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Abstract

The eustatic component of relative sea-level change provides a measure of the amount of ice transferred between the
continents and oceans during glacial cycles. This has been quantified for the period since the Last Glacial Maximum by
correcting observed sea-level change for the glacio-hydro-isostatic contributions using realistic ice distribution and earth
models. During the Last Glacial Maximum (LGM) the eustatic sea level was 125 + 5 m lower than the present day,
equivalent to a land-based ice volume of (4.6-4.9) x 107 km?®. Evidence for a non-uniform rise in eustatic sea level from
the LGM to the end of the deglaciation is examined. Theinitial rate of rise from ca. 21 to 17 kawas relatively slow with an
average rate of ca. 6 m ka !, followed by an average rate of ca. 10 m ka* for the next 10 ka. Significant departures from
these average rates may have occurred at the time of the Younger Dryas and possibly aso around 14 ka. Most of the decay
of the large ice sheets was completed by 7 ka, but 3-5 m of water has been added to the oceans since that time. [0 1998
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1. Introduction

Changesin sealevel relativeto its present position
result from variations in the shape or volume of the
oceans, the redistribution of water within the ocean
basins, and the vertical movement of coastal areas.
Driven by internal earth processes and the growth
and decay of ice sheets, these changes have dif-
ferent characteristic time and length scales. For ex-
ample, mantle dynamic processes alter global ocean
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Utrecht, Utrecht University, Utrecht, the Netherlands.

basin shapes on time scales of 10° years and longer.
Crustal and lithospheric tectonic processes introduce
differential movements between land and sea on both
short and long time scales but with much shorter
characteristic length scales of the order of afew hun-
dred kilometres or less. The sea-level change caused
by glacial cycles has both a global and regional char-
acter but the predominant characteristic time scaleis
between 10° and 10° years. It isthislast contribution
that is discussed here, with particular emphasis on
changes since the last maximum glaciation.

The aim of this paper is to provide improved
congtraints on the eustatic sea-level curve since the
time of the Last Glacial Maximum (LGM). Over the
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past 20000 years changes in ocean volume have been
primarily caused by the melting of the magjor Late
Pleistoceneice sheets and the eustatic sea-level curve
provides a constraint on the changing land-based
ice volumes during this time. This time-dependent
eustatic function Ageq is defined as

D)

iceAVice
Ales(v) = — (pi(T))

Pwater Ao (T)

where pice and pwaer are the densities of ice and
water respectively, AV is the difference in the
global, land based, ice volume between time T and
the present and A, is the surface area of the ocean
(e0. [1]). Atey therefore provides a measure of
the change in ocean volume and, indirectly, of ice
volume. This function provides not only one of
the essentia inputs into modelling glacia rebound
and the associated consequences of spatially variable
sea-level, gravity and earth rotation changes, but it
can aso provide a calibration of proxy sealevel
indicators such as the 80 record from deep sea
sediment cores.

The eustatic sea-level function provides a zero-
order description of sea level change and the actual
change can depart significantly from this because
of tectonic and glacio-hydro-isostatic effects. The
former can often be evaluated from independent ev-
idence and in some circumstances can be corrected
for (e.g. [2]), whereas the latter can be predicted
from appropriate isostatic models. The isostatic cor-
rections are largest within and near the ice sheetsand
the eustatic function is best estimated from sea-level
data collected far from the former ice margins where
the glacio-isostatic effects are smaller. The present
analysisis largely restricted to such localities. Three
intervals of the eustatic sea-level function will be
emphasised. The first is its value during the LGM
when sea levels at far-field sites were at their lowest.
Eustatic values from this period constrain the vol-
ume of ice that had accumulated on the continents
at this time, as well as the duration and timing of
this glacial stage. The second is the rate of sea-level
change during the Late Glacial Period (LGP), ex-
tending until about 7000 years ago. This part of the
eustatic curve establishes the average rate at which
the former ice sheets melted, as well as any vari-
ation in this rate during the interval. The third is

the Post Glacia Period (PGP), extending from about
7000 years ago to the present. This interval is of
interest for establishing whether changes in ocean
volume occurred after most melting was completed,
due to the slow but ongoing melting of the remaining
glaciers of Antarctica, Greenland and mid-latitude
glaciers.

