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Abstract

We report new mass spectrometric U-series ages for eight Last Interglacial fossil reefs along the continental margin
of Western Australia. Corals were selected in growth position from localities that are characterized by apparently low
levels of diagenesis and relative tectonic stability so that the fossil reefs provide critical information on Last Interglacial
sea-levels without requiring corrections for tectonic movements. In addition, we have improved the constraint on the
timing of onset of reef growth by recovering drill core coral from the base of the reefs. Uranium and thorium isotopes
were measured with high levels of precision, leading to improvements in age resolution and allowing samples which have
undergone diagenetic exchange of uranium and thorium to be more easily identified and discarded. These data supplement
our previous results for Rottnest Island and Leander Point, leading to more than seventy mass spectrometric U-series ages
from which constraints can be placed on the timing, duration and character of the Last Interglacial sea-level highstand.
Reliable ages show that reef growth started contemporaneously at 128 š 1 ka along the entire Western Australian coastline,
while relative sea-levels were at least 3 m above the present level. Because Western Australia is located far from the former
Penultimate Glacial Maximum ice sheets and are not significantly effected by glacial unloading, these data constrain the
timing of onset of the Last Interglacial period to 128 š 1 ka, assuming reef growth started soon after sea-level approached
interglacial levels. A unique regressive reef sequence at Mangrove Bay constrains the timing of termination of the Last
Interglacial period to 116 š 1 ka. The major episode of reef building, however, both globally and locally along the Western
Australian coast, is restricted to a very narrow interval occurring from ¾128 ka and ¾121 ka, suggesting that global ocean
surface temperatures were warm and=or sea-levels were stable enough to allow prolific reef growth only during the earlier
part of the Last Interglacial.  1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Despite the application of thermal ionisation mass
spectrometry (TIMS) to U-series dating over the past
decade, the exact behaviour of sea-level change dur-
ing the Last Interglacial, as determined from the
height and age relationships of shallow water coral
reefs, remains a controversial issue. Not only do es-
timates for the timing of onset and termination of the
Last Interglacial vary widely between localities, but
the details of sea-level fluctuations within this inter-
val remain uncertain. For example, TIMS U-series
ages for fossil reefs on Oahu, Hawaii are suggestive
of a single phase of constant high sea-level occur-
ring from at least ¾131 ka to ¾114 ka [2], but
mass spectrometric ages for the Reef VII complex
at Huon Peninsula, Papua New Guinea [3] show two
shortlived episodes of reef growth at ¾134 ka and
¾118 ka only, suggesting that there may have been
oscillations in sea-level during the Last Interglacial.
Even nearby localities fail to give mutually consis-
tent estimates for the timing, duration and character
of the Last Interglacial sea-level highstand. For ex-
ample, TIMS ages for fossil reefs at San Salvador
and Great Inagua Islands, the Bahamas [4] indicate
that stable sea-level highstands persisted from about
132 to 120 ka. In contrast, mass spectrometric dating
of ¾125 ka reefal deposits and marine oolites at
two other Bahamian localities [5] indicate that high
sea-levels may have existed there until as late as 110
ka. Similar variability has been noted, for example,
in the Abrolhos Islands [6], Sumba Island [7] and
Hateruma Atoll [8].

Most of the coral reef sea-level estimates for the
Last Interglacial interval conflict with the accepted
version of the astronomical or Milankovitch model
of climate change [9]. All of the above mentioned
TIMS U-series data, for instance, predate the 126–
128 ka timing of onset of the Last Interglacial period
predicted by orbital forcing theory [10,11]. Further-
more, none of these results are consistent with the
short duration of the interglacial determined from
many orbitally tuned marine δ18O chronologies [12],
in particular with the ¾7 ky duration interval ob-
tained from the SPECMAP record [13], although
this may in part be due to bioturbation in some ma-
rine cores. Instead, many of these data are in good
agreement with directly dated δ18O variations in the

DH-11 core of groundwater derived vein calcite from
Devils Hole, Nevada. According to the Devils Hole
chronology, full interglacial conditions commenced
near 134 ka, some 4–6 ky before insolation peaked,
and persisted for significantly longer than suggested
by the SPECMAP chronology [14–16]. However,
to interpret the Devils Hole record correctly, it is
important to recognize that it is a continental pa-
leotemperature record and to a first approximation,
reflects variations in mean winter–spring air temper-
ature locally, over Nevada [14]. As a consequence, its
direct comparison with marine δ18O and coral reef
chronologies may not be appropriate as these lat-
ter records approximate global sea-level rather than
local or regional temperature changes. Several work-
ers have offered plausible explanations to reconcile
the offset between the Devils Hole and SPECMAP
chronologies [17–19]. Thus the Devils Hole record
may better approximate the Eemian period, a strati-
graphic and pollen defined warm stage, whereas the
coral record better represents the last interval of rela-
tively stable sea-level at or near the present level. In
this study, the latter definition is adopted for the Last
Interglacial period.

Apart from a few single ages for Haiti [20] and
Bermuda [21], the only Last Interglacial coral reef
data that are in reasonable accord with the predic-
tions of the Milankovitch model are 230Th-ages for
Barbados [22,23] and Rottnest Island and Leander
Point along the coastal margin of Western Australia
[1]. For the latter study, uncertainties reported for
the initial 234U=238U ratio in the coral [often refor-
mulated as δ234U(T )], the most sensitive indicator
of possible mobilization of uranium and thorium
during diagenesis, are of the order of 1–2‰. This
level of precision is significantly better than reported
by earlier TIMS workers and, when combined with
strict limits for acceptable δ234U(T ), allows samples
which have undergone subtle diagenetic exchange of
uranium and thorium to be more easily identified
and discarded. ‘Reliable’ TIMS U-series results for
Rottnest Island and Leander Point are suggestive of
a short duration interglacial occurring from 127 š
1 ka to 122 š 1 ka only. These data are entirely
consistent with the SPECMAP chronology.

The question then arises: Is the apparently long
duration interval typically obtained for the Last In-
terglacial from the coral record an artifact of diagen-
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esis? The δ234U(T ) criterion, although essential, may
be unable to detect small scale diagenetic processes,
causing a shift in the initial 234U=238U ratio within
the range covered by the uncertainty in the δ234U(T )
measurement. Many of the available TIMS U-series
data for the Last Interglacial period have errors in
δ234U(T ) exceeding 5‰ (see, for example, Fig. 1 in
[1]) so that a comparable shift in the initial 234U=238U
ratio cannot be resolved. It is not clear how such low
level shifts translate to shifts in the corresponding
230Th-age and it is probable that at least some of the
apparently ‘reliable’ published TIMS ages for Last
Interglacial corals have undergone subtle diagenetic
alteration, giving rise to anomalous 230Th-ages. For
this reason, it is essential that constraints on the
timing and duration of the Last Interglacial are not
determined from single ages within any one thou-
sand year time interval. It is important to emphasize
that when data from localities other than Western
Australia are compiled and examined, using strict
criteria for reliability, that a similar clustering of
ages occurs between 127 and 122 ka [1].

