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samples that we analyzed, 17 are category Thorium-230 Ages of Corals and Duration of the A, 12 are (below the curve 

Last Interglacial Sea-Level High Stand in F I ~ .  2), and 4 are unreliable and not 

on Oahu, Hawaii discussed further. 
Growth-position corals from -7.3 m 

Barney J. Szabo,* Kenneth R. Ludwig, Daniel R. Muhs, above sea level at Mokapu Point yielded 
ages of 129.9 + 1.5 and 131.0 2 2.7 ka, and 

Kathleen R. Simmons corals from -8.6 m above sea level have 
aees of 125.0 + 3.8 and 123.2 + 2.6 ka 

Thorium-230 ages of emergent marine deposits on Oahu, Hawaii, have a uniform dis- 
tribution of ages from -114,000 to -131,000 years, indicating a duration for the last 
interglacial sea-level high stand of -1 7,000 years, in contrast to a duration of -8000 years 
inferred from the orbitally tuned marine oxygen isotope record. Sea level on Oahu rose 
to 2 1  to 2 meters higher than present by 131,000 years ago or -6000 years earlier than 
inferred from the marine record. Although the latter record suggests a shift back to glacial 
conditions beginning at -1 19,000 years ago, the Oahu coral ages indicate a near present 
sea level until -1 14,000 years ago. 

T h e  peak of the last interglacial period 
(marine oxygen isotope substage 5e) has 
been considered to be a possible analog for 
a future greenhouse climate resulting from 
the buildup of CO, and other gases (1). 
Estimates for the timing [peak at -125 
thousand years ago (ka)] and duration (-8 
x lo3 vears) of the last interelacial have 
been dekived'main~~ from an orbvitally tuned 
6180 chronology of deep-sea cores, SPEC- 
MAP (2-4). If the oxygen isotopic compo- 
sition of seawater is controlled principally 
by changes in global ice volume, the SI80 
variation in foraminifera provides a proxy 
record for changes in global sea level (5). 
However, from U-series ages of calcite at 
Devils Hole, Nevada (6, 7), Winograd et al. 
(7) inferred that the last interglacial began 
earlier (-140 ka) and lasted longer (-20 X 
lo3 years) than the SPECMAP 6180 record 
indicates. This result challenees the orbital- - 
forcing theory of Milankovitch as being the 
primary trigger for major climatic changes 
that occurred during the Pleistocene (7). 

Emergent fossil coral reefs on tectonical- 
ly stable coasts provide a geologic record of 
a higher-than+xesent sea level during the 
last interglaciation. If a coral reef grows 
vertically, responding to a rising interglacial - - - 
sea, then high-precision U-series dating of 
suitable coral samples can potentially reveal 
the timing of sea-level rise during ?n inter- 
glacial (8). In this study, we report ages of 
fossil corals from Oahu and use these results 
to ascertain the timing and duration of the 
last interglacial period. 

Well-preserved coral reefs or coral-bear- 
ing marine deposits fringe much of Oahu 
(Fig. 1). We collected and analyzed samples 
of Porites sp, and Pocillopora sp. (both fre- 
quently found in typical shallow-water hab- 
itats of reefs) at 19 localities (Fig. 1) (9). 
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Most last interglacial marine deposits on 
Oahu are gently dipping, generally well- 
sorted and well- to poorly cemented, coral- 
bearing conglomerate. We observed and 
collected corals in growth position only in 
deposits near Mokapu Point and Kahuku 
Point and at exposures of a reef east of 
Kaena Point (Fig. 1) (10). 

