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Abstract

A south to north gradient of increasing marine isotope substage (MIS) 5a (V80 ka BP) sea level has been recorded
across the Caribbean and surrounding region. Relative to present, MIS-5a sea levels range from 319 m to more than
+3 m between Barbados, Haiti, the Bahamas, Florida, Bermuda and the US Atlantic Coast. In contrast, no gradient
in sea level is observed for the last interglacial period MIS-5e (V128^118 ka BP) at tectonically stable localities in the
same region, with deposits generally lying several metres above present. We demonstrate here that these controversial
observations are reconciled by taking into account the isostatic response of the Earth to glacial loading and unloading
^ a fundamental effect that is commonly overlooked in the interpretation of sea-level observations from different
locations to define a ‘global sea-level curve’. Furthermore, the observed gradient can be used to place constraints on
Earth rheology and is an important indicator of the behaviour of the North American ice sheets during the last glacial
cycle.
; 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Knowledge of the timing and magnitude of var-
iations in global ice volume during the last glacial
cycle plays an important role in reaching an
understanding of the mechanisms involved in con-
trolling climate change. As a result, sea-level data

sets from a range of locations are increasingly
being compared and combined in an attempt to
de¢ne a ‘global sea-level curve’. However, these
comparisons often reveal apparent discrepancies
in the estimates of relative sea level for a given
event at di¡erent locations. For example, in the
Western North Atlantic sea-level estimates for the
marine isotope substage (MIS) 5a event vary by
over 20 m between the southern Caribbean island
of Barbados and the US Atlantic Coast. These
di¡erences are often attributed to uncertainties
in tectonic setting or stratigraphic context of the
samples analysed.

Sea-level history at a given location does not
only re£ect changes in ice volume. Rather, in
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the absence of tectonics, relative sea-level change
re£ects both variations in global ice volume and
the response of the Earth to changes in surface
loading in the form of surface deformation and
geoid changes, or glacio-hydro-isostasy [1^3]. In
the Western North Atlantic (Fig. 1), for example,
an important contribution to relative sea-level
change is the glacio-isostatic e¡ect associated
with the North American ice sheets (NAIS). Of
particular importance to this region is the periph-
eral bulge surface deformation that occurs during
ice-sheet growth as a consequence of the displace-
ment of mantle material from beneath the large
ice load to the adjacent unloaded region. As the
ice sheet melts, the crust beneath the ice rebounds
and the peripheral bulge region subsides. The
magnitude of the isostatic response as a function
of time and position is dependent on global and
local melting history and the rheology of the
Earth, which determines the magnitude and rate
of response to changes in surface loading [4,5].
Observations of spatial di¡erences in relative sea
level, therefore, provide constraints on the ice his-
tory as well as on Earth rheology.

Past sea levels are measured relative to present-
day sea level. That is to say, relative sea level of
past events is a function of the isostatic state of
the Earth at that time relative to the present-day
isostatic state. It is important to note that the
present-day Earth is not in an equilibrium state
because of its continuing readjustment following
the last major deglaciation. As a consequence, the
relative sea level of past events is dependent on
surface loading history both before and after the
time of interest. In other words, sea-level obser-
vations for events prior to the last glacial maxi-
mum (LGM) can therefore be used to constrain
ice-sheet melting history since the LGM.

2. Observations

Previous observations of MIS-5a sea level de-
¢ne a south to north increasing gradient of more
than 20 m from Barbados in the south to the US
Atlantic coast in the north (Fig. 2). The types of
sea-level indicators include dated coral reef, dated
coral rubble in marine facies, amino acid dated
deposits (combined with stratigraphic considera-
tions) and dated submerged speleothems.

Recent evidence from Barbados indicates that
the MIS-5a interstadial has a total duration of at
least 7 kyr and may have consisted of two distinct
sea-level highstands [6^9] of approximately 319 m
and 318 m (R 4 m) at V84 ka and V77 ka BP.
MIS-5c sea level at Barbados reached approx-
imately 315R 4 m [8]. At Haiti, observations
from uplifted coral reefs indicate that MIS-5a
sea level reached 313 m and MIS-5c peaked at
approximately 310 m [10].