The apparent inconsistencies in the timing and
duration of the Last Interglacial, as reported from
different locations may also be due, at least in part,
to local isostatic processes. As for the Late Holocene
sea-level models and observations, Last Interglacial
relative sea-levels can be expected to vary not only
with time but also with location, depending on po-
sition relative to the former ice sheets [12]. Hence,
Last Interglacial sea-level signatures, for sites that lie
far from the margins of the penultimate glacial maxi-
mum ice sheets, such as coastal locations in Western
Australia and Huon Peninsula, Papua New Guinea,
will not be the same as those for sites closer to the
main ice centres, such as Bermuda and the Caribbean
Islands, because of the isostatic response of the litho-
sphere and mantle to ice and melt water loading and
unloading. Some of the conflicting sea-level obser-
vations for the Last Interglacial may also be due to
assigning a Last Interglacial age to reefs which grew
outside of this interval. For example, at intermedi-
ate-field sites where glacio-isostatic processes are
important, it is possible that reefs which grew when
sea-level was below present levels (e.g. during the
isotope stage 5a or 5c interstadial events at ¾80 ka
and ¾105 ka, respectively) could now be exposed at
the surface due to post-glacial rebound of the crust.

Local tectonic uplift could also expose reefs which,
otherwise, would lie below the present sea surface,
such as those which formed during the sea-level rise
leading up to the Last Interglacial period.

Here we report new high precision TIMS U-series
ages for seven Last Interglacial reef localities along
the tectonically stable continental margin of West-
ern Australia. These data supplement our previous
results from Rottnest Island and Leander Point [1],
leading to a total of more than seventy TIMS results
from which estimates for the timing and duration of
the Last Interglacial can be determined. These data
help resolve the apparent conflict existing between
localities regarding both the timing and duration of
the Last Interglacial interval and the details of sea-
level fluctuations within this interval.

2. Samples

For the present study, corals in apparent growth
position were sampled from Last Interglacial reefs
outcropping at Burney Point, Cape Cuvier, and Cape
Range for the purpose of TIMS U-series dating
(Fig. 1a). The last site comprises six sampling local-
ities: Mowbowra Creek, Vlaming Head, Tantabiddi
Bay, Mangrove Bay, Northern Yardie Creek and
Southern Yardie Creek (Fig. 1b).

Growth position branching or head coral can grow
in a range of water depths, from the level of Mean
Low Water Springs (MLWS) to at least several me-
tres below the sea surface, giving minimum estimates
only for the elevation of MLWS at the time the coral
grew. In Last Interglacial reefs, a more rigorous sea-
level indicator is given by the surface of highest in
situ corals, which provide a good estimate of the
former MLWS datum (accurate to within one metre;
[24]), although it is not possible to constrain exactly
when during the highstand, this sea-level indica-
tor formed. At Mowbowra Creek, Vlaming Head,
Southern Yardie Creek and Burney Point, the top
of the reef is a well developed platform, 10–20 m
wide, at 2.5–2.9 m, 3.0–3.4 m, 2.6 m and 3.1 m
above present MLWS, respectively. At each locality,
the highest level of in situ corals occur on top of
the reef platform. Therefore, paleo sea-level eleva-
tions of C2.5 m to C3.4 m, with respect to present
day MLWS, are inferred for some part of the Last
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Fig. 1. Location of reef sites referred to in the text: Burney Point, Cape Cuvier, six localities in the Cape Range region, Mowbowra
Creek, Vlaming Head, Tantabiddi Bay, Mangrove Bay, Northern Yardie Creek and Southern Yardie Creek. Drillcore coral was recovered
from Vlaming Head and Tantabiddi Bay. Other sites include Rottnest Island and Leander Point [1], Shark Bay (unpublished ANU data)
and the Houtman–Abrolhos Islands [6,28].

Interglacial sea-level highstand at the four above-
mentioned localities. These sea-level estimates are
in agreement with those derived previously for the
Last Interglacial reefs at Rottnest Island and Lean-
der Point [1]. At Northern Yardie Creek, the upper
surface of the fossil reef does not form a well de-
veloped platform, although the elevations of a dis-
tinctive group of large in situ Goniastrea, Faviidae
and Porites coral heads indicate Last Interglacial
paleo sea-levels of 2.6 m to 3.4 m above present
MLWS, consistent with estimates derived indepen-
dently from the above-mentioned localities featuring
reef platforms. The consistency in the paleo sea-level
elevations derived from these localities, at approxi-
mately 3–4 m above present MLWS, indicates that
they are unlikely to have been affected by localized
tectonic uplift.

At Mangrove Bay, the Last Interglacial sequence
spans an onshore–offshore distance of almost 700 m
width. This contrasts with the 10–20 m wide expo-
sures at other Last Interglacial localities along the
coastal margin of Western Australia (Fig. 2). At its

landward margin, the fossil reef lacks the well de-
veloped platform so commonly observed elsewhere
along the Western Australian coast. Instead, the se-
quence outcrops irregularly to 1.8 m above present
MLWS. In situ corals outcrop to 1.4 m above present
MLWS, although precise paleo sea-level estimates
could not be determined because the upper limit
of coral growth is not well defined. Seaward of
the modern shoreline, the upper surface of the Last
Interglacial sequence occurs as a well developed,
seaward-sloping platform, which is located in the
present day intertidal zone, at and slightly above the
present day MLWS datum, and extends offshore for
more than 500 m. At Tantabiddi Bay, the Last Inter-
glacial reef has a similar appearance to the landward
reef at Mangrove Bay; in situ corals outcrop to 1.3 m
above the present day MLWS datum and the upper
surface of the reef is irregular. The Tantabiddi Bay
and Mangrove Bay localities are closely bounded
to the north and south by the apparently stable
reefs at Vlaming Head and Yardie Creek, respec-
tively, and by inference, it is likely that they have
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Fig. 2. Vertical profiles through the Last Interglacial sequence at (left) the locality of Mangrove Bay (vertical exaggeration ¾75) in
comparison with (right) the dominant reef platform structures (vertical exaggeration ¾2) at most other localities along the coastline of
Western Australia. All heights are measured with respect to present day Mean Low Water Springs (MLWS).

also remained tectonically stable over the past ¾125
ka.

Drill core coral was recovered from the base of
the fossil reefs at Vlaming Head and Tantabiddi Bay.
At the former locality, three cores were recovered
from the Last Interglacial reef, spanning a lateral
distance of more than 600 m. In all three cores, the
base of the reef was penetrated at 1.75 m below
present MLWS. Therefore, the total thickness of the
Last Interglacial sequence is approximately 5.5 m.
Faviidae coral heads were recovered at elevations
of �0.7 m, 1.2 m, �1.8 m and 1.2 m relative to
present MLWS. At Tantabiddi Bay, the base of the
Last Interglacial sequence was intercepted at 10.3
m below present day MLWS. A Porites coral was
recovered from a depth of 7.4 m below present
MLWS.

