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and Ages of Pleistocene High Sea Level Stand 

I-I. I-IERBERT VEEH 1 

Scripps Institution o• Oceanography 
University o/Cali/ornia, San Diego 

Unrecrystallized fossil corals occurring in their growth positions between 2 and 9 me•ers 
above sea level at many locations in the Pacific and Indian oceans have been da•ed by the 
Th'•ø/U • and U'•VU • methods. Where possible, recent corals were also collected and ana- 
lyzed for •heir uranium and thorium isotopes. The uranium contents of the corals were 
determined fiuorimetrically; the U•/U TM ratios and the thorium concentrations were ascer- 
tained by alpha spectrometry. The Th28ø/ffJ TM ages of the fossil corals range from 90,000 ñ 
20,000 to 160,000 • 40,000 years and the U•/U •s ages from 80,000 ñ 50,000 to 180,000 
60,000 years. Absence of Th 28ø in the recent corals and absence of Th TM in both the recent 
and the fossil corals confirm the assumption that the Th TM found in the fossil corals resulted 
solely from radioactive decay of its parent uranium. Control samples of pre-Pleistocene ma- 
terial showed radioactive equilibrium between the various members in the U • decay chain. 
Both the internal consistency of the ages, within experimental error, and the agreement be- 
tween the Th=ø/U 2• and U•'/U • ages, strongly support the general validity of these ages. The 
similarity of the Th•SO/U • ages of Pleistocene coral reefs to those of like elevations above 
sea level in many localities suggests a eustatic sea level stand higher than now at about 
120,000 • 20,000 years ago, possibly during an interglacial stage of the Pleistocene. 

INTRODUCTION 

The principle and the assumptions under- 
lying the Th•ø/U • dating technique have pre- 
viously been described [Barnes ei al., 1956; 
Sacl•e•, 1958; Ta•sumo•o a•d Goldberg, 1959; 
Blanchard, 1963; Broecker, 1963; Broecker 
and Thurber, 1965; Thurber et al., 1965; Os- 
mond et al., 1965]. This method is based on the 
observation that marine carbonates, in particu- 
lar reef-building corals and oolites, contain 
measurable amounts of uranium but are es- 

sentially free of its decay product Th •ø. The 
growth of Th TM toward a state of radioactive 
equilibrium with its parent U • can be used as 
a measure of age under the following assump- 
tions: (1) No significant amounts of Th •ø are 
initially present in the carbonate, (2) the car- 
bonate has remained a closed system since its 
formation, and (3) the U•/U • ratio in the 
ocean has remained constant throughout the 
dating period. Because of a 15% excess in the 
ocean of U • over its parent U •, the re-at- 
tainment of radioactive equilibrium between 
these two isotopes after their removal from 
the ocean can be used as an approximate age 

• Now at Department of Geology, Yale Univer- 
sity, New Itaven, Connecticut. 

determination, if assumptions (2) and (3) are 
valid [Thurber, 1962]. 

The most promising results have been ob- 
tained for reef corals and oolites, where the 
uranium appears to be of primary origin and 
where the radiometric ages coincide with the 
time elapsed since the formation of the car- 
bonate in the marine environment. Since coral 

reefs also form an ideal marker for former 

sea level stands [Kuenen, 1955; Russell, 1964], 
an application of the Th2•ø/U• and U•/U• 
dating techniques to corals associated with 
former shorelines in different geographic loca- 
tions should produce valuable information on 
the chronology of Pleistocene sea level fluctua- 
tions. Ma.claren [1842] first postulated that dur- 
ing the Pleistocene period the sea level rose 
and fell in response to the varying amounts of 
water tied up on land as ice, and subsequently 
many workers referred to the widespread oc- 
currence of emerged shorelines of similar ele- 
vations in support of this hypothesis [Daly, 
1934; Zeuner, 1959; Stearns, 1961; Fairbridge, 
1961; Russell, 1964]. In an attempt to lest this 
hypothesis, we have obtained Th•ø/U• and 
U•'/U • ages for corals occurring in emerged 
coral reefs of like elevations above sea level in 

a variety of locations in the Pacific and Indian 
oceans. The results are reported in this paper. 
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Fig. 1. Map showing location of samples. 