Further north, at several sites in the Bahamas,
such as Eleuthera, aeolianites estimated to be of
MIS-5a age indicate that local sea level was be-
tween 35 m and 0 m [11]. Dating of a submerged
speleothem at Lucayan Caverns near Grand Ba-
hama Island suggests that sea level there remained
below 38.5 m (revised from an originally quoted
depth of 315 m) during MIS-5a [12,13]. Based on
the age of a submerged speleothem from Grand
Bahama Island, MIS-5a sea level fell below 318 m
by 79.4 ka BP [14]. This age can be corrected for
initial thorium contamination to a revised value

Fig. 1. Map of the Caribbean area. Sites marked are those
at which evidence of MIS-5a sea level has been recorded.
The marked transect is used for sea-level calculations in
Figs. 3 and 4. Site P is used for reference in those ¢gures.
The dashed line shows the maximum extent of the Lauren-
tide Ice Sheet during the LGM [32].
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of V73.6 ka ([15] and D. Richards, personal com-
munication).

A submerged coral reef of MIS-5a age (V83
ka) o¡ the southeast Florida Keys indicates that
sea level reached 6^10 m below present [13,16]. At
Bermuda, stratigraphic considerations, aminostra-
tigraphy and U^Th dating of samples from coral
rubble deposits above present sea level show that
sea level was near or above present during MIS-
5a [16^18]. However, a submerged speleothem at
Bermuda (marked with ‘?’ in Fig. 2) contradicts
this with ages suggesting sea level remained below
315 m [19] for the duration of MIS-5a. These
speleothem data have not been corrected for ini-
tial thorium contamination, which would lower
the age estimate, and it is possible that this may
bring them into agreement with the other Bermu-
da observations.

On the US Atlantic coast exposed marine facies
deposits, including coral rubble of MIS-5a age,
point to sea level having reached an elevation of
between 3 and 10 m [20^22]. The ages of these US
coastal deposits range between 72 and 84 ka BP,
with younger deposits dominating the northern-
most site of Norfolk, Virginia [22].

Various reasons have been suggested to explain
the apparent discrepancies in these MIS-5a obser-
vations, including poor sample quality, uncertain-
ties in tectonic setting and poor stratigraphic con-
text. In contrast to the large gradient in MIS-5a

sea levels, evidence of peak MIS-5e sea level re-
mains at a near constant elevation of several
metres above present at stable sites across the
same region [11,17,19,23,24] (see Fig. 2). This ob-
servation has previously been used as an argu-
ment against a glacio-hydro-isostatic explanation
for the MIS-5a gradient [18].

3. Modelling

3.1. Model parameters

The rise in sea level associated with the melting
of a volume of ice is not uniform across the
oceans. Instead, local sea-level change re£ects
the superposition of changes in ocean volume
and the e¡ects of glacio-hydro-isostasy. The latter
component takes the form of deformation of the
Earth’s surface and the perturbation of the geoid
in response to changing ice and water surface
loads. The form of this response to surface load-
ing is dependent on a number of factors including
the size, distribution and melting history of the ice
and water loads as well as the Earth’s rheology.
In the following sections, the Earth is modelled as
a spherically symmetric Maxwell body with a lin-
ear viscoelastic rheology [1,25].

Here we de¢ne the term ice-equivalent sea-level
change as the ocean-averaged change in relative

Fig. 2. Summary of observations in the Caribbean and surrounding region for peak sea level during MIS-5a and MIS-5e. See
text for discussion and references. Observations include dated coral reef, dated coral rubble in marine facies, amino acid dated
deposits (combined with stratigraphic considerations) and dated speleothems (references in text). The sea-level estimates shown
here for tectonically active sites (Barbados and Haiti) include uplift corrections and uncertainties.
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sea level. The ice-equivalent sea-level curve used
for the following simulations is drawn from a
number of sources. Sea-level change since the
LGM has been recorded by coral growth at a
number of locations such as Barbados, Tahiti
and Papua New Guinea [26^28]. Micropalaeonto-
logical studies of sediment cores from the North-
western Australian shelf have also been used to
constrain sea level during the LGM [29]. With
preliminary adjustments for isostatic e¡ects, these
records can be combined to de¢ne an ice-equiva-
lent sea-level curve since the LGM [30].