At Cape Cuvier, the Last Interglacial Lower Ter-
race occurs at 7–9 m above the present day intertidal
platform. This reef elevation is distinctly higher than
observed elsewhere along the coast of Western Aus-
tralia, suggesting localized tectonic uplift along the
Cape Cuvier Anticline at a rate of 0.06 m=ky over
the past ¾125 ky.

3. Results

Species, mineralogy and elevation together with
U–Th isotopic data and 230Th ages of coral samples
recovered from the Last Interglacial reefs at Bur-
ney Point, Cape Cuvier and the five Cape Range
localities are listed in Table 1. Procedures for the
extraction and separation of U and Th in each fos-
sil coral, as well as the subsequent measurement of
the U–Th isotopic composition by thermal ionisation
mass spectrometry, have been discussed previously
[1].

Following earlier workers (e.g., [4,25]), we con-
sider δ234U(T ) to be the best quantitative, although
not necessarily a sufficient, test for alteration of the
coral skeleton [1]. Fig. 3 shows δ234U(T ) versus
230Th-age for the Western Australian corals, includ-
ing previous results from Rottnest Island, Leander
Point and Shark Bay ([1]; unpublished ANU data).
Only samples with δ234U(T ) lying within the strict
range of 149 š 4‰, which also have about 3 ppm
total uranium, low 232Th concentrations (<1 ppb),
less than 1% calcite, and show primary aragonitic
textures are considered to have ‘strictly reliable’
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Fig. 3. 234U=238U at the time of coral growth T versus 230Th-age for Last Interglacial corals from Western Australia reported in this
study and in [1] for a total of almost eighty measurements. The δ234U value of 148.9 š 0.8‰ for modern coral is indicated by the
black horizontal line. No initial δ234U values are less than the modern marine value, within errors. These data are consistent with the
diagenetic model of Gallup et al. [23], in which both 234U and 230Th are added continuously to the coral skeleton during diagenesis,
so that δ234U(T ) changes by 4‰ in 1000 years. It thus seems likely that similar diagenetic processes are occurring in both Western
Australia and Barbados [23].

230Th-ages, accurate to within their approximate
š1000 year quoted uncertainties. Initial δ234U are
plotted against 230Th-age in Fig. 4a for ‘strictly reli-
able’ samples that meet the above criteria.

Twenty-four 230Th-ages are reported for the Rot-
tnest Island, Leander Point and Burney Point reefs
which fringe the coastal margin of the Perth Basin.
Of these, eighteen pass all the above-mentioned cri-
teria employed to investigate possible open system
behaviour of U and Th. This is a large proportion
and indicates that only very low levels of diagenesis
have occurred in most samples from these southern
fossil reef localities. Acceptable ages are confined to
a very narrow interval, occurring from 121.7 š 0.9
to 128.2 š 0.9 ka. It is important to note that when
the allowed range of δ234U(T ) is extended to 149 š
10‰, conclusions regarding the timing and duration

of Last Interglacial reef growth from reef locali-
ties in the Perth Basin are not substantially altered
(Fig. 4b, solid circles). Only two additional ages are
considered acceptable when the δ234U(T ) criterion is
relaxed and the range of reliable ages remains 121.7
š 0.9 to 128.2 š 0.9 ka.

Higher levels of diagenesis appear to have oc-
curred in the Last Interglacial reefs of the Carnarvon
Basin, particularly the northernmost reefs. There are
two observations suggesting this. Firstly, a consid-
erably lower proportion of ages at these localities
meet the reliability criteria compared with the Perth
Basin samples. For example, thirty-three ages have
been determined for the five reef localities fringing
the Cape Range peninsular. Of these, only eleven,
of which six are for the Yardie Creek locality, pass
the strict criteria adopted in this study to assess
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Fig. 4. 234U=238U at the time of coral growth T versus 230Th-age for Last Interglacial corals from Western Australia reported in this
study and in [1]. Samples shown in (a) meet the strict criteria discussed in text. Samples satisfying a slightly relaxed δ234U(T ) criterion
shown in (b) have δ234U(T ) values lying within 10‰ of the modern marine value (shown by the shaded band).

possible diagenetic exchange of the U–Th isotopes.
Very anomalous δ234U(T ) and 230Th-ages are re-
ported only for the Mowbowra Creek and Mangrove
Bay reef localities in the Cape Range region. Accept-
able ages for Last Interglacial reefs in the Carnarvon

Basin range from 116.1 š 0.8 to 128.9 š 1.0 ka
(Fig. 4a, open circles). Only one of the five drill
core samples analysed for the Cape Range reefs
yielded an acceptable age. Secondly, fourteen ad-
ditional ages are considered acceptable when the
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Table 1
U–Th isotope ratios and 230Th-ages of Western Australian corals

Sample a Elevation (m) b 232Th (ppb) c 238U (ppm) δ234U(0) (‰) d δ234U(T ) (‰) d [230Th=238U]act
e Age (ky) f

Burney Point
GR-93-1 1.73 0.046 2.90 108 š 2 153 š 2 0.7594 š 0.0008 122.2 š 0.4 (1.0)
GR-93-2 3.09 0.035 2.61 106 š 2 151 š 3 0.7624 š 0.0010 123.5 š 0.5 (1.1)
GR-93-3 3.00 0.035 2.94 105 š 2 148 š 2 0.7553 š 0.0012 121.7 š 0.5 (1.1)
GR-93-4 3.04 0.018 2.78 104 š 2 147 š 2 0.7585 š 0.0010 123.0 š 0.5 (1.0)

Cape Cuvier
C-KS-14 6.57 0.331 2.40 118 š 3 170 š 4 0.7884 š 0.0013 128.5 š 0.7 (1.2)
CC-KS-15 8.61 0.020 2.30 115 š 2 164 š 2 0.7781 š 0.0011 126.2 š 0.5 (1.1)

Mowbowra Creek
CR-MC-5 2.35 – 2.31 120 š 2 177 š 3 0.8159 š 0.0008 136.6 š 0.5 (1.2)
CR-MC-6 a 2.76 0.045 2.42 118 š 1 171 š 2 0.8003 š 0.0013 132.2 š 0.5 (1.1)
CR-MC-6 b 2.76 – 2.42 117 š 2 170 š 3 0.7998 š 0.0014 132.3 š 0.7 (1.2)

Vlaming Head
cR-VH-4 a 1.07 – 2.34 127 š 1 188 š 2 0.8282 š 0.0007 138.7 š 0.4 (1.1)
CR-VH-4 b 1.07 – 2.34 128 š 2 189 š 3 0.8292 š 0.0011 138.8 š 0.6 (1.2)
CR-VH-7 3.08 0.018 2.17 112 š 2 161 š 2 0.7833 š 0.0009 128.5 š 0.5 (1.1)
CR-VH-12 3.01 0.010 2.24 114 š 1 163 š 2 0.7808 š 0.0008 127.2 š 0.4 (1.0)
CR-VH-22 a 0.92 0.021 2.26 110 š 1 157 š 2 0.7701 š 0.0016 124.8 š 0.6 (1.1)
CR-VH-22 b 0.92 0.021 2.26 107 š 2 152 š 3 0.7691 š 0.0009 125.4 š 0.6 (1.1)
CR-VH-26 1.71 0.011 2.42 113 š 1 157 š 2 0.7377 š 0.0008 115.0 š 0.4 (1.0)
CR-VH-28 2.88 0.015 2.32 113 š 2 161 š 2 0.7775 š 0.0010 126.5 š 0.5 (1.1)