Section 2 of this paper defines the components
of glacio-hydro-isostatic sea-level change and their
global pattern. Section 3 discusses the requisite
model parameters, including the earth’s rheology
and the nominal ice distribution, as well as the
calibration of the radiocarbon time-scale and the
uncertainties in sea-level observations. Section 4
reviews the observational evidence used (Fig. 1);
LGM data from around the world, LGP data from
Barbados, Papua New Guinea and Tahiti, and PGP
data from the Great Barrier Reef (Australia), the
Senega River (West Africa), Jamaica, and the west
coast of Malaysia. The inferred eustatic function
is interpreted in Section 5 and the conclusions are
summarised in Section 6.

2. | ce sheets and sea-level change
2.1. Components of isostatic sea-level change

In the absence of tectonics, the change in relative
sea level (Agg) for time ¢ and location ¢ can be
expressed schematically as (e.g. [3-5]):

ALy (T, ) = Aled (T) + Aliso(T, @)
= Aley(T) + Alice(T, 9) + Alwater (T, @)

+ Alotation (T, @) %)

where Alis is the total isostatic effect associated
with the glacial rebound process and Agiee and
Alwaer @€ the components of Aéig representing the
combined ice (glacio-isostatic) and water (hydro-iso-
static) load contributions. The theory that describes
these terms is gravitationally consistent with mass
conserved and sea level remaining an equipotential
surface over the globe. The glacio-isostatic term in-
cludes the vertical movement of the earth’s crust
caused by changes in ice loading and the effect of
changes to the earth’s gravitationa field due to the
redistribution of the mass on and within the planet.
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Fig. 1. Locality map for the sea-level sites discussed in this paper.

It is therefore a function of the spatial and tem-
pora history of the globa ice distribution and the
earth’s rheology. The hydro-isostatic term includes
the crustal displacement and gravitational effects as-
sociated with the redistribution of ocean waters and
is a function of the rheology, coastal geometry and
eustatic sea level. A rigorous iterative procedure is
used to calculate this term, which includes the modi-
fication of the ocean area as sea-level changes [5,6].
Solutions for Agg converge to less than a few cm
within four iterations. The redistribution of mass in
the earth-ocean system also modifies the planet’s in-
ertia tensor, hence its rotation and centrifugal force,
and the consequences this has on relative sea-level
change are included in the last term, Aégtation [ 7]

2.2. Geographical variation in sea-level change

Components of isostatic sea-level change vary
with geographical location and it is this spatial vari-
ation that allows the earth’s rheology and aspects
of the history of past ice sheets to be inferred from
sea-level observations [1,8]. For locations within the
margins of the larger ice sheets at their maximum
extent, referred to as near-field sites, the dominant
isostatic term Agjce iS positive with relative sea lev-
els during the LGP and PGP above the present day
position, despite the increase in ocean volume that
occurred during the same interval. Model predictions
of this change are dependent on both the mantle

rheology parameters and on details of the ice sheet
geometry. Hence any estimates of the eustatic contri-
bution from such observations would be strongly de-
pendent on the model assumptions made and there-
fore such sites have been avoided in thisanalysis. For
localities at intermediate distances beyond the limits
of glaciation, the so-called intermediate-field sites,
the glacio-isostatic contribution is much reduced in
magnitude but it remains the dominant term. How-
ever, its sign is now mostly negative because the
crust in this region is subsiding in response to the
flow of mantle material towards the area of former
glaciation. This zone typically extends for several
thousand kilometres beyond the former ice margin
[4]. Inthisregion, the sea-level curveis characterised
by a continually rising function from the time of the
LGM to the present, with the rate of rise significantly
slower during the PGP than the LGP. Because the
isostatic terms are relatively small, isostatic predic-
tions for sites within this zone are less dependent on
details of the ice models than for near-field sites and
observations from these localities would provide bet-
ter constraints on the eustatic function. Of the sites
considered in this paper, only Jamaica and possibly
Barbados lie within this zone. Much further from the
ice margins, at the far-field sites, the hydro-isostatic
contribution usually dominates the glacio-isostatic
signal, although the total isostatic correction is small
and the sea level curve approximates the eustatic
function. In particular, sea-level change during the
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LGP isnot strongly dependent on the choice of man-
tle rheology and is independent of details of the ice
load geometry, but is dependent on the timing and
rates of bulk melting of the ice sheets [§]. It is for
these reasons that the emphasis of this paper is on
observational evidence from far-field localities (see
Fig. 1).