Two tests for the reliability of U-series 
coral ages are that U concentrations should 
fall within the range of modern corals and 
that calculated initial 234U/238U activity ra- 
tios in fossil corals should be close to that of 
modern seawater (8). Modern seawater has 
a 234U/238U ratio of 1.148 t 0.002 (1 1). 
We classify fossil corals with calculated ini- 
tial 234U/238U ratios in this range as cate- 
gory A samples and consider that their 
230Th/238U ages are reliable (Table 1). Cat- 
egory B samples have initial 234U/238U ra- 
tios from 1.150 to 1.160 (as much as 1.0% 
higher than modern seawater) and are mod- 
erately reliable (accurate to within <2000 
years) (8, 12, 13). Ages of samples with 
234U/238U ratios greater than 1.160 are un- 
reliable because of the likelihood of a sig- 
nificant open-system history for U (and 
possibly Th).  Of the 33 last interglacial 

" 
(uncertainties are 2u). Growth-position 
corals from 1 to 3 In above sea level at 
Kahuku Point yielded ages of 120.3 + 2.5, 
122.1 + 1.3, and 121.7 2 1.5 ka, and two 
corals from east of Kaena Point, between 1 
and 3 m above sea level, yielded ages of 
110.5 + 3.8 and 114.8 2 2.1 ka. From these 
age determinations, we estimate that the 
apparent local paleosea level was at least 7 
m higher than at present by -130 ka and 
remained higher until at least -115 ka. 
Because living Porites and Pocillopora occu- 
py a considerable depth range (1 to 27 m 
below sea level), all of our paleosea level 
estimates on growth-position corals are 
minima. 

The distribution of coral ages between 
about 131 and 114 ka is fairly uniform (Fig. 
3)  114). These results indicate that the last 
iktergl'acial sea-levej high stand lasted 
-17,000 years, in contrast to a duration of 
-8000 years estimated from the SPECMAP 
record. Six of our coral ages (three category 
A and three category B samples, including 
two collected at growth position) are signif- 
icantly older than the time of a major in- 
solation high at -127 ka (15). These ages 
imply that the sea-level high predated the 
insolation maximum by at least 4000 years. 
Four category A (including two samples in 
growth position) and two category B corals 
have aees between -1 11 and 115 ka and - 
imply that the last interglacial sea was 
high at this time. In contrast, the orbital 
forcing theory predicts a major insolation 
low at 116 ka (15, 16), and the SPEC- 
MAP chronology indicates that sea level 
was 20 to 50 m lower than at present 
(2-5). Thus, the Oahu record implies that 

Fig. 1. Distribution of emergent coral 
reefs of Oahu (darkened areas) from ( I  ,2,13) 
(25) [for the east Kaena Point area 
distribution, see ( I O ) ] ,  and localities of 
dated Quaternary deposits referred 
to arnond in the Head; text. Abbreviations: BP, Black Point; DH, MRP, Di- ('s'hp KP (28) (20,2l)('~) Mq ,' 
Makai Range Pier; AP, Alala Point; KS P 
MP, Mokapu Point; KAH, Kahuku 0 a h 1 1  

Point; MB, Mokuleia Beach; EKP, 
East Kaena Point Reef; KP, Kaena 
Point; SKP, Southeast Kaena Point 
Reef; KSP, Kaena Point State Park; 
and KAP, Kahe Point. Sample locali- 
ties are shown in parentheses (see 
Table 1). 
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sea-level changes during the last intergla- 
cial were not controlled entirely by cyclic 
variations in insolation parameters ( 1  7). 
The U-series ages of fossil coral reefs in 
the Bahamas, Haiti, Barbados, New Guin- 
ea, Vanuatu, and at the margin of south- 
western Australia (8, 12, 13, 18, 19) also 
suggest that last interglacial reefs were 

well established no later than 13 1 ka. 
We have not observed (10) stratigraphic 

evidence for two episodes of high sea level 
on Oahu during the last interglacial period, 
as hypothesized (20) on the basis of a bi- 
modal distribution of the previously report- 
ed coral ages (9) and stratigraphic interpre- 
tations supported by a limited number of 

electron spin resonance and a-spectromet- 
ric U-series ages (21 ). If two high sea-level 
stands had occurred on Oahu, then the 
intervening decline of the sea could not 
have lasted significantly longer than -2000 
years, on the basis of the rather uniform dis- 
tribution of coral aee measurements with 

0 

overlapping analytical uncertainties (Fig. 3). 