Tantabiddi Bay
CR-TB-5 1.24 0.048 2.35 118 š 5 166 š 7 0.7603 š 0.0026 120.3 š 1.3 (1.6)
CR-TB-9 1.20 0.025 2.06 110 š 1 156 š 2 0.7679 š 0.0007 124.3 š 0.4 (1.0)

Mangrove Bay
CR-MB-1 b 0.95 0.027 2.43 112 š 1 171 š 2 0.8475 š 0.0017 149.9 š 0.8 (1.4)
CR-MB-3 b 1.35 0.019 2.18 109 š 2 152 š 2 0.7491 š 0.0011 119.2 š 0.5 (1.0)
CR-MB-6 b 1.79 0.019 2.53 111 š 2 158 š 2 0.7720 š 0.0010 125.4 š 0.5 (1.1)
CR-MB-7 f 0.47 0.017 2.02 109 š 2 152 š 2 0.7455 š 0.0011 118.2 š 0.5 (1.0)
CR-MB-8 f,p 0.06 30.26 2.59 116 š 2 171 š 3 0.8199 š 0.0034 139.1 š 1.3 (1.6)

[171 š 3] [138.8 š 1.2 (1.6)]
CR-MB-10 f,p 0.02 41.41 2.46 110 š 2 161 š 3 0.8066 š 0.0050 136.4 š 1.7 (2.0)

[161 š 3] [136.0 š 1.7 (2.0)]
CR-MB-12 f 0.36 0.056 2.10 109 š 1 151 š 2 0.7381 š 0.0008 116.1 š 0.3 (0.9)
CR-MB-14 f 0.95 – 2.37 111 š 2 – – –

Yardie Creek
CR-YC-3 2.72 0.041 2.12 105 š 1 149 š 2 0.7535 š 0.0018 121.1 š 0.6 (1.1)
CR-YC-7 p 3.27 0.045 2.15 104 š 2 146 š 2 0.7475 š 0.0006 119.8 š 0.4 (1.0)
CR-YC-9 2.37 0.036 2.91 108 š 1 154 š 2 0.7747 š 0.0007 126.8 š 0.3 (1.0)
CR-YC-12 2.44 0.822 2.83 110 š 3 155 š 4 0.7574 š 0.0014 121.1 š 0.7 (1.2)
CR-YC-13 2.44 0.081 2.13 113 š 4 163 š 6 0.7858 š 0.0017 128.9 š 1.1 (1.5)
CR-YCS-1 2.30 0.014 2.20 105 š 1 150 š 2 0.7658 š 0.0008 124.7 š 0.4 (1.0)
CR-YCS-4 1.80 – 2.25 103 š 2 – – –
CR-YCS-5 a 0.70 0.023 2.16 110 š 1 158 š 2 0.7825 š 0.0011 128.6 š 0.4 (1.1)
CR-YCS-5 b 0.70 – 2.16 109 š 1 – – –
CR-YCS-6 1.87 0.246 2.08 107 š 2 151 š 3 0.7567 š 0.0008 121.6 š 0.5 (1.0)

Drillcore Coral
CR-VH-D1 �0.69 0.031 2.42 105 š 2 151 š 3 0.7790 š 0.0013 128.9 š 0.6 (1.2)
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Table 1 (continued)

Sample a Elevation (m) b 232Th (ppb) c 238U (ppm) δ234U(0) (‰) d δ234U(T ) (‰) d [230Th=238U]act
e Age (ky) f

CR-VH-D2 1.19 0.011 2.07 125 š 2 185 š 3 0.8310 š 0.0011 140.3 š 0.6 (1.2)
CR-VH-D3 �1.79 0.008 2.15 109 š 2 157 š 2 0.7793 š 0.0009 127.8 š 0.5 (1.1)
CR-VH-D4 1.18 0.024 2.45 111 š 1 159 š 2 0.7712 š 0.0010 124.9 š 0.4 (1.0)
CR-TB-D1 p �7.37 0.390 2.43 110 š 1 160 š 2 0.8010 š 0.0010 134.6 š 0.5 (1.1)

Living Coral
Huon-1 p – – – 148 š 2 148 š 2 – –
Huon-2 p – – – 149 š 2 149 š 2 – –
GBR-1 p – – – 149 š 1 149 š 1 – –

a a and b indicate duplicate analyses on the same sample. Except where indicated, all samples are from the Faviidae family; the
superscript p denotes Porites corals. Analyses on Faviidae corals are for the wall fractions only. For the Mangrove Bay samples,
superscripts b and f denote the landward and seaward parts of the reef, respectively. All uncertainties are quoted at the 2σ level.
b Elevations for the Western Australian samples are in metres (m) above present day Mean Low Water Springs (MLWS).
c Error in 232Th is dominated by the uncertainty in the 232Th blank correction (5 š 2 pg).
d δ234U D {[(234U=238U)=(234U=238U)eq]�1} ð 103. (234U=238U)eq is the atomic ratio at secular equilibrium and is equal to λ238=λ234 D
5.472 ð 10�5 where λ238 and λ234 are the decay constants for 238U and 234U, respectively. δ234U(0) is the measured value, the initial
value is given by δ234U.T / D δ234U.0/ exp.½234T /, where T is the age in years.
e (230Th=238U)act D (230Th=238U)=(λ238=λ230).

f 230Th-ages are calculated iteratively using:1�
� 230Th

238U

½
act
D e�λ230T �

 
δ234U.0/

1000

!�
λ230

λ230 � λ234

�
.1� e.λ234�λ230/T/

T is the age in years and λ230 is the decay constant for 230Th. λ238 D 1.551 ð 10�10 y�1; λ234 D 2.835 ð 10�6 y�1; λ230 D 9.195 ð
10�6 y�1. Ages in bold type are considered ‘strictly reliable’ and have δ234U(T) values overlapping the range 149 š 4‰. Underlined
ages have δ234U(T) values lying within the extended range 149 š 10‰. In square brackets, the 230Th-age and δ234U(T) have been
corrected for contamination by detrital 238U, 234U and 230Th, assuming a silicate source with a 232Th=238U ratio of 3.8, and with
230Th, 234U and 238U in secular equilibrium so that 234U=238U D λ238=λ234 D 5.472 ð 10�5 and 230Th=234U D λ230=λ234 D 0.3083.
The uncertainty in the age includes the analytical contribution from the parameters δ234U(0) and [230Th=238U]act. In parentheses, the
uncertainty in the age includes the systematic contribution from the decay constants λ230 and λ234, as well as the propagated errors from
δ234U(0) and (230Th=238U)act. The decay constant errors contribute ¾900 years to the age uncertainty at 125 ka.