Evidence of sea-level change prior to the LGM
is often overprinted or destroyed during subse-
quent sea-level oscillations. At rapidly uplifting
sites however, these deposits can be preserved
and exposed above sea level. In particular, the
high rate of tectonic uplift at Huon Peninsula,
Papua New Guinea, provides access to reef
growth features that are not exposed at other lo-
cations. The ice-equivalent sea-level curve for the
period between the last interglacial and the LGM
is based on the Huon Peninsula terrace record [4].
The morphology of the reefs and published U-se-
ries ages are used to estimate the magnitude of
each associated sea-level highstands. The sea-level
minima in this model are based on the position of
stream deltas overlapping the terrace deposits
[4,31]. The sea-level history for the last interglacial
period and earlier is simpli¢ed because sea level
during MIS-5a, which is the focus of this study, is
not sensitive to the ice melting history during or
beyond the last interglacial. For simplicity, the
ice-equivalent sea level during the penultimate de-
glaciation (MIS-6 to 5e) is modelled as a mono-
tonic rise of 140 m followed by a sea-level plateau
during the last interglacial period. The sea-level
history during MIS-6 and 7 is also simpli¢ed. Be-
cause of the uncertainties involved, this sea-level
curve is open to revision, however it provides a
reasonable ¢rst estimate of ice-equivalent sea level
that can then be re¢ned by comparing other ob-
servations with isostatic model predictions.

A preliminary estimate of the ice distribution of
individual ice sheets must be made in order to
model the glacio-isostatic components of sea-level
change. For the period since the LGM, ice distri-
bution for most major ice sheets is constrained by

geological observations of ice extent. Constraints
on the volume of individual ice sheets during this
period are dependent on dynamical models of ice
behaviour and are subject to uncertainties. In the
initial ice-sheet construction in this study, individ-
ual ice-sheet models were scaled to match the to-
tal ice volume de¢ned by the preliminary ice-
equivalent sea-level curve at each time step during
the deglaciation. Indicators of ice-sheet distribu-
tion prior to the LGM have often been destroyed
or hidden by subsequent ice advances. In these
cases, the preliminary ice distribution models are
inferred from the behaviour of the ice sheet dur-
ing the last deglaciation, i.e. the relationship be-
tween ice volume and ice distribution. For further
details on the construction of this model, see
reference [8]. The NAIS provide the most impor-
tant contribution to the isostatic component of
sea-level change in the Northwest Atlantic and
ice distribution for this region was based on the
detailed ice-sheet reconstruction (since the LGM)
of Licciardi et al. [32] and compilation of geolog-
ical observations for the earlier period [33]. Mod-
i¢cations to the preliminary model ice distribution
are then made based on comparisons of observa-
tions and model predictions.

3.2. Sea-level predictions

Based on the above-described ice melting histo-
ry and Earth-response function, Fig. 3 illustrates
the glacio-isostatic components (due to surface ice
loading) that are important in de¢ning relative sea
level along the transect shown in Fig. 1 at the
time of the peak of MIS-5a. The e¡ects of surface
deformation dominate the e¡ects shown in the
curves plotted in Fig. 3 but they also include a
contribution from the perturbation of the geoid
due to internal and surface mass redistribution.
For ease of discussion, in the following sections
we refer to isostatic deformation, but this also
implicitly includes the geoid component. The gla-
cio-isostatic component of sea-level change (or
isostatic deformation) at the peak of MIS-5a mea-
sured relative to an equilibrium state (curve ii,
Fig. 3) does not have a signi¢cant gradient across
the region of interest. In contrast, the present-day
glacio-isostatic component associated with the
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collapsing LGM peripheral bulge has a gradient
of more than 20 m along the transect (curve iii,
Fig. 3). It is the di¡erence between these two com-
ponents that de¢nes the isostatic deformation of
the Earth’s surface at the peak of MIS-5a relative
to the present day (curve i, Fig. 3). Because the
isostatic deformation of the Earth at MIS-5a rel-
ative to the present day changes along this sec-
tion, there will be a gradient of increasing MIS-5a
relative sea level from the southern to the north-
ern Caribbean, followed by a fall at sites closer to
the ice-sheet margin (curve i, Fig. 3). In the fu-
ture, as the present-day residual glacial bulge col-
lapses further the apparent gradient in MIS-5a
relative sea level will decrease and approach the
form de¢ned by the MIS-5a component relative
to equilibrium (curve ii, Fig. 3).