Table 1, Isotopic and age data for Oahu coral samples. Ratios are activity years, respectively (27); the calculated ages include a negligible to very small 
ratios calculated from the atomic ratios. Errors are shown in paren- correction for initial detrital Th and U with assumed activity ratios for 234U/238U, 
theses, at the 20 level, for the least significant digits. We calculated the 230Th/238U, and 232Th/238U .of 1,O t 0.3, 1.0 i 0.3, and 1.21 t 0.64, 
ages using half-lives from 230Th and 234U of 75,380 and 244,600 respectively. 

u 230Th/238U 234U/238U 
Sample* 230Th/232Th 234ul238u 23o~h/238~ 

( P P ~ )  age (ka)t initial 

Modern corals 
2.68 1.1 477(30) 
2.81 1 .1462(34) 
2.83 1.1 494(30) 

Last interglacial corals 

1 -Pc(U) 
14-Prl (U) 
I 4-PcI (U) 

Diamond Head (DH) 
6-Prl (C) 
6-PcI 1C) 

Makai ~ a n g e  Pier (MRP) 
5-PcI (C) 

Alala Point iAP1 , , 
3-Prl (C)§ 
3-Pcl (C) 

Mokapu Point (MP) 
1 6-PcI (U) 
1 6-Pc2(U) 
18-Pcl (C) 
18-Pr2(IS)§ 
18-Pc2(C)#I 
18-Pc2(C)#2 
18-Pc3(U) 
18-Pc4(U) 
19-Prl (IS)§ 
19-Pr2(lS)§ 
1 9-PcI (C) 
19-Pc2(IS) 
19-Pc3(U) 
19-Pc4(U) 

Kahuku Point (KAH) 
1 -Prl (IS) 
2-Prl (IS)§ 
2-Pcl (C) 
13-Prl (IS) 

East Kaena Point Reef (EKP) 
20-Prl (IS) 
21 -Prl (IS) 
26-Pcl (C) 

Kaena Point State Park (KSP) 
9-Prl (C) 
9-PcI (C) 

Kahe Point (KAP) 
8-Prl (C)§ 
8-PcI (C) 
7-Prl (C) 
7-PcI (C) 
7-Pc2(C) 

2.87 1 .I 038(25) 
2.77 1 ,I 401 (29) 
2.77 1.101 7(27) 
2.56 1 ,I 1 06(20) 
2.86 1 . I  142(20) 
Middle Pleistocene corals 

Kaena Point (KP) reef deposits 
(-30 m maximum elevation) 

27-PcI (C) 
Black Point (BP) reef deposit 
(-20 m maximum elevation) 

25-PcI (C) 

*Sample names Include locality number as shown in Fig. 1 (frst number): coral genus (Pr = Porites sp., PC = Pociiiopora sp.), sample number, and stratigraphc setting (IS = in stu, 
C = thified conglomerate, and U = unithf~ed conglomerate) in parentheses. Samples were 299% aragonite unless otherwise noted, tAges of thejast ntergacia corals are 
classf~ed as relabe (A), moderately reliable (B), or unrelabe (U), on the bass of ther calculated initai 234U/238U ratio (see text). $No 230Th resolved: "2 Th = 0.74 parts per 
bllon. §Sample was between 95 and 99% aragonite; remainder was calcte. 

94 SCIENCE VOL. 266 7 OCTOBER 1994 



Stearns (22) described emergent ma- 
rine deposits (-30 m maximum elevation 
above present sea level) near and south- 
east of Kaena Point and a marine deposit 
(-20 m above present sea level) overlain 
by basalt near Black Point (Fig. 1 ) .  H e  
proposed that  these deposits are evidence 
for large glacio-eustatic sea-level fluctua- 
tions during the middle Pleistocene. Field 
studies of tectonically stable coastlines 
have failed to  reveal the presence of any 
Pleistocene marine deposits higher than 
-10 m, and these observations are sup- 

ported by reasonable estimates of sea-lev- 
el rise associated with ice-sheet melting 
(1 0). 

