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During the Last Glacial Maximum, ice sheets covered large areas
in northern latitudes and global temperatures were signi®cantly
lower than today. But few direct estimates exist of the volume of
the ice sheets, or the timing and rates of change during their
advance and retreat1,2. Here we analyse four distinct sediment
facies in the shallow, tectonically stable Bonaparte Gulf,
AustraliaÐeach of which is characteristic of a distinct range in
sea levelÐto estimate the maximum volume of land-based ice
during the last glaciation and the timing of the initial melting
phase. We use faunal assemblages and preservation status of the
sediments to distinguish open marine, shallow marine, marginal
marine and brackish conditions, and estimate the timing and the
mass of the ice sheets using radiocarbon dating and glacio-hydro-
isostatic modelling. Our results indicate that from at least 22,000
to 19,000 (calendar) years before present, land-based ice volume
was at its maximum, exceeding today's grounded ice sheets by
52:5 3 106 km3. A rapid decrease in ice volume by about 10%
within a few hundred years terminated the Last Glacial Maximum
at 19; 000 6 250 years.

The broad and shallow continental margin of northern Australia
includes several local bathymetric depressions, the largest of which is
the Bonaparte Gulf. During times of sea-level lowstands much of the
shelf was exposed, and the sediments deposited in the depressions
were protected from wave action by the outer shelf edge. A total of 23
gravity cores, 10 vibrocores and 3 grab samples were collected from
present-day water depths of 34 to 147 m along transects across the
shelf margin and the Bonaparte depression (Fig. 1a). All cores were
sedimentologically examined and a number were selected for micro-
palaeontological analysis and radiocarbon dating. Depending on
faunal assemblages and preservation status (Fig. 1b, see also Methods
section below) four distinct bio-sedimentary facies have been recog-
nized: open marine, shallow marine, marginal marine, and brackish
water, denoted by OM, SM, MM and BR, respectively, in Fig. 1b. We
obtained 41 radiocarbon dates of foraminifera and bivalve molluscs
using accelerator mass spectrometry (AMS) techniques and dated
some of the larger bivalves using conventional liquid scintillation
counting methods. All AMS-dated samples were severely etched
(about 40% to 50%) to discard outer shell material that may have
been contaminated by secondary carbonate precipitation. Figure 1b
summarizes the results for 7 of the cores from water depths between
128 and 95 m. All carbonate ages have been corrected for reservoir
effect (400 years; refs 3, 4) and calibrated to a calendar timescale5,6.
The cores indicate excellent preservation of faunal specimens, many
without evidence for reworking, and the 14C dates indicate only rare
instances of age inversions.

Last Glacial Maximum (LGM) sea-level indicators are preserved
in a number of the cores. To reconstruct a sea-level curve based on
micropalaeontological evidence, it is necessary to consider the
palaeoenvironmental conditions as a sequence of events assuming
that little or no break in sedimentation, and no erosion, has
occurred. (If a hiatus does occur it results in missing bio-facies
and in reworking of the faunas; and this is not observed.) Thus,
through identi®cation of a transition from shallow marginal marine
to brackish conditions and then back to shallow marginal marine
conditions, the timing of the brackish conditions records the
interval of lowest sea level. Once this depth is identi®ed in a
single core, other cores with depths either side of the identi®ed
low sea-level stand are examined to substantiate the reconstruction.
This has been done using core GC5 as the master core because it has
the best preserved and dated record for brackish water conditions.
No truly lacustrine phase has been recognised in any of the cores,
indicating that throughout the LGM the Bonaparte depression
remained in open contact with the Timor Sea7.