δ234U(T ) criterion is extended to 149 š 10‰. For
the emergent reefs, reliable ages range from 115.0 š
0.8 to 128.9 š 1.0 ka (Fig. 4b, open circles), which
is identical, within errors, to the range obtained when
the strict screening criteria are employed. Thus, al-
though some diagenetic alteration may have occurred
in the Cape Range samples satisfying the extended
δ234U(T ) criterion, resulting in a shift of a few per-
mil in the measured δ234U(T ) values, it is probable
that no appreciable shift has occurred in their corre-
sponding 230Th-ages.

The high proportion of reliable ages for the fossil
reefs in the Perth Basin, despite the strict criteria
employed to assess the veracity of an age, may be
due to the low rainfall received by the coastal margin
of southwestern Australia over the past several hun-
dred thousand years [26] so that there may have been
minimal mobilisation of U and Th due to percolation
of fresh water through the fossil reefs. Apparently

higher levels of diagenesis in the Last Interglacial
reefs of the Carnarvon Basin may then be explained
by the intensifying influence of the monsoonal rains
with decreasing distance from the equator, result-
ing in enhanced fresh water percolation through the
reefs.

4. Discussion

4.1. Onset of Last Interglacial reef growth

Many of the previously published mass spectro-
metric U-series reef ages for the Last Interglacial
period come from localities in the Caribbean which
lie sufficiently close to the former penultimate glacial
maximum ice sheets for the relative sea-level signa-
tures to be significantly influenced by glacio-isostatic
rebound [12]. The main phase of Last Interglacial
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coral growth near present sea-level is expected to
occur later at these intermediate-field sites than at
locations further from the ice centres, where glacio-
isostasy is less important. Hence, observations of
relative sea-level from the intermediate-field should
only be used to constrain younger limits for the on-
set of the Last Interglacial period, with more precise
constraints requiring consideration of glacio-isostatic
rebound corrections.

Western Australia is located far from the former
penultimate glacial maximum ice sheets in the ‘far-
field’, and the coral reef heights are not significantly
affected by the isostatic adjustment of the crust and
mantle to glacial unloading. They record primar-
ily eustatic sea-level change and a small perturbing
contribution arising from the glacio-hydro-isostatic
adjustment of the earth to the redistribution of the ice
and meltwater. The reef growth curves from far-field
sites such as Western Australia are predicted to show
a small highstand early in the interglacial interval
[12], allowing tight constraints to be placed on the
timing of onset of the Last Interglacial period.

The seventy-two high precision TIMS U-series
results presented here and in our previous study
[1] comprise the largest high-precision database for
any far-field site. Apart from this data, other TIMS
U-series results for localities in the far-field come
from the Houtman–Abrolhos Islands, also in West-
ern Australia [6,27,28], Oahu in the Hawaiian Is-
lands [2], Huon Peninsula [3], Vanuatu [22,25] and
Sumba Island, Indonesia [7]. Of these, Western Aus-
tralia is the only locality which is believed to have
remained relatively stable since the Late Pleistocene.
The last three localities are all known to be regions
of active vertical tectonism [3,7,29,30]. Reefs from
these tectonically active localities may not accurately
constrain the timing, duration and amplitude of Last
Interglacial sea-levels. Firstly, the position of past
local sea-levels cannot be reliably determined unless
the tectonic uplift or subsidence rate is very well
known. For example, the assumption of a constant
uplift rate through time may not be reliable, particu-
larly over short time intervals and will affect both the
inferred elevation of the Last Interglacial sea-levels
and the apparent timing and duration of the interval
during which sea-levels were at or above present day
sea-level. Secondly, when the uplift rates are high,
the main episode of reef building may occur during

the marine transgression leading up to the Last In-
terglacial period rather than during the interglacial
interval. At Sialum, Huon Peninsula, for example,
the tectonic uplift rate is about 2 m=ky, and the
main part of the Reef VII structure is believed to
have developed during a major sea-level rise that
commenced before 134 ka [3].

Two approaches have been adopted here to con-
strain the timing of onset of Last Interglacial reef
growth along the coastal margin of Western Aus-
tralia. Firstly, a large number of reefs, eleven in
total, have been sampled to minimise biases in the
distribution of 230Th-ages, resulting from inadequate
exposure of the Last Interglacial reef sequence at
any one locality, due to erosion or burial processes.
Secondly, drill core corals have been recovered from
the base of two fossil reefs in Cape Range to directly
sample the earliest phase of Last Interglacial reef
growth along the Western Australian coast.

Of all the samples tested in this study, no ‘strictly
reliable’ corals have ages which are older than 128
š 1 ka (Fig. 4a). Nearly all samples giving this
age outcrop at the surface, up to 3 m above the
present day MLWS datum. Only one drillcore coral
(CR-VH-D1), recovered from a depth of 0.7 m below
present MLWS at the Vlaming Head locality, passed
all of the strict criteria. It has a 230Th-age of 128
š 1 ka, identical within error to the oldest reliable
ages determined for corals in outcrop and gives some
degree of confidence that the earliest interval of Last
Interglacial reef growth has in fact been preserved in
at least some of the reef assemblages exposed at the
surface today. Because samples with δ234U(T ) values
slightly above the acceptable range, but still within
10‰ of the modern marine value, appear to have
undergone only minor diagenesis (Fig. 4b), infer-
ences about the timing of onset of Last Interglacial
reef growth along the Western Australian coast are
also derived from this larger data set. With this ex-
tended δ234U(T ) criterion, three additional drill core
corals are considered to be reliable. Two of these,
CR-VH-D3 and CR-VH-D4, are for the Last In-
terglacial reef at Vlaming Head. In particular, the
former sample, recovered from near the base of the
Vlaming Head fossil reef, at an elevation of �1.8 m
with respect to present MLWS, has a 230Th-age of
128 š 1 ka. This is identical to the ‘strictly reliable’
drill core result, and hence to the oldest ages deter-
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Fig. 5. Height above present day mean low water springs ver-
sus 230Th-age for Western Australian samples satisfying both a
strict δ234U(T ) criterion, in which δ234U(T ) D 149 š 4‰ (solid
squares), and the relaxed criterion whereby δ234U(T ) D 149 š
10‰ (open squares). Mass spectrometric results from the Abrol-
hos Islands [6,28], satisfying the extended δ234U(T ) criterion,
are also plotted. The envelope of the data points (shown by the
hatched band) defines a minimum estimate for the position of
local sea-level since reef-building corals can grow in a large
range of water depths. The shaded band corresponds to a major
reef growth event, dated at ¾134–135 ka [3], at rapidly uplift-
ing Huon Peninsula. Glacio-hydro-isostatic model predictions for
relative sea level along the Western Australian coast which best
fit the data are shown by the black solid line. The earth model is
from [44] and the ice model assumes that melting is synchronous
in both hemispheres and that the global distribution of ice at
the Penultimate Glacial Maximum is similar to that at the Last
Glacial Maximum.

mined for outcropping coral. Even when all of the
results are considered (Fig. 3), including 230Th-ages
for samples with very elevated δ234U(T ), 128–129
ka stands out as a very striking boundary in the data.
Thus, 128 š 1 ka almost certainly represents the
timing of the start of Last Interglacial reef growth
along the continental margin of Western Australia,
and hence the start of the Last Interglacial period
when sea-levels first approached present sea-level.
Samples dated at ¾128 ka outcrop to 3 m above
present sea-level at all localities between Rottnest
Island and Cape Range (Fig. 5). The oldest reliably
dated corals in apparent growth position from slowly
uplifting reefs on Oahu [2], Sumba Island [7] and
the New Hebrides Arc [22,25], also located in the
far-field, have ages of 131 š 3, 131 š 1 and 129 š 1

ka, respectively. These results are in good agreement
with the oldest ages determined for the Western Aus-
tralian reefs, particularly given the possibility that
these corals grew during the episode of sea-level rise
leading up to the Last Interglacial and have been
subsequently exposed by tectonic uplift.