SAMPLING PROCEDURE 

For the study of the chronology of sea level 
fluctuations samples are required that repre- 
sent the former position of sea level as reliably 
and as accurately as possible and that are 
taken from diverse localities covering such a 
wide area that the possibility of any tectonic 
relationship between these localities is mini- 
mized. Russell [1964] recommends the contact 
between reef flat accumulations and overlying 
encrusting organisms as the best guide to es- 
tablishing low tide level. By measuring the 
vertical distance between this contact and its 
older equivalent, we can determine the position 
of the former sea level with sufficient accuracy. 
Because of the uncertainty in relating former 
sea level stands to emerged coral reefs in some 
places, measurements made by hand level, 
rounded off to the nearest meters, are consid- 
ered to be sufficiently accurate. Since age de- 
terminations made on transported material give 
little information about the time and position 
of former sea level stands, great care was 
taken to analyze only corals in their original 
position of growth. 

Emerged coral reefs may indicate uplift of 
the land due to crustal instability, a drop of 
sea level, or a combination of the lwo. In an 
attempt to separate successfully the effects of 
both types of movement, we obtained samples 
from emerged reefs of similar height above sea 
level in a number of different localities in both 

the Pacific and Indian oceans (Figure 1). The 
sample locations include the west coast of 
Australia, the Seychelles, which cap an ancient 
crystalline basement, the volcanic islands of 
Mauritius in the Indian Ocean, Oahu and 

Mangaia in the Pacific, and three islands in the 
Tuamotu archipelago. It seems unlikely that 
these localities, spread out over two oceans, 
should be affected identically by tectonic move- 
ments. Wherever possible, more than one sam- 
ple from each location was analyzed in order 
to obtain an idea of the internal consistency 
of the ages within the same stratigraphic units. 
In addition, recent corals were collected from 
living reefs in a number of places as a check 
on the general validity of some of the assump- 
tions. A more detailed description of the sam- 
ple sites is given elsewhere [Veeh, 1965]. 

EXPERIMENTAL PROCEDURE 

The initial sample preparation included the 
selection of unrecrystallized parts of the arag- 
onite coral skeleton and the mechanical removal 
of any foreign materials with a standard den- 
tist drill, followed by ultrasonic vibration. As 
the presence of calcite in any coral sample 
serves as a criterion for recognizing recrystal- 
lized and therefore unsuitable material [Sackeft, 
1958; Thurber et al., 1965], the fossil corals 
were analyzed by X-ray diffraction methods, 

TABLE 1. Analyses of Uranium in Spergen 
Limestone Standard 

This Study Other Results 

Method U, ppm Method U, ppm 

Fluorimetric 1.09 •: 0.10 Fluorimetric* 1.17 

Alpha spectrometryi 1.08 
1.20 

* Sacket (personal communication, 1964). 
i Thurber (personal communication, 1965). 
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TABLE 2. Isotopic Uranium and Thorium Content of Recent Corals 

3381 

Sample No. 
U238, U 2345 

Species Location ppm U TM Th 23ø t 
Th,.•,., Th TM 
ppm U 23s 

OAHU L 16 
OAHU L 18 
OAHU L 19 
OAHU L 20 
O AHU L 25 
ANAA L 1 
T AHI L 1 
TAHI L 2 
TUTU L 1 
TUTU L 2 

Porites Oahu, Hawaii 2.6 < 0.02 
Leptastrea Oahu, Hawaii 2.7 • 0.02 
Pocillopora Oahu, Hawaii 2.5 < 0.02 
Porites Oahu, Hawaii 2.6 < 0.02 
Pocillopora Oahu, Hawaii 2.4 1.15 •- 0.016 <0.02 
Pocillopora Anaa, Tuamotu Is. 2.5 < 0.02 
Acropora Tahiti, Society Is. 2.1 1.16 •- 0.017 <0.02 
Porites Tahiti, Society Is. 2.1 < 0.02 
Acropora Tutuila, Samoa 2.0 1.16 •- 0.016 <0.02 
Leptoria Tutuila, Samoa 2.2 <0.02 

<0.05 <0.01 
<0.05 <0.01 
<0.05 <0.01 
<0.05 <0.01 
<0.05 <0.01 
<0.05 <0.01 
<0.05 <0.01 
<0.05 <0.01 
<0.05 <0.01 
<0.05 <0.01 

* Activity ratio. 
l Uranium equivalents. 

using a quantitative technique similar to that 
given by Lowenstam [1954]. Fossil corals con- 
raining more than 0.5% calcite, the lower limit 
of detection, were considered unsuitable for 
dating. 