The situation for MIS-5e peak sea level is not
shown explicitly in Fig. 3 but can be explained as
follows. If the melting history of the NAIS is
broadly similar for both the penultimate and the

last deglaciations, then the glacio-isostatic state of
the Earth at a time during the last interglacial
period, relative to an equilibrium state, will be
similar to that for the present day (curve iii,
Fig. 3). Therefore the glacio-isostatic deformation
during the last interglacial relative to the present
day will not display a signi¢cant gradient across
this region.

3.3. Sensitivity analysis

The magnitude of glacio-isostatic deformation
and the resulting gradient in MIS-5a sea level is
determined by both the Earth response (E) and
the ice load history (I). Fig. 4a,b illustrate the
dependence of relative sea level for the Caribbean
transect on ice and Earth model parameters for a
three-layer mantle model with an elastic litho-
sphere of 65 km thickness, an upper mantle, of
viscosity Rum, extending to 670 km depth and a
lower mantle of viscosity Rlm [3,34]. These calcu-
lations include both glacio- (ice loading) and hy-
dro-isostatic (water loading) e¡ects.

In the case of the E dependence (Fig. 4a) the
viscosities of the upper and lower mantle control
the rate of the response and hence the magnitude
and location of the peripheral bulge. In the region
of interest, the present-day glacio-isostatic defor-
mation of the Earth (curve iii, Fig. 3) is the com-
ponent that is most sensitive to changes in mantle
viscosity. Because the shape of the peripheral
bulge evolves as it collapses, the position as well
as the magnitude of the present-day bulge relative
to the ice-sheet margin is highly sensitive to
upper-mantle viscosity. For an increase in
upper-mantle viscosity, the Earth’s response to
the last deglaciation is slower and the present-
day peripheral bulge is larger and closer to the
ice-sheet margin. This translates into the higher
gradient in MIS-5a sea level in the southern Ca-
ribbean (compare E5 and E0, Fig. 4a).

The magnitude of the present-day peripheral
bulge, and hence the trend in relative sea level
at the peak of MIS-5a, is also dependent on the
lower-mantle viscosity. An increase in lower-man-
tle viscosity (compare E3 and E0, Fig. 4a) leads to
a larger present-day bulge because the redistribu-
tion of lower-mantle material does not respond as

Fig. 3. Glacio-isostatic component of sea-level change for the
transect marked in Fig. 1 at (i) MIS-5a relative to equilibri-
um; (ii) the present day relative to equilibrium; and (iii)
MIS-5a relative to the present day. The glacio-isostatic con-
tribution to sea-level change shown here is mainly a measure
of surface deformation (but of opposite sign) due to the
global and North American ice loads but also includes con-
tributions due to perturbations in the geoid. Part b focuses
on the Caribbean region where the change in relative sea lev-
el at MIS-5a relative to present is dominated by the present-
day residual LGM peripheral bulge.
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rapidly to unloading at the surface. The location
of the peak of the collapsing bulge is not partic-
ularly sensitive to lower-mantle viscosity. The
lower-mantle model alternative with a lower vis-

cosity (E1) demonstrates the sensitivity for this
parameter over a larger viscosity range.

In the case of the I dependence (Fig. 4b), a
change in the volume or distribution of ice within
the NAIS during the last glacial cycle is an im-
portant factor in determining the Earth’s isostatic
response. A decrease in the volume of NAIS dur-
ing the early stadials of the MIS-5 period leading
up to MIS-5a results in a smaller surface defor-
mation at MIS-5a relative to equilibrium and
hence to a larger gradient in MIS-5a sea level
relative to the present (compare I3 and I0, Fig.
4b). The isostatic response is also sensitive to the
location of the ice. A northward shift of ice dur-
ing the MIS-5 stadials, relative to the reference
model, also leads to a reduction of the surface
deformation in the southern Caribbean and there-
fore increases the gradient of MIS-5a relative sea
level in that region (compare I1 and I0, Fig. 4b).