3. Modd and data dependence

3.1. Earth rheology

The earth’s rheology is described by athree-layer
mantle model, consisting of an elastic lithosphere
(effective lithosphere thickness Hiy), an upper man-
tle from the base of the lithosphere down to 670 km,
and a lower mantle down to the core-mantle bound-
ary. The mantle response is defined as a Maxwell
solid with effective upper and lower mantle Newto-
nian viscosities of nym and ni, respectively. Realistic
depth profiles for density and elastic parameters are
based on the PREM [9].

Analyses of glacia rebound and sea-level data
from near-, intermediate- and far-field localities has
provided some constraints to estimates of the man-
tle parameters, recent estimates for which are sum-
marised in Table 1 (e.g. [1,10,11]). Some of this
variability may come from lateral heterogeneity in
the earth’s rheology and some may represent un-
certainty in the analyses. Fig. 2 illustrates predicted
Al for two sites, Barbados (intermediate- to far-
field) and the Huon Peninsula (Papua New Guinea,
far-field), as a function of rheology parameters that
encompass the range of values in Table 1. At both
locations Aéis, shows little dependence on Hyiy, the
difference between extreme results being <1 m at
the LGM for both sites. The dependence of AZis, On
viscosity is greater; the difference at 21 ka between

Table 1
Summary of the plausible upper and lower limits to the earth
model parameters for a three-layer earth

Parameter Lower limit Upper limit
Hiith (km) 50 100
num (x10%° Pas) 2 6
nim (x10% Pas) 5 20

the upper and lower limitsindicated in Table 1 being
ca 3.5 m for nyn and ca. 5 m for n,. By 7 ka the
dependence these isostatic corrections has on both
parameters has decreased to <1 m for both sites.

3.2. lcedistribution

For far- and near-field sites, A¢is iS dependent
primarily on the bulk characteristics of the ice load;
the total volume of ice involved, the timing of the
disintegration of the ice sheets and, to a lesser de-
gree, on the details of ice distribution within the ice
sheets. While the unloading cycle is most important,
the choice of loading cycle is not insignificant. For
example, a rapid build-up, with a short maximum
period followed by a rapid disintegration results in
relative sea-level curves that lag behind the corre-
sponding eustatic change. The nominal ice distribu-
tion used in this paper (Fig. 3) is comprised of three
parts; Antarctica, western Northern Hemisphere and
the European ice sheets. The Antarctic ice model
is the least well defined and is derived from the
ANT3A model [8,12] with a A&y, based on the
present day ocean area, of ca. —27 m at the LGM
(60% of the original) and 3 m melting since 7 ka.
The western Northern Hemisphere (North America,
Greenland and Iceland) is derived from the ARC3
model which in turn is based on the ICE-1 model
[13,14]. The AZey at the LGM for this contribution
is ca. —62 m with melting completed by 6.8 ka. The
European ice model, made up of the Fennoscandian,
British Isles and Barents and Kara Seas ice sheets,
is aso from the ARC3 model and has a LGM A¢eg
of ca. —26 m, with melting completed by 8.8 ka
[8,13,14]. This gives a total AZey Of ca —114 m
for the change in global ice volume since the LGM.
Contributions from mountain glaciers have been ig-
nored. The eustatic curve before the LGM is based
on the 80 signa from deep-sea sediment cores
(e.g. [15]) and calibrated using the Huon Peninsula
raised reef record [16]. These ice sheets are assumed
to maintain the same ice geometry /eustatic sea level
relationship before the LGM as after it.

3.3. Estimating the eustatic sea level

From Eq. 2, acorrection term ey to the nominal
eustatic contribution As%, based on the above ice
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Fig. 2. Dependence of the total isostatic component Agis Of relative searlevel change on earth rheology parameters for Barbados (a, b,
¢) and the Huon Peninsula (d, e, f) using the nominal ice model. The vertical lines are the boundaries of the parameter ranges used to
determine the rheology dependent uncertainty (Table 1). (a, d) dependence on lithosphere thickness for nym = 5 x 102 Pas, nim = 102
Pas, (b, €) dependence on upper mantle viscosity for Hiit = 80 km, nim = 10? Pa's, (c, f) dependence on lower mantle viscosity for

Hiith = 80 km, nym = 5 x 10%° Pas.

models can be written as:

8Ces = Adops(T, ‘P) - (Aifﬂ + Aliso) (3)

The accuracy estimates 8fey are approximately
(s + Ofe) /> Where ogps is the standard devia-
tion of the observed values and opeq iS @ Mmeasure

of the spread of the predicted values for the range
of earth rheologies discussed above (Table 1). The
observational uncertainties usually cannot be defined
by known probability distributions and estimates of
the lower and upper limits to the observed values are
used as a measure of ogps. These limits may not be
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equal, resulting in some instances in an asymmetry
in the accuracy estimates of §&ey.

