 shows that the Kaena
high sea stand, if 600+ 100 ka, could correlate
with deep-sea stages 13, 15, or 17 (Fig. 9). None
of these interglacial periods shows evidence of a

Possible Kaena high stand correlations
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Fig. 9. The record of oxygen isotopic composition of foramini-
fera in equatorial Pacific core V28-239 as a function of age,
and possible correlations of the Kaena sea level high stand of
Oahu with interglacial periods (recorded as odd-numbered
stages in bold numerals). Age estimates calculated by assump-
tion of a uniform sedimentation rate of 0.93 cm/kyr, based on
the Brunhes/Matuyama boundary in the core at 726 cm, and
an age for this boundary of 780 ka (Spell and McDougal,
1992). Oxygen isotope data from Shackleton and Opdyke
(1976).
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significantly higher-than-present sea level. In fact,
all three stages may record lower-than-present sea
levels, although the oxygen isotope record is to
some degree dependent on ocean water temper-
atures as well as ice volumes. Assuming that sea
level was within +35 m of the present at the time
the Kaena deposits were laid down, and given
Veeh’s age uncertainties, we calculate a long-term
uplift rate of 0.036-0.070 m/kyr, similar to the
late Quaternary rate (Fig. 10).

5. Conclusions

Our studies of the Waimanalo Formation on
Oahu lead us to several conclusions. There is no
compelling stratigraphic or U-series evidence for
a bipartite stand of sea levels during the last
interglacial period. U-series data for both growth-
position corals and overlying coral conglomerate
show the same ranges of ages. We conclude that
the range of ages represents a single high stand
of sea.

Last-interglacial marine deposits, which include
corals in growth position, occur at significantly
higher elevations at some localities on Oahu than
those on tectonically stable coasts and islands
elsewhere. A plausible explanation is that lith-
ospheric flexure, in response to late Quaternary
volcanic loading on the island of Hawaii, has
uplifted Oahu at an average rate of ~0.03-0.05

40
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Fig. 10. Plot of inferred uplift as a function of coral U-series
age from Oahu and the southern Cook Islands. Older Oahu
data from Stearns (1973); Cook Islands data from Woodroffe
et al. (1991). Slopes of lines are uplift rates.

m/kyr. This hypothesis is supported by the pres-
ence of older marine deposits at ~30 m that
cannot be explained by a higher-than present sea
level during the middle Pleistocene. Existing age
data for these older deposits allow calculation of
a long-term uplift rate that is similar to the late
Quaternary uplift rate.

If lithospheric flexure is occurring in the
Hawaiian Islands, then other Pacific island chains
with active hot spots could be similarly affected,
as has been documented for the southern Cook
Islands by Woodroffe et al. (1991). Examples
include the Marquesas Islands, the Society Islands,
the Galapagos Islands, and the Tuamotu
Archipelago. Elevations of last-interglacial and
older marine deposits on these islands should not
be used as reference points for the magnitude of
sea-level rise.
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