A third drill core coral, dated at 135 š 1 ka
[δ234U(T ) D 160 š 2‰], was recovered from the
Tantabiddi Bay reef, at a depth of 7.4 m below
present MLWS, and has been correlated with the
final part of the penultimate deglaciation, rather than
the Last Interglacial interval. Taken on its own, this
data point would not be regarded as a reliable con-
straint on the relative sea-level curve. However, two
additional samples, of comparable position and age,
have been recovered from the Abrolhos Islands reefs
[6,28] with U-series ages of 134.3 š 1.3 and 132.5
š 1.8 ka from depths of 4.3 and 3.3 m below present
sea-level, respectively, although the relationship be-
tween sample elevation and the MLWS datum is
not well defined. The former sample has an ele-
vated δ234U(T ) of 162 š 2‰ while the δ234U(T )
for the latter sample is 160 š 7‰ which lies within
acceptable limits but is of relatively low precision.
Certainly, diagenetic exchange of the U–Th isotopes
in the above-mentioned samples cannot be ruled out
as a possibility, and the 230Th-ages may in fact be
somewhat older than the true ages. But the fact that
three, independently derived results, cluster about
similar heights and ages, suggests that all three drill
core results may be recording a real sea-level event
occurring near ¾135 ka, with levels up to 7 m below
present MLWS based on the tightly constrained el-
evation of the Tantabiddi Bay sample. Furthermore,
¾134 ka appears to correspond to a major reef-
building event at Huon Peninsula which probably
occurred prior to the Last Interglacial period when
the rate of sea-level rise had slowed to within the
same order of magnitude of the 2 m=ky rate of the
uplift of the land (Fig. 5).

In summary, sea-level along the coast of Western
Australia may have reached ¾7 m below present
sea-level at 134 to 135 ka during the final part of
the penultimate deglaciation. However, it must be
emphasized that this result is based on only a few
observations, none of which pass strict criteria for
reliability. Consequently, it is not nearly as robust as
the sharply defined 128 š 1 ka constraint for the



756 C.H. Stirling et al. / Earth and Planetary Science Letters 160 (1998) 745–762

initiation of Last Interglacial reef growth along the
coast of Western Australia (Figs. 3 and 4), when
relative sea-level was at least 3 m above the present
level. The details of the rise in sea-level between
¾135 and ¾128 ka cannot be constrained by the
current data.

4.2. Termination of Last Interglacial reef growth

At Mangrove Bay in the Cape Range region, the
fossil reef appears to have preserved the sea-level
regression marking the end of emergent Last In-
terglacial reef growth along the coastal margin of
Western Australia. This is suggested by both the
TIMS U-series chronology and the morphology of
the Last Interglacial sequence at this location. Sea-
ward of the modern shoreline, the Last Interglacial
sequence lacks the reef platform occurring at C3
m above present sea-level, so commonly observed at
other Last Interglacial localities in Western Australia.
Instead, the upper surface of the reef is a seaward-
sloping platform, which occurs in the present day
intertidal zone. Faviidae corals sampled from the sur-
face of the platform at distances of 185 m inland, 20
m offshore, and 95 m offshore relative to the present
shoreline have respective TIMS U-series ages of 119
š 1 (2σM), 118 š 1 (2σM) and 116 š 1 (2σM), and
respective heights of 1.35, 0.47 and 0.36 m, mea-
sured relative to the present MLWS datum (Fig. 2).
Of the thirty-five ‘strictly reliable’ ages, these are the
only data points giving ages younger than 120 ka
(Fig. 4a). The suggested correlation between age and
distance offshore indicates that the platform formed
while sea-levels were falling. Certainly, the seaward
slope of the platform is consistent with such a hy-
pothesis. The separation of these 230Th-ages is only
barely resolvable because of the large contribution
to the quoted 2σM uncertainties from the system-
atic errors in the decay constants. However, because
230Th-ages from within a single reef unit are be-
ing compared, it is justifiable to remove the decay
constant errors from the quoted uncertainties and
consider the š0.3 ky error in the relative age arising
from analytical uncertainties alone. A clearer sep-
aration in the above-mentioned ages then becomes
apparent.

Based on the principles of hydro-isostasy, assum-
ing ocean volumes at ¾125 ka were comparable to

those of the present, it could be argued that the Man-
grove Bay reef formed before the termination of the
interglacial, when sea-levels passed below present
day sea-level along the Western Australian coast
due to local hydro-isostatic adjustment of the earth
to meltwater loading of the ocean basins (Fig. 6a).
The Western Australian sea-level observations do
not support this hypothesis. Relative sea-levels along
the Western Australian coast remained 3 m above
present sea-level or higher until at least 122 ka, ¾6
ky after the onset of the Last Interglacial. The fall
in relative sea-level during the remainder of the in-
terval caused by hydro-isostasy is not expected to
exceed ¾1 m, assuming eustatic sea-level remained
constant throughout the duration of the interval. Con-
sequently, reefs which grew near the termination of
the interglacial should also be exposed at or above
the present sea-level, allowing rigorous constraints
to be placed not only on the timing of onset of the
Last Interglacial period, but on the termination as
well. Instead, the new Western Australian observa-
tions are consistent with a model in which eustatic
sea-level exceeded the present day value at ¾125 ka
(short-dashed curve in Fig. 6a).

The Mangrove Bay data are consistent with reef
observations from Barbados. The latter is an interme-
diate-field site and is expected to record a maximum
sea-level highstand late in the interglacial interval
[12], allowing a critical evaluation of the timing of
termination of the Last Interglacial. Based on TIMS
U-series results and stratigraphic relationships, com-
bined with an uplift correction, Gallup et al. [23]
have argued that relative sea-level at Barbados fell
below the present level between 120 and 117 ka
(although the latter result does not pass the strict
δ234U(T ) criterion). This is in reasonable agreement
with the inferred timing of termination of the Last
Interglacial interval from the regressive sequence at
Mangrove Bay, given both (a) the uncertainty in the
origin of the modern sea-level datum with which
Gallup et al. [23] referenced their paleo sea-level
estimates to and (b) the uncertainty in the reliability
of the 117 ka age constraint.