The transition from marginal marine to brackish facies occurs in
core GC5 at 21,280 calendar years before present (cal. yr BP) at a
depth of 340 cm below the sea ¯oor (Fig. 1b). Sediments below this
depth contain marine ostracods and planktonic foraminifers,
whereas above this boundary dwarf specimens of the benthic
foraminifer Ammonia beccarii occur along with other shallow to
brackish water indicators such as the benthic foraminifer Elphidium
spp. and the euryhaline ostracod Cyprideis australiensis8,9. Marginal
marine and brackish-water conditions existed for about 3,000 years,
in agreement with results from cores GC4 and GC6 (Fig. 1b) as well
as GB1. Sea level at GC5 was, therefore, a few metres below -121 m
(Fig. 2a) in this time interval. Deeper cores, both within the
depression (GC1, GC2 and GC3) and outside it, do not indicate
any brackish facies and place a lower limit of -125 m on the position
of relative sea-level at these locations. The microfossil assemblages
of cores GC10 and GC11, at -103 and -101 m respectively, are
indicative of a marginal beach or coastal lagoon environment
between 17,650 and 17,450 cal. yr BP. In core GC7, undamaged
littoral-dwelling bivalves occur at -107 m with an age of
17,610 cal. yr BP (Fig. 1b). Figure 2a illustrates the results for all
samples free from post-depositional disturbance. They indicate that
between 22,000 and 19,000 cal. yr BP a rapid rise of 10±15 m
occurred.
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The sea-level change due to the melting of land-based ice sheets
is10,11

Dz rs1 � ¢ze � Dz i �1�
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is a measure of the ice volume Vi that contributed to the sea-level
rise. We call this the ice-equivalent sea-level change. Aw is the ocean
area and ri, rw are the average densities of ice and ocean, respec-
tively. Dzi is the total glacio-hydro-isostatic contribution to sea-level
change. At the Australian sites, away from the former ice sheets, the
isostatic response is one of subsidence of the sea ¯oor and coastal
zone because of the meltwater loading of the ocean ¯oor. Here, Dzi is
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Figure 1 Location and stratigraphy of the Bonaparte cores. a, Location of the

sampling sites on the northwest shelf of Australia with bathymetric contours (in metres)

and coring sites. b, Sedimentological description with facies inferred from micro-

palaeontological methods (see Methods) and 14C dates for gravity cores. Four facies are

identi®ed as follows: OM, open marine; SM, shallow marine; MM, marginal marine; and

BR, brackish-water (see Methods section). Dated horizons are indicated and all ages are

in 14C years. The complete data set, including calibrated ages, is available from

http://www.ngdc.noaa.gov/paleo/data.html.
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about 10% of the primary contribution Dze and the relative sea
levels lie above the ice-equivalent sea level at the time of the LGM12.

The isostatic effects also need to be considered when estimating
ice volumes from eustatic sea level Dzeus, de®ned as the globally
averaged sea-level change. The value of Dzi in equation (1) averaged
over the oceans, hDziiAw, at any time is non-zero because of the
change in shape and depth of the ocean basin under the changing
surface ice and water load. Hence the spatially averaged change in
sea level at any time is Dzeus � Dze � hDz iiAw and the last term
contributes about 20% to Dzeus. In addition to the time dependence
of the depth of the ocean basin, the evaluation of the isostatic term
in equation (1) and the integral in equation (2) includes the time
dependence of both the coastline and the area of shallow sea ¯oor
covered by grounded ice.

Figure 2b illustrates the ice-equivalent sea level and associated
land-based ice volume, inferred from the Bonaparte Gulf observa-
tions. These results use a rigorous glacio-hydro-isostatic formula-
tion with Northern Hemisphere ice models that are consistent with
observational evidence from these localities and with an Antarctic
ice model that contributes 25 m to Dze (refs 13±15). Earth model
parameters used in these corrections are based on analysis of
Australian postglacial sea levels12 and uncertainties in these param-
eters are included in evaluating the error bars of Fig. 2b. Because the
isostatic corrections are about 10% of the total sea-level change,
uncertainties in the distribution of ice between the different centres
of glaciation contribute little to the magnitude of the isostatic effects

themselves. The consequence of the isostatic corrections is that
the ice-volume-equivalent sea level at the LGM lies between -135
and -130 m, corresponding to a volume of grounded ice in excess of
the present volume by �52 6 2� 3 106 km3.