3.4. Correctionsto data

Model predictions refer to mean sea level, while
observations usually refer to some point in the tidal
range, or represent only alimit to the position of sea
level. Thus sealevel estimates from freshwater peats
have been corrected for the height of the highest
astronomical tide and brackish water peats corrected
for the height of the spring tide, but in both cases
the resulting observations still only provide an upper
limit. Likewise, corals have been corrected for the
height of the mean-low-water spring tide but most
coral observations will represent lower limits to the
sea-level position. Tectonic corrections have been
applied, using published rates of uplift or subsidence
that usually represent average values over 10° years
or more [16,17]. Most of the original observations

used here have been dated using *C or U-Th and
ages based on the former have been calibrated using
the CALIB 3.0 conversion program [18,19]. For the
14C ages that lie beyond the range of CALIB 3.0 a
linear regression using coral samples dated by both
14C and U=Th from the LGP has been used.

4. Defining the eustatic sea-level curve

4.1. The Last Glacial Maximum

Table 2 summarises the data used (Fig. 1). Those
from Barbados [17,19-21] include two Porites aster-
oides, a deeper water species, and nine Acropora pal-
mata, a shallow water speciesthat is usually found to
depths of 5 m although thismay reach 10 min mixed
assemblages [22]. The elevation of Last Interglacia
Acropora faciesis used to estimate a mean uplift rate
of 0.34 mm yr~! for Barbados and all depths of the
corals from this location have been corrected using
this rate. The two coral observations from May-
otte (Comoro Islands, western Indian Ocean, Fig. 1)
are identified as Acropora and Galaxea fascicularis
taken to represent lower limits and where tectonic
subsidence has been estimated as 0.19 + 0.07 mm
yr~—1 [23,24]. The sample from Irabu Island (Ryuku,
Japan) isaPlatygyra coral [25] which livesto depths
of at least 10 m, also considered here a lower limit.
Two of the African data points are from offshore
Cape St. Francis (South Africa), a Pecten and an
oyster shell, dredged from presumed ancient beaches
[26]. Both are taken to represent lower limits due
to the likelihood of reworking [27]. The third obser-
vation is a Porites coral from the continental shelf
around Guinea (West Africa), regarded as a lower
limit as it came from a broken algal rock [28]. The
three data points from the Timor Sea (Northwest
Australia) are dredged Chlamys senatorius shells, a
littoral living species, and two samples of silty clay
that are indicative of lagoonal /shallow marine con-
ditions and are interpreted as lower limits [29,30].
The observation from offshore New South Wales
(Eastern Australia) is a Pecten fumatus shell from a
vibracore (112/VC/134) near the edge of the conti-
nental margin at a depth of 150 m. This observation
isalso alower limit as P. fumatus livesin water 10 to
50 m deep [31,32].
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Table 2

Sea-level indicator data and calculated eustatic values from various sites for the Last Glacial Maximum; observed (AZqps) and corrected
(Aécor) range of elevations. The later include the depth range of the indicator, tidal range and tectonic movement. Agi, and Ageys are
the total isostatic component of sea-level change and calculated eustatic values respectively