In contrast, mass spectrometric ages for Oahu
[2], as well as the Exuma Keys and Berry Islands,
the Bahamas [5] suggest that sea-level may have
been higher than present until as late as ¾110 ka.
The Hawaiian constraint, however, is based on the
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Fig. 6. (a) Schematic illustration of sea level change relative
to the Western Australian continental margin. The dashed line
corresponds to a long duration interglacial, represented by stable
eustatic sea levels at elevations comparable to those of today
throughout the entire interglacial interval. Any reefs that formed
during the latter part of the interval would now lie a few me-
ters below sea level due to the hydro-isostatic adjustment of the
earth to meltwater loading of the ocean basins. 230Th-ages for
the emergent reefs would, therefore, give an apparently short
duration for the interglacial interval. The solid line represents an
alternative curve for a shorter duration interglacial, characterized
by eustatic sea levels which lie above those of the present day.
Reefs that formed during the latter part of the interval would now
lie above sea level. For both curves, the period of formation of
the now emergent reefs along the west coast of Australia corre-
sponds to the interval A–B. (b) Schematic illustration of relative
sea-level change from 140 to 60 ka at Bermuda (short-dashed
line), the Bahamas (thin solid line) and along the continental
margin of Western Australia (long-dashed line). The correspond-
ing eustatic sea level (ESL) curve is shown by the thick solid line
and has been modified from the Shackleton [31] proxy record for
eustatic sea level change, but shifted in elevation in the interval

230Th-age of a single growth-position coral which is
of relatively low precision and is identical, within
error, to the 116 ka result reported for the Mangrove
Bay reef. We reconcile the new Western Australian
results with the Bahamian sea-level estimates by
proposing the latter site is responding to the glacio-
isostatic unloading of North America. Tectonically
stable reefs at Florida and Bermuda, located rela-
tively close to the former penultimate glacial maxi-
mum ice sheets, indicate that relative sea-levels were
close to or slightly above those of the present day at
¾80 ka [21]. Similar relative sea-level elevations are
expected there for the ¾105 ka interstadial, based
on a comparison of the two events in both marine
δ18O and reef growth records (e.g., [31,32]). When
corrected for the effects of glacio-isostasy, these rel-
ative sea-level observations suggest eustatic sea-level
values of up to 10 m below present sea-level at ¾80
and¾105 ka. Consequently, reefs which grew during
either of these interstadials would not be expected
to outcrop above present sea-level along the far-
field Western Australian coast, where glacio-isostatic
processes are much less important, and where the
relative sea-level signal departs only slightly from
the eustatic sea-level curve. They may, however, be
expected to occur near present day sea-level at the
intermediate-field site of the Bahamas (solid line in
Fig. 6b) where glacio-isostatic processes are still rel-
atively important and could be misinterpreted as Last
Interglacial reef growth.

4.3. Climatic fluctuations during the Last
Interglacial

Although the new Western Australian data sug-
gest a sea-level highstand of long duration, occurring
from 128 š 1 to 116 š 1 ka, the main feature of
Fig. 4 is that the major episode of reef building is

¾110 ka to ¾70 ka so that predictions for relative sea level at
Bermuda are in agreement with reef observations for the ¾80
ka interstadial event reported by Ludwig et al. [21]. At Bermuda
and the Bahamas, the relative sea level curves lie considerably
higher than the eustatic curve during the ¾105 and ¾80 ka
interstadial events due to glacio-isostasy. In Western Australia
the relative sea level curve closely approximates eustatic sea
level during these interstadial events and any reefs which grew at
¾105 and ¾80 ka would now lie below the present sea surface.
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confined to a very narrow interval occurring from
128 š 1 to 121 š 1 ka. Excluding the unique data
from Mangrove Bay, which has been argued above
to constrain the timing of termination of the Last In-
terglacial, all of the thirty-two other ‘strictly reliable’
data points lie within this narrow interval.

Because reef growth is dependent on ocean sur-
face temperatures, the abrupt termination of major
reef development at ¾121 ka is suggestive of a ma-
jor cooling event at that time, at least locally along
the continental margin of Western Australia. It is
likely that this event occurred rapidly, within the
1–2 ky resolution of the TIMS U-series data, since
a gradual cooling event would have resulted in a
more gradual progression in ages from south to north
along this 1300 km stretch of coastline. Furthermore,
the magnitude of the surface-water temperature drop
would have been close to or greater than 4º be-
cause the present latitudinal shift in temperatures
between Leander Point and Cape Range is of this
order, and a lesser reduction in temperatures would
have enabled prolific reef growth to have continued
at the more northerly locations after 121 š 1 ka.
A sudden ‘switch off’ of the Leeuwin Current at
¾121 ka could account for the abrupt termination of
widespread reef growth along the coastal margin of
Western Australia at that time.

From the evidence at other locations worldwide,
122–121 ka represents a time of major change in
global reef growth patterns [1], as well as a lo-
cal change along the continental margin of Western
Australia. Therefore, some mechanism other than a
change in local conditions, must be invoked to ex-
plain the apparent widespread termination of reef
growth at this time. Coral growth at the low lat-
itude localities of Barbados and the Bahamas in
the Caribbean region should be relatively insensi-
tive to small changes in ocean surface temperatures.
Drillcores recovered from reefs at Barbados [33],
for example, show that reefs grew prolifically and
continuously offshore from the island as far back
as the Last Glacial Maximum and possibly earlier.
Yet the Bahamian and Barbados localities also show
an abrupt termination of emergent reef growth near
¾122 ka, in direct agreement with the higher lati-
tude Western Australian observations. For a model
in which the Last Interglacial period is represented
by a single, prolonged sea-level highstand, occur-

ring from about 128 to 116 ka, the abrupt ending
of prolific reef growth globally, in both the far-
and intermediate-fields, can only be satisfactorily ex-
plained by ocean cooling when the temperature fall
is global, severe and rapid, simultaneously affect-
ing all of the world’s oceans, rather than by small
scale local changes, such as a reorganisation of the
Leeuwin Current.

There are an increasing number of paleo-cli-
mate records suggesting widespread climate insta-
bility during the Last Interglacial period, particularly
during the latter part of the interval. For exam-
ple, high resolution δ18O and δ13C records of ben-
thic foraminifera recovered from the Ocean Drilling
Project site 658 in the subtropical Eastern Atlantic
(Fig. 7b) indicates general climate stability during
the early part of the Last Interglacial period, bro-
ken by a short-lived, but severe ‘intra-Eemian cold
event’ which may have triggered climate instability
throughout the remainder of the interglacial interval
[34]. The timing of this cold event at ¾122 ka co-
incides exactly with the abrupt termination of reef
growth, globally, in both the intermediate- and far-
fields, as well as locally along the Western Australian
coast. An abrupt shift to cooler climatic conditions
at ¾122 ka is also shown by a high resolution (¾400
year) δ18O record of climate variations in the Sulu
Sea region (Fig. 7c), in the southern hemisphere over
the past 150 ky [35]. This cold interval is associ-
ated with a period of ash deposition and indicates
that oceanographic changes and hence widespread
cooling may have been triggered by catastrophic
volcanism [35]. The chronologies assigned to the
Eastern Atlantic and Sulu Sea records are largely
constrained by orbital forcing theory and may not
be reliable. Nevertheless, both climate proxies report
an abrupt shift to cooler conditions near the middle
of the Last Interglacial period, which likely correlate
with the sudden termination of reef growth at ¾121
ka observed in the accurately dated coral records.
However, we do recognize that some other ocean
sediment records show no oscillations in climate
during the Last Interglacial (e.g. [36,37]).