The ice melting history of the NAIS during the
last deglaciation controls the present-day defor-
mation of the Earth and hence the apparent rela-
tive sea level of past events. Because a reduction
of LGM ice volume leads to a decrease in the
present-day surface deformation, the resulting
gradient in MIS-5a sea level across the southern
Caribbean is also reduced (compare I5 and I0,
Fig. 4b). This contrasts with the e¡ect of reducing
the MIS-5 stadial volume discussed above.

3.4. Constraining model parameters

Fig. 5 shows a comparison of peak MIS-5a sea-
level observations with a band of model predic-
tions (including both glacio- and hydro-isostatic
components) for a preferred NAIS ice melting his-
tory for MIS-5 and since the LGM (described
below) and range Earth models judged as appro-
priate for this region. The aim of this comparison
is to demonstrate that for realistic ice and Earth
models the observed gradient of MIS-5a sea-level
observations in the Western North Atlantic can
be easily reproduced. Due to the complexity of
the dependence of MIS-5a sea level on these pa-
rameters the model predictions presented here are
not unique, however the very high gradient ob-
served allows a number of broad constraints to
be made.

Fig. 4. The dependence of relative sea-level change on Earth
and ice model parameters at the peak of MIS-5a relative to
present day across the transect marked in Fig. 1. These cal-
culations are for total relative sea-level change and include
both glacio-isostatic (ice loading) and hydro-isostatic (water
loading) components. (a) Relative sea-level change depen-
dence on upper- (E4^E5) and lower-mantle (E1^E3) viscos-
ities. The viscosities models (E2^E3) represent the range
judged as representative for the lower mantle based on pre-
vious studies [5,37,44,45]. The comparison of these models
with an even lower viscosity for the lower mantle (E1) is
shown to demonstrate the sensitivity of this parameter over
a larger range. (b) Relative sea-level change dependence on
melting history of the NAIS during the period prior to MIS-
5a (I1^I3) and during the last deglaciation (I4^I5). Models I1
and I2 represent 2.5‡ latitude shift of the Laurentide Ice
Sheet, north and south respectively, during the period of ice
build-up following MIS-5e. I3 represents a scaling of the vol-
ume of the Laurentide Ice Sheet during that period relative
to the reference model. I4 and I5 represent scaling of the
volume of the Laurentide Ice Sheet during the entire degla-
cial period since the LGM.
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The best agreement of observed and predicted
relative sea levels for these sites (Fig. 5) is
achieved with a small, northerly situated MIS-5
NAIS. As shown in Fig. 4b, both a reduction in
the ice volume and a shift of the ice northwards
act to increase the gradient of MIS-5a sea level in
the southern Caribbean region relative to the
reference model. Furthermore, these ice-model
changes also shift the location of peak sea level
(de¢ned by site P in the reference model in Fig. 4)
further north, which is required by the high sea
levels observed at the US Atlantic Coast sites.
This MIS-5 ice-sheet scenario is consistent with
the independent, but limited geological observa-
tions and dynamical models that indicate that
the NAIS was initiated in the north, over Keewa-
tin, Quebec and Ba⁄n Island [33] and did not
advance southwards across the St Lawrence Low-
lands and into the Great Lakes region until dur-

ing and after the MIS-5/4 transition [33]. Further-
more, this result con¢rms the suggestion of
dynamical ice models that during the entire
MIS-5d^5a period the contribution of the Lauren-
tide Ice Sheet to global ice volume never exceeded
15 m of sea level [35].

Changing only the MIS-5a ice-sheet history
cannot easily reproduce the very high gradient
in MIS-5a sea level. An increase in the volume
of the NAIS during the last deglaciation also
leads to an increase in the predicted gradient in
sea level across the region of interest (demon-
strated in Fig. 4). The comparison of observations
with model predictions points towards a larger
LGM volume of the Laurentide Ice Sheet than
suggested by recent dynamical ice models [32].
In the model used for the calculations shown in
Figs. 5^7, the ice volume for the NAIS at the

Fig. 5. Comparison of MIS-5a observed and predicted sea
levels. These calculations include both the glacio- and hydro-
isostatic components. The bars represent the predicted sea
levels, for the preferred ice model using a range of Earth
model alternatives judged as appropriate for this region.
There is excellent agreement between the observations and
model predictions. To reproduce the large MIS-5a sea-level
gradient required: (i) a small, northerly located NAIS during
the early phase of MIS-5 ice-sheet development, (ii) a large
LGM ice volume and (iii) a high lower-mantle viscosity. A
single best-¢t model is not given here because of the large ef-
fects of the laterally variable upper-mantle viscosity. The best
¢t for the northernmost sites is achieved with a high upper-
mantle viscosity.