Locality Identificationand  Age Aops (M) Aéeor (M) Aéisp (M) Aeys (M)
material

Barbados [17,19-21] RGF15-10-6 (Ap) 17120° —102.0 —-1069t0 —-101.9 —-7.3t0—-22 —104.7to —94.6
RGF15-12-2 (Ap) 18530° —103.2 -108.4t0 —103.4 —-7.3t0—-1.9 —106.5t0 —96.2
RGF13-8-9 (Ap)  17190° —106.0 —110.8t0 —105.8 —7.3t0—-22 —108.6 to —98.6
RGF9-21-11 (Ap) 182402 —-106.0 —-111.2t0 -106.2 -7.3t0—-1.9 —109.2 to —99.0
RGF9-23-2 (Ap)  17720° —107.3 -112.4t0 —-107.4 -73t0o-21 —110.3t0 —100.1
RGF9-24-2 (Ap) 18020 —109.2 —1143t0 -109.3 —-7.3t0—-20 —112.3t0 —102.0
RGF9-24-4 (Ap) 188902 —109.3 —1146t0-109.6 —-7.3t0—-1.8 —-112.8t0 —102.4
RGF9-27-4 (Ap) 18430 —113.8 -119.1t0 -1141 -7.3t0—-1.9 —117.2t0 —106.9
RGF9-27-5 (Ap) 190002 -113.8 —1195t0 —-1145 —-7.2t0-1.7 —117.8t0 —107.4
RGF9-32-4 (Pa) 206102 —119.8 >-1254 —-65t0-09 >-1246
RGF9-34-8 (Pa) 22030° —124.4 >-—130.6 —6.1t0o-05 >-130.1

Mayotte [23,24] BRGM-071 (Ac) 182002 -—118 >-115.8 —-110to-6.6 >-109.2
BRGM-079 (Gf) 184002 —152 >—149.8 —11.1t0 -6.6 >-143.2

Irabu Idand [25] ?(P) 221702 -126.2 >-126.2 —-169t0-11.8 >-1144

South Africa [26,27] Pta-182 (Pec) 20090P —130 >-130 10to 7.7 >-137.7
Pta-265 (Oy) 173800 —112 >-—112 251085 >-120.5

Guinea [28] 1-3678 (Pb) 22600¢ —-111to-103 >-111 341087 >-119.7

Northwest Shelf [29,30] LJ-516 (Cs) 199800 —132 —130to —134 —7.7t0-3.1 —1309to0 —122.3
LJ998 (sc) 20690° —133 >—133 0.0t0 5.3 >-138.3
LJ999 (sc) 22790¢ -134 >-134 —-0.7t0 4.6 >—138.6

Offshore NSW [31,32]  SUA-3050 (Pf) 20570° —150.6 >—150.6 21t06.7 >-157.3

ayU-Th date, P mean calibrated 4C date, © calibrated *C date using a linear regression.
Ac Acropora, sp., Ap Acropora palmata, Gf Galaxea fascicularis, Pa Porites asteroides, Pb Porites bernardi, Pf Pecten fumatus, Pec
Pecten sp., Oy oyster, Pl Platygyra sp., Cs Chlamys senatorius, sc silty clay.

Table 2 summarises these LGM observations to-
gether with their estimated upper and lower limits
of sea level. Also shown is the isostatic correction
for each locality, based on the range of earth-mod-
els from Table 1. The final column gives the upper
and lower estimates for the eustatic sea levels cor-
responding to each observation. These areillustrated
in Fig. 4 together with the nominal eustatic func-
tion for the LGM interval. Within the uncertainties
of individual estimates, including both the obser-
vational limits and the range of plausible isostatic
corrections, the nominal eustatic function provides a
reasonable representation for the period from 17 to
23 ka, athough its accuracy remains relatively low.
The Barbados corals dated between 17 and 19 ka
indicates that the eustatic level estimate may be too
large (ca. 10 m) for this interval whereas the data
points between about 20 and 21 ka indicate that the
maximum eustatic level may have been lower during
an early stage of the LGM with the maximum value

occurring between 120 and 130 m below present
mean sea level. In terms of ice volume, this equates
to (4.6-4.9) x 10" km® of land-based ice in excess
of what is present today.

4.2. Late Glacial Period

The LGP data are from Barbados, the Huon
Peninsula and Tahiti (Fig. 1). The Barbados obser-
vations [17,19-21] include those used to define the
LGM levels. The Huon Peninsula observations are
from a 52 m core drilled through continuous coral
framework [33,34]. Corrections for tectonic uplift at
arate of 1.9 mm yr—! [33] have been applied. This
rate appears to have been uniform over long periods
of time (10* to 10° years) although there is evidence
for metre scale coseismic events[35]. The Tahiti data
is from two cores drilled through the Papeete outer
reef and comprises different corals that grew on a
high-energy reef-front in 5-15 m of water [36,37].
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The reef itself is believed to be subsiding at a rate of
0.2 mmyr—1[36].