Earlier observations of the LGM sea level on the Australian
shelf7,16 and elsewhere17,18 have shown considerable uncertainty, in
part because of the limitation of the preserved indicators and in part
because of inadequate age determination. Of the previous data, that
of greatest importance is the Barbados evidence where the depth±
age relationship of corals have placed lower limits on the local sea-
level curve19,20. Figure 2b includes isostatically corrected sea-level
estimatesÐusing the same model and model parameters as for the
Bonaparte dataÐfor the Barbados data as well as three earlier
estimates from northern Australia7. The main group of Barbados
results, from Acropora corals that live in water depths down to about
5 m (ref. 19), occur in the interval from 19,000 to 17,000 cal. yr BP

and, when corrected for the differential isostatic effects, are con-
sistent with the Bonaparte Gulf data. The two older data points from
Barbados lie at greater depths and are also consistent with the new
data for the corresponding period. The agreement between the
Barbados and Bonaparte estimates shortly after 19,000 cal. yr BP

indicate that the equivalent sea level stood at about -120 m at this
time, above the coral and marginal marine samples. The earlier
brackish water samples occur at about -135 m equivalent sea level.
These estimates are from minimally reworked fauna showing
evidence of bleaching and without age inversions. Thus a rapid rise
in sea level occurred at about 19,000 cal. yr BP, within a time interval
de®ned by the dating accuracy of a few hundred years. This rapid
rise was followed by a period of about 2,000 to 3,000 years of much
slower melting of the ice sheets before the onset of the main phase of
late-glacial melting. The bulk of the Barbados evidence, therefore,
does not correspond to the period of maximum glaciation but to the
early stages of the late-glacial phase.

The inferred ice-equivalent sea level of -130 to -135 m is consistent
with the glaciological lower limit estimate of -127 m established by
the CLIMAP project1 and does not support the maximum CLIMAP
ice-sheet reconstruction of -163 m. (It has been argued that upper-
and lower-limit CLIMAP models contain excessive ice when com-
pared with an isostatically corrected Barbados sea-level result of
-105 m (ref. 21). But this latter quantity corresponds to Dzeus, not
Dze. A Dzeus of -105 m corresponds in fact to Dz of about -135 m.)

The global sea-level observations do not indicate where the ice
was stored. Analyses of sea-level data from formerly glaciated
regions provide Northern Hemisphere ice volumes that are less
than those contained in glaciologically based models13,21±23 and the
previously noted14,24 discrepancy between the Northern Hemisphere
and total LGM ice volumes remains. Changes in Antarctic ice may
account for part of this, although estimates based on Antarctic
rebound analyses are inadequate to explain the entire imbalance25.
In the inversion of sea-level data it is the rebound within the former
ice margins that is most sensitive to changes in ice volume, but the
necessary observations occur only once the area becomes ice free.
Hence, ice volumes for the LGM and early part of the late-glacial
period remain poorly constrained in such analyses26. The rapid rise
in sea level noted at 19,000 cal. yr BP may provide part of the answer
to the missing-ice problem: that the LGM ice sheets were initially
cold-based, steeply domed and thick but then, in response to basal
thawing over some regions, evolved rapidly into relatively thin ice
cover with a signi®cant reduction in ice volume27,28. Such a hypoth-
esis is consistent with the geomorphological ®eld evidence27, with
glaciological modelling29 and with the ice models inferred from
rebound analyses13,22. M

Methods
Facies determination

To de®ne water depth within 1±2 m in the Bonaparte Gulf, it is necessary to examine the
sequence of depositional events immediately before and after the deposition of the
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Figure 2 Sea level and ice volumes during the LGM. a, Observed sea level for the

Bonaparte depression. The diamonds correspond to brackish-water facies, the triangles
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corresponds to the lower-limit estimate for relative sea level (according to results obtained