The total uranium content was determined 

according to a standard fluorimetric procedure 
[Grimaldi e• al., 1954; Centan.hi et al., 1956] 
using a ball transmission-type 'fiuorimeter, 

model F1-500. Since 99.3% of the uranium in 
nature consists of U • [Strominger et al., 1958], 
the uranium values thus obtained can be re- 

garded as a measure of U •. The standard de- 
viation of replicate analyses was 9%. A com- 
parison between the uranium content of a 
standard determined in this study and by other 
workers is given in Table 1. 

The procedure adopted for the determina- 

TABLE 3. Isotopic Uranium and Thorium Content of Fossil Corals Collected 
in situ between 2 and 9 Meters above Sea Level 

Sample U TM, U•'a* Th TM, Th"sø 
No. Species Location ppm 'U 

OAHU 2 Leptastrea Oahu, Hawaii 3.3 2.51 <0.05 
OAHU 5 Leptastrea Oahu, Hawaii 3.5 2.54 < 0.05 
OAHU 9 Leptastrea Oahu, Hawaii 2.7 1.97 <0.05 
OAHU 22 Leptastrea Oahu, Hawaii 3.3 1.10 •- 0.015 2.68 <0.05 
ANAA 5 Leptoria Anaa, Tuamotu Is. 2.0 1.65 <0.05 
ANAA 15 Leptoria Anaa, Tuamotu Is. 2.2 1.72 <0.05 
ANAA 16 Leptoria Anaa, Tuamotu Is. 2.5 1.12 •- 0.015 1.81 <0.05 
NIAU 4 Leptoria Niau, Tuamotu Is. 2.1 1.81 <0.05 
NIAU 6 Leptoria Niau, Tuamotu Is. 2.3 1.09 •- 0.015 1.75 <0.05 
MAKA 2 Favia Makatea, Tuamotu Is. 2.3 1.86 <0.05 
MAKA 3 Leptoria Makatea, Tuamotu Is. 2.3 1.55 <0.05 
MANG 1 Favia Mangaia, Cook Is. 3.0 1.88 <0.05 
MANG 2 Leptoria Mangala, Cook Is. 2.4 1.11 •- 0.014 1.76 <0.05 
T 63 402 $ Favia (?) Western Australia 2.5 1.69 < 0.05 
1-094õ Porites (?) Western Australia 3.4 1.11 •- 0.014 2.76 <0.05 
1-176õ Leptoria Mauritius 2.6 1.11 4- 0.014 2.27 <0.05 
1-267õ Porites Seychelles 2.1 1.10 •- 0.014 1.69 <0.05 
1-270õ Favia Seychelles 2.1 1.12 •- 0.015 1.64 <0.05 

0 76 
0 73 
0 73 
0.81 
0 83 
0 78 
0 72 
0.86 
0.76 
0.81 
0.67 
o. 63 
0.73 
o. 68 
0.81 
0.87 
0.80 
0.78 

* Activity ratio. 
i Uranium equivalents. 
•: Collected by C. Teichert. 
õ Collected by 1•. J. Russell and Win. G. McIntire. 
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2 

- E• CORALS COLLECTED ALIVE 
•..:• CORALS COLLECTED IN SlTU BETWEEN - 2M end 9M ABOVE SEA LEVEL 

[• PRE-PLEISTOCENE _ MARINE CARBONATE 

0.2_ 0.4 0.6 0.8 1.0 1,2 

Th23o/u 238 

Fig. 2. Histogram of Th•ø/U •8 ratios. Note 
how values for corals occurring in emerged reefs 
between 2 and 9 meters above sea level fall into 

a narrow range with an average of 0.76. The recent 
and the pre-Pleistocene material are control 
samples; they show that no Th •ø is present in 
recent corals but that Th =ø is near equilibrium 
with its parent uranium in old material. 