Fig. 5 presents the observations for the three sites,
including corrections for tectonic movement where
appropriate, together with the range of predicted
changes based on the nomina eustatic sea-level
model and the range plausible rheologies (Table 1).
Since al data points correspond to in situ corals, the
actual sealevel curveslies above the observed values
by as much as 5-15 m. Agreement between observa-
tions and predictions of relative sealevel is generally
satisfactory, with the later mostly lying above the ob-
servations. However, at both the Huon Peninsulaand
Tahiti, this difference attains about 15 m, and partic-
ularly at the later site the offset is systematic for the
entire period. It has been suggested that the upper
mantle viscosity beneath the Society Islands may be
anomaloudy low [38] and less than the lower limit
considered in the model range explored, but thisonly
shifts the predicted sea levels to shallower values
and increase the offset. Possibly the high-energy reef

front of this site means that only deeper coras have
been well preserved.

The inferred eustatic values (AZl, + 8%es) are
aso illustrated in Fig. 5 for the three localities,
along with the nominal function AgZ,. For Barbados,
the corrective terms 8¢y are generaly small, with
the possible exception that near 14 ka the rapid
rise already noted in [17] is not reproduced by the
nominal model AzZ;. The records from the other two
localities do not extend sufficiently far back in time
to verify this change and the possibility remains that
is a sampling artefact, particularly as it occurs in a
break between two cores ([39], RGF-12 and RGF-9).
It has also been suggested [40] that the Barbados
record points to a second period of rapid sea level
rise, between about 11.6 and 11.1 ka. Thisis aso at
a break between cores (RGF-7 and RGF-12), and is
not seen in the records from the other two localities.
The rise of sea level seen in the Huon Peninsula
record is slower than average between about 12 and
11 ka, however the Barbados record contains only
three points between 10.1 and 12.3 ka.

4.3. Post Glacial Period

The observations from the PGP, shown in Fig. 6
together with the predicted upper and lower limits,
are from the Great Barrier Reef (GBR), the Senegal
River (West Africa), Jamaica and the west coast of
Maaysia (Fig. 1). The Great Barrier Reef obser-
vations consist of the ages and heights above pre-
sent-day growth positions of coral (predominantly
Porites Sp.) microatolls [12,41]. The observations
from the Senegal River consist of marine molluscs
and inter-tidal (mangrove) peats [42]. The Jamaica
data set consists of various peat samples (transition,
sedge, mangrove, swamp forest) from two wetland
areas situated on Tertiary limestone platforms [43].
Only basal samples resting on or near the limestone
bedrock or on late-Pliocene to Pleistocene clays have
been used in order to minimise the effects of com-
paction of both the peat and underlying sediments.
The west coast of Malaysia data consists of vari-
ous organic materials (peat, wood, shells), collected
from onshore and offshore [44-47] and whose rela-
tionships to mean sea level are not always obvious.
Compaction may have occurred for the peat samples
[45].
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Fig. 5. Observations (a, b, c) and estimated eustatic values (d, e, f) from the Late Glacial Period sites. The solid linesin (a, b, c) represent
the maximum and minimum modelled limits of relative sea-level change based on the range of rheologies in Table 1. The solid line in
(d, e, f) represents the nominal eustatic curve. The observational data has been adjusted for uplift/subsidence. The height error bars on

observations indicate the depth ranges of the sea-level indicators, while those on eustatic values are the combined depth range and earth
rheology uncertainty.

The predictions for the GBR, Senegal, and tal margins localities, with the amplitudes of the
Malaysia, with the development of highstands at highstand depending on shoreline geometry. The
about 7 ka, are characteristic of far-field continen- Malaysian highstand is particularly well developed
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because of the response of the lithosphere and upper
mantle to the flooding of the Ma acca Straits during
the deglaciation phase. In contrast, the Jamaica pre-
dictions are characteristic of intermediate-field sites
where the gl acio-isostatic contribution dominates the
hydro-isostatic part. For all areas except Jamaica
(Fig. 6g), the observations lie, for the most part,
within the limits of the predictions based on the rhe-
ology range (Table 1). Of these sites, Jamaicais also
the most sensitive to details of the nearby Laurentide
ice sheets.