Fig. 6. MIS-5 ice-equivalent sea-level model and Caribbean
relative sea-level predictions. These calculations are for a pre-
ferred ice history (discussed in text) and reference Earth
model, E0 (from Fig. 4a), and include both the glacio- and
hydro-isostatic components. The preferred global sea-level
curve has been modi¢ed from reference [4] based on compar-
ison of model predictions and global observations. Note that
there is a greater variation of predicted relative sea levels
across the region for the MIS-5a highstand than for MIS-5c,
with 5a levels higher than 5c at Charleston, and the reverse
at Barbados, consistent with the observational evidence.
Note also that the predicted relative sea levels for the youn-
ger MIS-5a event are slightly higher than the earlier MIS-5a
event at the northern sites [21], consistent with the suggestion
of a complex MIS-5a highstand [8].
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LGM is scaled by a factor of V1.3 (compared to
[32]) however, this value remains well within pre-
vious estimates for a hard-bedded ice sheet [36].

The preferred Earth rheological model arising
from the comparison is one with a high lower-
mantle viscosity (V2^4U1022 Pa s), which produ-

ces a larger gradient in sea level across the Carib-
bean region (Fig. 4a). This is consistent with the
constraints placed on lower-mantle viscosity dur-
ing previous studies of post-glacial sea-level rise
[5,37,38]. The preferred value for upper-mantle
viscosity is spatially variable with observations
closest to the ice-sheet margin requiring a high
upper-mantle viscosity (V6U1020 Pa s) while ob-
servations at southern Caribbean sites may be
more consistent with a lower upper-mantle viscos-
ity (V2U1020 Pa s). This agrees with independent
isostatic studies of post-LGM sea-level analyses
[5] and is consistent with observations of laterally
variable seismic velocity across the North Ameri-
can^Caribbean region that imply a similar behav-
iour in the viscosity of the upper mantle [39]. The
glacial rebound models are not yet at a stage of
development where realistic lateral variability can
be introduced and hence the analyses are re-
stricted at this time to subsets of the data beneath
which the upper-mantle properties can be consid-
ered to be laterally constant.

Coral ages from the MIS-5a deposits at the
most northerly situated US Atlantic Coast site
[20^22] are several thousand years younger than
the classic MIS-5a event (V84 ka BP) and appear
to correspond better to the younger MIS-5a fea-
ture identi¢ed at Barbados (V77 ka BP) with a
similar sea level as the principal event [8]. This
implies that at these northern sites the sea-level
excursion for the younger MIS-5a feature may
have reached a higher level and therefore over-
printed the earlier event. Indeed, the models pre-
dict a small late highstand for an extended MIS-
5a event at the northernmost sites (Fig. 6) and the
younger ages in the north are consistent with a
more complex structure of sea-level change during
MIS-5a than a single short-lived peak [8,9].

At Barbados MIS-5c sea level (c. 315 m) was
somewhat higher than during MIS-5a (c. 318 m)
[8], but evidence of MIS-5c shorelines is absent at
other sites in the northern Caribbean suggesting
that the MIS-5a sea level overprinted MIS-5c at
those tectonically stable locations. To produce a
smaller gradient in MIS-5c sea level (relative to
present day) than for MIS-5a requires a larger
gradient in isostatic deformation for the MIS-5c
event (relative to equilibrium). This can be

Fig. 7. Spatial variability of MIS-5a and 5e relative sea levels
across the Caribbean and West Atlantic region for the pre-
ferred ice/Earth model including both the glacio- and hydro-
isostatic components. There is a signi¢cant gradient in MIS-
5a relative sea level across the region of interest that results
from the di¡erences in the glacio-isostatic state of the Earth
at that time relative to the present day (Fig. 3). In the case
of the MIS-5e sea level, the melting history leading up to
that time is broadly similar to that of the last deglaciation,
producing a glacio-isostatic state of the Earth that was simi-
lar to that of the present day and hence very little gradient
in the MIS-5e relative sea level.
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achieved with a more rapid deglaciation during
the MIS-5d to 5c transition than during the
MIS-5b to 5a transition [4,13] leading to a less
complete relaxation of the Earth during MIS-5c
(Fig. 6).