I-I. HERBERT VEEH 

cipitation of thorium with ferric hydroxide and 
further purification by cation exchange. The 
purified thorium is electroplated on platinum 
planchets and the yield determined by counting 
the beta activity of the Th 2•' tracer under an 
end-window Geiger counter. The analytical er- 
ror of this procedure arises mainly from the 
counting statistics and is ]ess than --5%. 

I•ESULTS AND DISCUSSION 

The analytical results are shown in Tables 
2 and 3. On the average, the uranium concen- 
tration in the fossil corals does not differ sig- 
nificantly from that in the recent corals; there- 

114 fore most of the uranium in the fossil corals is 
of primary origin. The insignificant content of 
Th TM in the recent corals and of Th TM in the 

recent as well as in the fossil corals probably 
reflects the extremely low concentration of 
these isotopes in seawater [Sackerr et al., 1958; 
Moore and Sackerr, 1964]. Absence of signifi- 
cant amounts of Th 'ø• in the fossil corals, a 
requirement imposed on the reliability of the 
Th•ø/U • ages [Tatsumoto and Goldberg, 1959], 
shows that contamination by extraneous Th •ø 
cannot be responsible for the Th •ø contents 
listed in Table 3. I-Ienee the Th •ø observed in 

the fossil corals must have resulted solely from 
radioactive decay of its parent uranium. When 
the Th•ø/U• and the U•/U =8 ratios are 
plotted in histograms, a distinct pattern evolves 
(Figures 2 and 3). The Th•ø/U• ratios of the 
fossil corals collected from emerged reefs of 
like elevations between 2 and 9 meters above 

tion of the U2•/U • ratio by alpha spectrom- 
etry is similar to one reported by Koide and 
•oldberg [1965], who used an ORTEC silicon 
diode solid-state detector (Oak Ridge Techni- 
cal Enterprises Corporation, Oak Ridge, Ten- 
nessee) coupled to a Nuclear Data 512-channel 
pulse height analyzer (Nuclear Data, Inc., Mad- 
ison, Wisconsin). The alpha resolution of the 
different detectors used in this study varied 
from 37 to 45 key. The efficiency of the pro- 
cedure for chemically isolating the uranium 
isotopes from the thorium was checked with 
Th =' as a tracer. A second check was obtained 

by dissolving several of the final uranium de- 
posits on the counting planchets, recycling them 
through the anton exchange process, and then 
replating them. The U=•/U •= ratios of the re- 
cycled uranium did not differ within experi- 
mental error from the U=•/U • ratios of the 
first uranium deposits on the planchets. Hence 
the activities under the U =' peak of the alpha 
spectrum are solely attributed to U •' and not 
in part •o Th =ø. 

A procedure for the isolation and enrich- 
ment of thorium from limestones and corals, 
using Th '• as a yield tracer, has been described 
[Hyde, 1960]. The basic steps include co-pre- 

II CORALS COLLECTED ALIVE 
•=x• CORALS COLLECTED IN SlTU BETWEEN 2M ond 9M ABOVE SEA LEVEL 

[• PRE-PLEISTOCENE MARINE CARBONATE 

•, I 
1.02 1.04 1.06 1.08 1.10 1.12 

Fig. 3. Histogram of U•a/U TM activity ratios. 
Note that materials of different ages have dif- 
ferent ratios but that the ratios in corals from 
emerged reefs between 2 and 9 meters above sea 
level are very similar. 
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AGES OF PLEISTOCENE HIGH SEA LEVEL STAND 

TABLE 4. Ages and Elevations of Fossil Corals Occurring in situ between 
2 and 9 Meters above Sea Level 

3383 

Sample 

Elevation above 

Mean Low Tide, Th 23ø age* 
Location m ( X 10 3 yr) 

age l 
10 3 yr) 

Hawaii 

OAHU 2 Oahu 3 120 4- 30 
OAHU 5 Oahu 1.5 110 4- 20 
OAHU 9 Oahu 2 110 • 20 
OAHU 22 Oahu 1.5 140 • 30 

Tuamotu Is. 