Fig. 6 also presents the inferred eustatic values
(ALY + 8%ey) With the nominal eustatic model. The
GBR predictions are in good agreement with this
nominal model, in part because a subset of this data
was used, amongst other data, to derive the eustatic
function [12]. The predictions tend to lie marginally
below the nominal function between about 7 and 6
ka and above it for the more recent period. Other-
wise, scatter about this function is minimal and any
short-duration oscillationsin ocean volume are likely
to have been small over this period, consistent with
earlier inferences [48]. The Senegal River results
(Fig. 6f) show a similar form between 7 and 6 ka,
although the deviation is greater. Estimates between
8 and 7 ka tend to be above the nominal curve, a
trend that has been noted in analyses from some
other localities [49]. The Jamaica results (Fig. 6g)
exhibit a greater discrepancy for this early period ly-
ing above the nominal values throughout the interval
by as much as 9 to 14 m. The results from Malaysia,
while more scattered, are in good agreement with the
nominal eustatic model, particularly in the interval
between 9 and 6 ka.

5. Discussion

Fig. 7 presents al of the eustatic sea-level esti-
mates for the period between the LGM and end of
the LGP (Fig. 7d), the eustatic residuals §¢.q for the

same period (Fig. 7b), the eustatic estimates for the
PGP (Fig. 7c) and the associated residuals (Fig. 7d).
Note that some overlap in time occurs between the
two data groups. As previoudy noted, for the LGM
interval, the residuals in the interval 22 to 20 ka are
primarily negative, suggesting that the ice volumes at
that time were greater than assumed in the nominal
eustatic model, with the reverse occurring between
19 and 17 ka. Thus the evidence points to maximum
ice volumes having occurred at around 22—20 ka (ca.
19-17 ka *C ka) and that from this time to about 17
ka enough land-based ice had melted to raise the eu-
static sea level by between 20 and 30 m, an average
rate of ca. 6 m ka %, equivalent to ca. (8-12) x 10°
km? of land-based ice. A critical gap occurs in the
data between 17 and 15 ka. At about 15-14 ka the
Barbados data indicates that the eustatic level may
have been a few metres lower than assumed by the
nominal model. Thus a tentative inference is that
during the interval 19 to 15 ka, eustatic levels rose
uniformly but at arate lessthan in the nominal model
(see dotted linein Fig. 8a).

At about 14 ka the Barbados data pointsto arapid
sea-level rise, in less than 500 years, of about 7-8 m
in excess of the nominal rate of sea-level change (ca.
5 m) if it can be assumed that the growth rates of the
corals were equal to the sealevel rise at atime when
ice sheet decay became rapid but ocean temperatures
were still relatively cold. That the observations be-
fore and after this time correspond to different coral
colonies serves as a further caution in the interpre-
tation. For the latter part of the LGP a comparison
of results between the three localities is possible.
The Huon Peninsula and Tahiti residuals generally
lie below those for Barbados, the offset in the inter-
val 14-12 ka being of the order 7-8 m (Fig. 7b),
this further emphasises the need for caution in the
interpretation of single coral core records. Possibly
the explanation lies in different growth depths for
the corals sampled, in rates of tectonic subsidence
or uplift not being constant, or in a lateral variation

Fig. 6. Observations (a, b, ¢, d) and estimated eustatic values (e, f, g, h) from the Post Glacial Period sites. The solid linesin (a, b, c, d)
represent the maximum and minimum modelled limits of relative sea-level change based on the range of rheologies in Table 1. The solid
linein (g, f, g, h) represents the nominal eustatic curve. The observational data has been adjusted for uplift/subsidence. The height error
bars on observations indicate the depth ranges of the sea-level indicators, while those on eustatic values are the combined depth range

and earth rheology uncertainty.
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in mantle parameters that lie outside the limits im-
posed in the isostatic correction calculation. Within
the interval 15-8 kathe residuals (Fig. 7b) do appear
to exhibit some pattern, the structure of which fol-
lows in part the results for the individual cores. For
example, both the Huon Peninsula and Tahiti data
from about 12 to 9 ka indicate that the eustatic rise
may have been more rapid than assumed if the single
Barbados result at 11.1 kaisignored.