W e  propose instead that Oahu was up- 
lifted during the Quaternary and collected 
coral samples to determine a n  average uplift 
rate (23). Of six samples from before the 
last interglacial, only two yielded finite 
230Th/238U ages and acceptable back-calcu- 
lated initial 234U/238U values (Table 1).  A 
coral sample from the Kaena Limestone 
now exposed 24.4 m above sea level gave an 
age of 532 (T:iO) ka. A probable correlation 

Fig. 2. Diagram showlng 
U-Th evoiution for last in- 
terglacial corals from 
Oahu (Table 1). Analy- 
ses are shown by their 
2u error ellipses (main di- 
agram) or, without error 9 1.14 
information, as circles 
(inset) Curved lines are 
isotopic evolution paths 1.12 
for various initial 234U/ 
238U values (= yo). The 
cross-hatched band 
(1.148 t 0.002) denotes 
the area of category A 
samples (ages of high re- 
liability). Samples that 
plot within the range of 
1.1 55 t 0.005 and sam- 
ple 7-Prl (C) are category B type (ages of moderate reliabili- 
ty). Samples with 234U/238U >1.160 are considered unreli- 
able (see text). Oblique dotted lines are isochrons in thou- 
sands of years. 

Fig. 3. Plot of part of 
the SPECMAP orbitally 2 
tuned deep-sea oxygen 
isotope record, where 5 
peaks in the F i 8 0  record C! 
indicate interglacial and 
high sea-level condi- a 
tions. The lower curve = .- shows the variation of in- 

-0.5 solation at the top of the $ 
atmosphere for June at 3 0.0 
60°N (15). The dashed 2 
veltical line shows the b+0.5 

time of a major insolation 550 
high at -128 ka (warm ; 525 
climate and reduction of $% 500 continental ice volume); g 475 the dotted vertical line 
showsthe time of a ma- 8 $ 450 
jor insolation low at 11 6 = -J 425 
ka (cold climate and 110 120 130 140 150 160 
building up of ice vol- Age (ka) 
ume). The 230Th/238U ages of last interglacial Oahu corals are presented in the upper left of the figure. 
Solid and open squares represent category A ages of corals (initial 234U/238U suggesting ages of high 
reliability) from growth position and conglomerate facies, respectively. Solid and open circles represent 
category B ages of corals (initial 234U/m8U suggesting ages of moderate reliability) from growth position 
and conglomerate facies, respectively. Category A and category B high-precision U-series ages of fossil 
corals from New Guinea, Vanuatu, and southwestern Australla (paltlally shaded diamonds) (12, 18, 19) 
and from the Bahamas, Haltl, and Barbados (open triangles) (8, 13, 19, 26) are also shown. Horizontal 
bars indicate 2u uncertainties of each age. 

of the sample is to sea-level high stands 
recorded as either deep-sea oxygen isotope 
stage15 (-550 ka) or stage 13 (-470 ka). 
From these age estimates and an assumption 
of a paleosea level close to the present, we 
calculate long-term average uplift rates of 
0.05 to 0.06 m per lo3 years. A coral from 
the Black Point Limestone now exposed 
-17 m above sea level yielded an age of 
347(T462) ka. The  K-Ar ages of overlying 
basalt and an associated dike are 480 & 160 
,and 410 ? 80 ka, respectively; the age of 
the dike is considered to be the best esti- 
mate for both the dike and the flow 
(24). A probable correlation of the Black 
Point deposit is to oxygen isotope stage 11 
(-410 ka), yielding an average uplift rate of 
-0.05 m per lo3 years. Assuming that these 
age estimates are reasonable and that Oahu 
experienced Quaternary uplift [a possible 
cause of uplift is discussed in ( lo ) ] ,  we 
believe that the uplift-corrected minimum 
elevation of the last-interglacial sea level, 
based on  the coral ages at Mokapu Point, is 
between + 1 and +3 m. 