ANAA 5 Anaa 2 150 4- 40 
ANAA 15 Anaa 4 140 4- 30 
ANAA 16 Anaa 4 110 • 20 
NIAU 4 Niau 3 160 4- 40 
NIAU 6 Niau 4 120 4- 20 
MAKA 2 Makatea 3 140 4- 30 
MAKA 3 Makatea 3 100 4- 20 

Cook Is. 

MANG 1 Mangaia 2 90 4- 20 
MANG 2 Mangaia 2 110 4- 20 

West Australia 

T 63 402 Rottnest Is. 2 100 4- 20 

1-094 Boundary Beach 4 140 q- 30 

Mauritius 

1-176 Gabriel Is. 1.5 160 4- 40 

Seychelles 

1-267 Mahe Is. 9 140 4- 30 
1-270 Praslin 6 140 4- 30 

140 --t-. 5O 

80 4- 50 

180 4- 60 

110 4- 50 

110 4- 4O 

11o 4- 40 

140 4- 50 
80 --t-. 40 

* Based on half-life of Th TM of 7.52 X 104 years [Attree et al., 1962]. 
• Based on half-life of U sa of 2.48 X 105 years [Strominger et al., 1958]. 

sea level are grouped around a value of 0.76. 
Similarly, the U•/U •8 ratios in these emerged 
reefs are centered around a value of 1.11, as 
compared with a value of 1.15 in modern car- 
bonates and present-day seawater [Thurber, 
1962; Koide and Goldberg, 1965]. The low 
U2•'/U TM ratio in the fossil corals gives sup- 
port to the assumption that the corals have 
remained a closed system since their formation 
in the marine environment. 

The Th =ø ages shown in Table 4 have been 
calculated, using an equation presented by 
Broecker [1963] and assuming an initial U•'/ 
U TM ratio of 1.15. The errors quoted correspond 
to one standard deviation of the Th•ø/U• ra- 
tio, estimated to be 10%. Within the limits of 

this error, all the corals from the emerged reefs 
between 2 and 9 meters above sea level appear 
to have the same age. Samples taken from the 
same location display similar variations in age 
as samples from different geographic locations. 
If true age differences between these reefs do 
exist, they cannot be resolved by the techniques 
employed in this study. 

The U 2•' ages, were derived from the U='/U • 
ratios in the fossil corals, assuming that this 
ratio was 1.15 at the time these corals were liv- 

ing. The errors correspond to the uncertainty 
arising from the counting statistics. Where both 
the Th•ø/U• and the U•'/U • methods have 
been applied to the same samples, the ages are 
in satisfying agreement. 
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TABLE 5. 

H. HERBERT VEEH 

Characteristics of Control Samples Representing Different Ages 

Sample Age 
U23S, Th TM Th•3•, U •341 Th •3ø age 
ppm Th 23ø* U TM ppm U •3s ( X 103 yr) 

U 234 age 
( X 103 yr) 

IiAUA17' 8370 •- 250yr 2.6 
C •4 age (LJ. 753) 

MAIiA 4 • Pleistocene 2.4 
OAHU 263 Miocene 2.4 

Limestone 4 Mississippian 1.1 

0.20 0.08 <0.05 8 :k: 1 

2.20 0.92 <0.05 1.05 • 0.014 >--200 
2.42 1.01 0.1 > 200 
1.26 1.14 0.1 1.02 • 0.02 >200 

400 4- 100 

>700 

* Uranium equivalents. 
• Activity ratio 

(1) Coral (Porites) from drowned reef at a depth of 20 m off Kauai, Hawaii (D. L. Inman, personal 
communication). 

(2) Coral (Leptoria) from 15 m above sea level on Makatea, Tuamotu Islands. This coral is strati- 
graphically older than the emerged reef represented by MAKA 2 and MAKA 3 in Table 4. 

(3) Coral (Leptastrea) associated with Miocene fauna from drowned reef at a depth of 500 m south of 
Oahu, Hawaii [Menard et al., 1962]. 

(4) Spergen limestone of Mississippian age from Ste. Genevieve, Missouri. 