The eudtatic estimates for the latter part of the
Holocene (Fig. 7c, 7d), from about 7 ka to the
present, show a consistent pattern in which the resid-
uals are generaly positive after about 6 ka. At the
end of the major phase of deglaciation of the north-
ern ice sheets, at about 7 ka eustatic sea level was
ca. 3-5 m below the present level. This is con-
sistent with earlier conclusions based on local data
sets [8,49,50] and indicates that minor deglacia-

Fig. 8. The combined estimated eustatic sea-level results (a) from the Last Glacial Maximum to the present day, and (b) for the Holocene.
The initial nominal eustatic curve Azg (solid) and a modified eustatic curve AzJ (dotted) are also shown.
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tion, possibly from Antarctica or temperate moun-
tain glaciers, continued into Late-Holocene times,
until about 2—-1 ka according to the residuals in
Fig. 7d. Considerable scatter occurs in the residuals
for the past 7000 years but no consistent pattern with
it appearing to be primarily associated with local
factors: for example (i) the development of moats
on the developing GBR reef flats leads to a growth
limit of microatolls that exceeds the assumed mean
low water spring level [48]; (ii) fluctuationsin coast-
line geometry through time can result tidal ranges
different from the assumed values based on present
day tides; (iii) local tectonics, compaction and con-
solidation. The absence of significant oscillations in
sea level during this interval is consistent with the
results of detailed analyses from locally restricted ar-
eas in, for example, Queensland, Australia [48] and
the French Atlantic coast [49]. Between 9 and 7 ka
a major anomaly occurs for the Jamaica data points
which are consistently high when compared with the
Malacca Straits data or with the coral data for the
same period. The answer to this may lie in the in-
terpretation of the observational record, in erroneous
age determination for the material, in local tectonics
[43], or in inadequacies in the adopted model for the
Laurentide ice sheet.

Fig. 8 combines the LGM, LGP and PGP derived
eustatic results along with a modified eustatic curve
AL that shows minimal variation in the rates of
sea-level change but which is consistent with much
of the data. With this interpretation, the majority of
coralsin the LGP would have been located in water
depth between 0 and 10 m (Fig. 9), consistent with
the growth range of most of the species used. As pre-
viously noted, periods of accelerated sea-level rise
such as at 14 ka are based on a few records only and
must be treated with caution. Possibly more signifi-
cant is the reduced rate of sea-level rise between 12
and 11 ka which corresponds to the Younger Dryas
cold period when ice sheet margins may have been
stationary for a period of time. The data record of
this interval is, however, also sparse and additional
records from other localities are desirable.

Fig. 10 presents the total volume of ice which
had accumulated and decayed, in excess of what
is present today as determined by the new nominal
curve presented in Fig. 8. What this result does not
do is determine how that ice was distributed between

20 18 16 14 12 10 8 6

Fig. 9. Discrepancies between the observed and predicted sea
levels for the combined Late Glacial Period data set with the
predictions based on the modified eustatic sea-level curve.
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Fig. 10. The equivalent ice volumes which would have been
required to produce the modified eustatic sea-level curve. The
question mark indicates the uncertainty involved in the ice vol-
umes during the Last Glacial Maximum.

the major and minor ice sheets (aswell as other areas
not included such as mountain glaciers) and this can
only be resolved from more detailed isostatic studies
around each of the regions of former glaciation (e.g.
[11,12)).

6. Conclusion

The eustatic sea-level function sincethe LGM can
be characterised by three principal features: (1) a
minimum level of ca. 125+ 5 m at the time of the
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LGM, (2) anearly uniform rise from around 15 kato
7 kaof ca. 10 mka~* and (3) a constant value for the
last 7000 years. Some departures from this simple
function, however, occur. In decreasing order of con-
fidence, these are: (1) ocean volumes continued to
increase during the late Holocene (PGP) period, ris-
ing by 3-5 m over the period 7 ka to the present day,
with most melting finally completed by 2—1 ka, con-
sistent with conclusions drawn earlier [8,49,50]; (2)
no significant high frequency oscillations in global
sea levels have occurred in the past 7000 years; (3)
rates of increase in ocean volumes for the early LGP
from 19 to 15 ka are generaly lower than for the
later part of this phase; (4) the maximum glaciation
may have occurred between 22—20 ka, with aninitial
period of deglaciation occurring at about 20—-18 ka;
(5) fluctuations in the rate of sea-level rise for the
LGP may have occurred at two periods, at the time
of the Younger Dryas and again at about 14 ka, but
for neither is the current evidence compulsive. [AC]
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