If our age results are accurate, then the 
marine oxygen isotope record may not rep- 
resent an ideal ice volume or sea-level 
record. Our observations thus are not con- 
sistent in any simple way with the orbital- 
forcing theory of climate change, and they 
add to a growing body of last-interglacial 
ages (Fig. 3) that suggest that revision in 
this theory is required to include consider- 
ation of the effects of other physical mech- 
anisms acting in addition to, or coupled 
with, the orbital-forcing parameters. 
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Interannual Variability of Temperature at a Depth 
of 125 Meters in the North Atlantic Ocean 
Sydney Levitus,* John I. Antonov,f Timothy P. Boyer 

Analyses of historical ocean temperature data at a depth of 125 meters in the North 
Atlantic Ocean indicate that from 1950 to 1990 the subtropical and subarctic gyres 
exhibited linear trends that were opposite in phase. In addition, multivariate analyses of 
yearly mean temperature anomaly fields between 20°N and 70°N in the North Atlantic 
show a characteristic space-time temperature oscillation from 1947 to 1990. A quasidec-
adal oscillation, first identified at Ocean Weather Station C, is part of a basin-wide feature. 
Gyre and basin-scale variations such as these provide the observational basis for climate 
diagnostic and modeling studies. 

Levitus et al (I) presented analyses of tem
perature time series data .at Ocean Weather 
Station C (OWS C) that indicated the 
interannual variability of upper ocean ther
mal structure at this location during the 
period from 1947 through 1990. The pres
ence of two distinct signals in the data, a 
temperature oscillation with a quasidecadal 
time scale and a linear decrease in the data 
from 1956 through 1985 (Fig. 1), raised the 
question of the geographical extent and 
temporal variability of these features. In this 
report we address these questions by analyz
ing data collected in the North Atlantic 
from 20°N to 70°N. 

There is little observational evidence of 
basin- and gyre-scale temperature variabili
ty at subsurface depths for any part of the 
world ocean for interannual to decadal time 
scales. Such variability, as we identify in 
this report, is important to the understand
ing of climate change because of air-sea 
interactions that may be involved in this 
variability. The identification of such vari-

S. Levitus and T. P. Boyer, National Oceanographic Data 
Center, E/OC5, Universal Building, 1825 Connecticut Av
enue, NW, Washington, DC 20235, USA. 
J. I. Antonov, State Hydrological Institute, 23 Second 
Lane, B.O., St. Petersburg, Russia 199053. 

*To whom correspondence should be addressed. 
tPresent address: National Oceanic and Atmospheric 
Administration-National Oceanographic Data Center, 
Ocean Climate Laboratory, Universal Building, 1825 
Connecticut Avenue, NW, Washington, DC 20235, USA. 

ability can provide the basis for diagnostic 
studies and modeling simulations, as well as 
for the development of a monitoring strat
egy for the ocean. With present concern 
about the possibility of global warming, the 
identification and understanding of thermal 
variability in the ocean, whether natural or 
anthropogenic, is an important subject of 
study. 

We have used historical oceanographic 
measurements of temperature to analyze 
the variability of temperature (2) at a depth 
of 125 m in the North Atlantic Ocean. 
These data include both time series data 
from OWS C (3) and historical data from 
the entire North Atlantic. We analyzed 
data at a depth of 125 m because this is the 
deepest standard observation level for 
which data exist as far back as 1947 for the 
North Atlantic between 20°N and 70°N. 
These early data are primarily mechanical 
bathythermograph (MBT) observations. In 
addition, the annual cycle of temperature at 
this depth is relatively small compared to 
that at the sea surface. Thus, we can 
expect that the greater part of variability 
at this depth is associated with tempera
ture variations at periods' of more than a 
year. Yearly data distributions at a depth 
of 125 m show the data to be variable in 
space and time; more* data are available 
along the boundary of the Atlantic than 
in the interior region, and more data are 
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