Reef growth, as well as being strongly influenced
by ocean surface temperatures, is also dependent on
changes in sea-level. Hence, an alternative explana-
tion for the tight clustering of ages between 128 and
122 ka in both the far- and intermediate-fields is that



C.H. Stirling et al. / Earth and Planetary Science Letters 160 (1998) 745–762 759

after 121 š 1 ka, the Last Interglacial period was
characterised by sea-level as well as climate insta-
bility. The major episode of reef building, occurring

between 128 and 121 ka, may therefore reflect a
period of stable sea-level, at elevations of at least
C3 m relative to present day sea-level, along the
coastal margin of Western Australia. After ¾121 ka,
sea-level may have become unstable, perhaps oscil-
lating about the present, and the younger part of the
Mangrove Bay reef may have formed during a sec-
ond short-lived stillstand event at the closing stages
of the Last Interglacial interval when sea-level was
again close to present day levels for a prolonged pe-
riod of time. There is a growing body of data in the
literature providing direct evidence for an oscillatory
sea-level curve with multiple highstands for the Last
Interglacial period [38–41].

5. Conclusions

More than seventy high-precision TIMS U-series
ages have been determined for Last Interglacial fossil
reefs along the coastal margin of Western Australia
which indicate that Last Interglacial reef growth
started contemporaneously at 128 š 1 ka along the
entire continental margin between Rottnest Island
and Cape Range. Relative sea-levels during this time
were at least 3 m above the present level (Fig. 4).
This result constrains the time at which global or
eustatic sea-level reached ‘interglacial levels’ to 128
š 1 ka, assuming reef growth started soon after
sea-level approached its present value. In contrast,
the Devils Hole chronology indicates that full in-
terglacial conditions were attained ¾6 ky earlier,
at ¾134 ka. If the Devils Hole record is a proxy
for global, as well as local or regional temperature

Fig. 7. (a) Distribution of ‘strictly reliable’ 230Th-ages for Last
Interglacial reef sites in Western Australia reported in this study
and in [1]. (b) A comparison of oxygen and carbon isotope
records of benthic foraminifera from the Stage 6 — Eemian tran-
sition recorded at the ODP site 658, after Maslin and Tzedakis
[34]. (c) Planktonic δ18O isotopic analyses from the Sulu Sea
plotted against time, after Linsley et al. [35]. (d) The Last Inter-
glacial sea level curve published in Neumann and Hearty [41],
based on stratigraphic analyses of sequences on Bermuda and the
Bahamas. The inferred sea level curve in (d) has been re-scaled
in time taking into consideration a reassessment of the reliability
of 230Th-ages for Bahamian samples [4] as reported by Stirling
et al. [1].
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variations, then the implication is that sea-level and
temperature fluctuations, over the earth as a whole,
are not strictly coupled for small changes in the
climate system.

The Last Interglacial sea-level highstand persisted
from 128 š 1 to 116 š 1 ka, although of all the
reefs sampled in Western Australia, Mangrove Bay
is the only locality apparently recording reef growth
during the final part of the Last Interglacial interval.
The major episode of reef building near present
sea-level is, however, confined to a very narrow
interval occurring from about 128 to 121 ka and
the abrupt termination of the main episode of reef
growth at 121 š 1 ka may be indicative of a global
cooling event at this time. This has been suggested
independently by some other paleo climate records
(e.g., [34,35]). Alternatively, the paucity of ages
in Western Australia beyond 121 š 1 ka may be
correlated with rapid excursions in sea-level at the
close of the interglacial interval, apparently recorded
in reef sequences at Huon Peninsula [3] and in the
Caribbean (e.g., [41]).

Our δ234U(T ) criterion for reliability assumes the
marine 234U=238U ratio at ¾125 ka is the same as
the modern value. We emphasize that all results
obtained in this study, regarding the timing and
duration of Last Interglacial reef growth along the
west coast of Australia, hold true whether the range
of acceptable δ234U(T ) is extended or not. Hence, the
same conclusions would be obtained if the marine
234U=238U ratio at ¾125 ka were slightly higher than
the present day value, as would be compatible with
the high precision δ234U(T ) data presented in this
study.

The Western Australian data have implications
for the validity of the Milankovitch astronomical
model of climate change. According to the current
version of this model, the oldest corals present in an
emergent Last Interglacial reef should have ages that
are younger than the Milankovitch insolation peak
at 126–128 ka [10,11]. The timing of onset of the
Last Interglacial period at 128 š 1 ka, is consis-
tent with the timing of the insolation maximum, but
this contrasts markedly with the Holocene period,
when the sea-level response lagged peak insolation
by 5 ky, suggesting that the climate response to or-
bital forcing may be non-linear. This is perhaps not
surprising when the behaviour of summer solar inso-

lation for latitude 65ºN between the Last Interglacial
and Holocene intervals are compared. The 126–128
ka insolation peak is more intense than the 11 ka
peak [11] believed to have triggered the Holocene
interglacial and this may explain why the sea-level
response to insolation forcing appears to have oc-
curred more rapidly for the former than for the latter
interglacial interval.

Three drill core observations for currently sub-
merged reefs at the Abrolhos Islands [6,28] and
Tantabiddi Bay (this study) suggest that relative sea-
level at ¾135–134 ka may have been up to 7 m
below the present level along the Western Australian
coast. Taking into account the effects of hydro-
isostasy, this corresponds to a global or eustatic
sea-level estimate of ¾14 m below present sea-level.
Such high sea-levels at ¾134 ka may be difficult
to reconcile with the timing of the ¾139–137 ka
[10,11] insolation low: It is difficult to conceive how
most of the deglaciation could have been complete
by ¾135 ka if initial melting of the Penultimate
Glacial Maximum ice sheets commenced no earlier
than the timing of the insolation minimum at ¾138
ka. However, rapid excursions in sea-level during
the penultimate deglaciation are suggested by com-
bined Sr=Ca, δ18O and TIMS U-series data for reef
sequences at Huon Peninsula, Papua New Guinea
[42,43]. The termination of reef growth, coincident
with the ¾116 ka insolation low [10], may also be
difficult to explain by the current version of the Mi-
lankovitch model unless sea-levels are influenced by
factors in addition to insolation. To interpret these
data correctly may require a more careful consider-
ation of the relationship between insolation changes
and for example, ice sheet dynamics.

A more extensive data set than currently available
for the penultimate deglaciation phase leading up to
the Last Interglacial interval, as well as further data
for emergent Last Interglacial reefs, is of paramount
importance to allow a further comparison between
reef observations and the insolation predictions of
the Milankovitch climate model.
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