The evidence of MIS-5e shorelines from tec-
tonically stable sites across the region of interest
does not exhibit any gradient in peak sea levels
(Fig. 2) [11,17,19,23,24]. This indicates that the
isostatic state of the Earth at that time, relative
to an equilibrium state, was similar to that of the
present day and hence that the melting history of
the NAIS during the penultimate glacial maxi-
mum and subsequent deglaciation was broadly
similar to that since the LGM. Calculations of
relative sea level in this region for the end of the
last interglacial period (MIS-5e) and MIS-5a are
shown in a contour plot in Fig. 7 and they clearly
illustrate the di¡erence in the gradients for the
two epochs, consistent with the observational evi-
dence. In this model, the penultimate glacial max-
imum has a similar ice distribution to the LGM.
The details of the last interglacial sea-level high-
stand are highly dependent on the melting history
during the penultimate deglaciation and a more
thorough comparison of MIS-5e sea-level obser-
vations and model predictions is beyond the scope
of this study.

Sea-level observations from other time periods
such as MIS-3 [40,41] and beyond the last inter-
glacial period [42] show similar discrepancies to
that observed for the MIS-5a highstand. For ex-
ample, evidence of MIS-3 sea level at locations far
from the ice-sheet margin, such as Huon Peninsu-
la, indicates sea level reached a maximum of
360 m [43]. In contrast, stratigraphic studies of
submerged deposits on the US Atlantic Coast and
the Texas inner continental shelf imply that MIS-
3 sea level reached as high as 20 m at these loca-
tions [40,41]. Such observations have the potential
to place further constraints on the distribution of
ice during the last interglacial^glacial cycle.

4. Summary

Glacio-hydro-isostasy has previously been dis-

missed as a possible reason for the gradient in
MIS-5a sea level based on the argument that the
same gradient is not observed for MIS-5e deposits
[18]. However, as we have shown here, the trend
in MIS-5a Caribbean sea levels is explained by the
e¡ects of glacio-hydro-isostasy and is also consis-
tent with observed absence of a MIS-5e shoreline
gradient. This behaviour is due to the fact that sea
level is measured relative to present day and the
present-day Earth is not in an equilibrium iso-
static state. In fact, a major component of the
MIS-5a sea-level gradient is due to the present-
day collapsing glacial bulge produced by the
LGM ice sheet. Because of the importance of
the present-day isostatic deformation of the
Earth, the sea-level observations of past events
can be used to place constraints on recent ice
melting history, i.e. since the LGM. This study
highlights the importance of including isostatic
e¡ects in the interpretation of relative sea-level
observations and when comparing sea-level data
from di¡erent locations. With a spatially and tem-
porally well-distributed data set both the total ice
volume and its distribution through time can be
constrained.

Only with the combination of a number of ice
and Earth model parameter changes can the high
gradient in MIS-5a sea level across the Western
North Atlantic be reproduced. While the model
predictions presented here are not unique, the ob-
served di¡erences in sea level across the Caribbe-
an region provide important constraints on the
behaviour of the North American ice sheets dur-
ing the last glacial cycle. Firstly, the observations
are consistent with a complex MIS-5a highstand
during which ice-equivalent sea level reached
V28 m below present. Secondly, MIS-5c and 5a
had a similar global ice volume but the transition
to the MIS-5c interstadial occurred more rapidly.
Thirdly, following the last interglacial period the
initiation of ice growth in the NAIS occurred in
the north. Finally, the observations imply both an
LGM ice volume that was larger than that indi-
cated by recent dynamical ice models and also
that North American ice volume and distribution
were similar during both the last and penultimate
glacial maxima.
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