Further support for the general validity of 
these ages is provided by the control samples 
(Table 5). The agreement between the C • age 
and the Th TM age of sample I<AUA 17 is strong 
evidence for the validity of the assumptions, 
at least for the last few thousand years. Ex- 
cellent agreement between C • ages and Th TM 
ages in coral samples for the last 6000 years 
has also been obtained by Thurber et al. [1965]. 
The sample MAI<A 4 was taken from the 
remnant of an emerged reef which, by its 
stratigraphic position, is older than the reef 
represented by samples MAI<A 2 and MAI<A 
3. This sequence is also reflected in the radio- 
metric ages, demonstrating that two different 
periods of submergence within the Pleistocene 
can be resolved by the techniques used in this 
study. Unpublished results by Lowenstam and 
Goldberg (personal communication) obtained 
for two separate coral reefs at different eleva- 
tions on the island of Bermuda also showed dis- 

tinctly different Th•ø/U •8 ages at about 120,000 
years ago and at 200,000 years ago or more. 
The analyses of the two pre-Pleistocene marine 
carbonates show the Th 28ø to be in radioactive 

equilibrium with the U =s, which means that 
these two samples have remained a closed 
system for at least the last 200,000 years. 

These considerations, coupled with the in- 
ternal consistency of the radiometric ages 
within the same stratigraphic uniis and the 
agreement between the Th =ø and U • ages, in- 

dicate that the assumptions made are, in gen- 
eral, valid. It is therefore proposed that the 
apparent ages shown in Table 4 define the 
time when the sea level was near its present 
position, although probably somewhat higher 
than now. The elevations given in column 3 
are the measured elevations of the coral sam- 

ples. They provide a minimum estimate of the 
former position of sea level but do not, by 
themselves, give its actual position, which may 
have been somewhat higher. Furthermore, be- 
cause of tectonic movements, we do not expect 
to find former eustatic shorelines at identical 

elevations everywhere. Hence the actual posi- 
tion of sea level at the time indicated by the 
ages in Table 4 cannot be determined from the 
limited number of observations available. How- 

ever, the similarity of ages of emerged coral 
reefs at like elevations in the vicinity of the 
present sea level in many places in the world 
implies that (1) these reefs were formed dur- 
ing one of the interglacial stages of the Pleisto- 
cene, when the climate was similar to that of 
today, and (2) the age of 120,000 _ 20,000 
years marks the peak of that interglacial stage. 

Osmond et al. [1965], using the Th=ø/U • 
technique, obtained an average age of 130,000 
years for a number of corals and oolites from 
the Key Largo limestone and from the Miami 
oolite banks, both of which are believed to have 
formed in a sea standing 10 meters higher than 
now. Broecker and Thurber [1965] analyzed 
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AGES OF PLEISTOCENE HIGH SEA LEVEL STAND 3385 

corals and oolites from the Bahamian and 

Florida Key limestones and concluded that 
these areas were submerged at various times 
between 80,000 and 150,000 years ago. To this 
may be added a coral collected above sea level 
on Guadalupe Island off the west coast of 
Mexico which gave a Th •ø age of 130,000' ñ 
20,000 years and a U •8' age of 140,000 ñ 
50,000 years (Goldberg and Koide, personal 
communication). 

Broecker [1965] has given a comparison 
between various climatic records of the Pleisto- 
cene and eustatic sea level stands. His correla- 

tion requires that there was also a separate 
high sea level stand about 80,000 years ago. 
Results reported for mollusks from emerged 
shorelines in the Mediterranean seem to sup- 
port a marine transgression above the present 
sea level between about 75,000 and 90,000 
years ago [Stearns and Thurber, 1965]. These 
results are based on Th•8ø/U2•' ages for mol- 
lusks and thus may be open to dispute because 
part of the uranium in mollusks is of secondary 
origin [Broecker, 1963]. So far only one coral 
from the Bahamas has yielded an age of 80,000 
years [Broecker and Thurber, 1965]. This ]s 
somewhat puzzling, as one would expect a 
higher sea level stand at that time to have 
left many corals above sea level. It should be 
possible to settle the question by extending this 
work to other areas, using only corals and con- 
centrating on locations where some strati- 
graphic control is available. 
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