from GC2 and 3 that neither core contains the shallow-water facies). b, Equivalent sea-
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brackish facies. In a falling sea-level sequence the following biosedimentological facies
sequence can be expected within the core: 1, open marine; 2, shallow marine; 3, marginal
marine; and 4, brackish conditions. The last three facies are seen, for example, in the lower
part of core 5 (Fig. 1b). When sea level rises the sequence reverts to marginal marine and
then to shallow marine. It is this sequence of facies changes before and after the deposition
of the brackish-water sediments that determine the position and duration of shallow-
water conditions. The four depositional sequences are as follows.
`̀ Open marine'' was identi®ed by the presence of fragile pteropod remains, numerous and
diversi®ed benthic foraminifer and ostracod taxa, that are indicative of normal marine
salinity. In analogy with modern conditions, water depths are around 20 m because
planktonic foraminifers are either absent or rare.
`̀ Shallow marine'' was characterized by the absence of pteropods and the presence of
numerous and well-preserved foraminifer and ostracod taxa (which include species of
Aglaiella, Argilloecia, Callistocythere, Loxoconcha, Pterygocythereis, Uloleberis, in addition
to common bairdiid taxa); there are no planktonic foraminifers. Biodiversity of the
microbiota is substantially lower than in the open marine facies. Water depths are around
10 m.
`̀ Marginal marine'' was de®ned by a change to a lower diversity of benthic marine
ostracods (commonly encountered species: Neocytheretta ssp., Xestoleberis sp.) and
benthic foraminifers, accompanied by the robust endobenthic scaphopods. Most speci-
mens show signs of abrasion. Bivalve molluscs are common and frequently damaged.
Broken echinoid spines and bryozoan remains are ubiquitous. Terrigenous material,
mostly quartz, is common. Water depths are less than 5 m, being within the zone of tidal
in¯uence.
`̀ Brackish water'' was identi®ed by a paucity of typically marine organisms and the
presence of the foraminifer Ammonia beccarii, often in large numbersÐand as dwarf
morphs due to environmental stresses such as ¯uctuating salinities and temperaturesÐ
accompanied by the euryhaline ostracods Cyprideis australiensis, Leptocythere spp. and
Neocytheretta spp. Signs of bleaching of the calcareous shells, indicating exposure to
corrosive waters, are common. Terrigenous material is common. Salinities are well below
sea-water salinity due to a strong in¯uence of continental waters, such as found in estuaries
and tidal ¯ats. Water depths correspond to near mean sea level and up to the high-tide
level. Present tidal range is 63 m and this represents the upper limit of the accuracy of
these sea-level indicators.
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Modern birds have markedly foreshortened tails and their body
mass is centred anteriorly, near the wings1±5. To provide stability
during powered ¯ight, the avian centre of mass is far from the
pelvis, which poses potential balance problems for cursorial birds.
To compensate, avians adapted to running maintain the femur
subhorizontally, with its distal end situated anteriorly, close to the
animal's centre of mass; stride generation stems largely from
parasagittal rotation of the lower leg about the knee joint6±12. In
contrast, bipedal dinosaurs had a centre of mass near the hip joint
and rotated the entire hindlimb during stride generation4±8,11±13.
Here we show that these contrasting styles of cursoriality are
tightly linked to longer relative total hindlimb length in cursorial
birds than in bipedal dinosaurs. Surprisingly, Caudipteryx, des-
cribed as a theropod dinosaur14,15, possessed an anterior centre of
mass and hindlimb proportions resembling those of cursorial
birds. Accordingly, Caudipteryx probably used a running mechan-
ism more similar to that of modern cursorial birds than to that of
all other bipedal dinosaurs. These observations provide valuable
clues about cursoriality in Caudipteryx, but may also have impli-
cations for interpreting the locomotory status of its ancestors.

In contrast to bipedal dinosaurs, the femur in cursorial birds
contributes little to generation of stride length, and avian hindlimb
movement is largely the result of retraction of the lower leg7±12.
Hence, it might be expected that relative stride length in cursorial
birds would be lower than that in bipedal dinosaurs. However, this
is probably not the caseÐlengths of `effective hindlimb' segments in
birds (tibiotarsus + tarsometarsus) and dinosaurs (femur + tibia +
metatarsal III) are equivalent16 (Fig. 1a). Consequently, total hind-
limb length in cursorial birds is invariably one-and-a-half times
longer than in theropod and ornithopod dinosaurs (Fig. 1b).
Additionally, as adept avian runners have evolved repeatedly from
¯ighted ancestors17, we conclude that these profound anatomical
modi®cations that facilitate avian cursoriality are multiple conver-
gent responses to secondary resumption of cursoriality in distantly
related taxa independently derived from ¯ighted ancestors.

² Present address: Department of Biology, Stephen F. Austin State University, Nachogdoches, Texas 75962,

USA.
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