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Abstract

We compare numerical predictions of glaciation-induced sea-level change to data from 8 locations around the Antarctic coast in order

to test if the available data preclude the possibility of a dominant Antarctic contribution to meltwater pulse IA (mwp-IA). Results based

on a subset of 7 spherically symmetric earth viscosity models and 6 different Antarctic deglaciation histories indicate that the sea-level

data do not rule out a large Antarctic source for this event. Our preliminary analysis indicates that the Weddell Sea is the most likely

source region for a large (�9m) Antarctic contribution to mwp-IA. The Ross Sea is also plausible as a significant contributor (�5m)

from a sea-level perspective, but glacio-geological field observations are not compatible with such a large and rapid melt from this region.

Our results suggest that the Lambert Glacier component of the East Antarctic ice sheet experienced significant retreat at the time of

mwp-IA, but only contributed �0.15m (eustatic sea-level change). All of the ice models considered under-predicted the isostatic

component of the sea-level response in the Antarctic Peninsula and the Sôya Coast region of the East Antarctic ice sheet, indicating that

the maximum ice thickness in these regions is underestimated. It is therefore plausible that ice melt from these areas, the Antarctic

Peninsula in particular, could have made a significant contribution to mwp-IA.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Observations of sea-level changes provide one of the
primary data sets for constraining the geometry, volume
and melt history of past and present glacial masses.
Regions far from areas of previous glaciation (far-field
sites) are sensitive to glacial meltwater influx and have
therefore provided useful constraints on the temporal
variation and magnitude of this influx (also known as the
eustatic function) from the last glacial maximum (LGM) to
the present day (e.g. Fleming et al., 1998; Okuno and
Nakada, 1999; Lambeck et al., 2002; Peltier, 2002; Shennan
e front matter r 2007 Elsevier Ltd. All rights reserved.
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et al., 2002). Sea-level records in regions close to areas of
previous glaciation (near-field sites) are sensitive to
variations in the local ice history and the associated
isostatic response of the solid Earth. These observations
have, therefore, been employed to infer information
relating to both local ice and earth parameters and, to a
lesser extent, the global meltwater influx (e.g. Tushingham
and Peltier, 1991; Lambeck, 1995; Kaufmann, 1997;
Mitrovica and Forte, 1997; Lambeck et al., 1998; Nakada
et al., 2000; Peltier et al., 2002; Shennan et al., 2002).
Far-field sea-level observations from Barbados and the

Sunda shelf (Fairbanks, 1989; Hanebuth et al., 2000) show
a rapid, large-magnitude rise in sea level at around
14 calibrated kyr before present (cal kyr BP). This event,
termed meltwater pulse IA (mwp-IA), is responsible for
20–25% of the eustatic sea-level rise observed from the
LGM to present. Such a rapid, large-magnitude event

dx.doi.org/10.1016/j.quascirev.2007.06.011
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would have had a significant effect on global climate and
would have produced dramatically different influences on
the climate system depending on the distribution of melt
water sources for this event. For example, recent research
has shown that a significant southern hemisphere source
for mwp-IA may explain the onset of the Bølling-Allerød
warm interval (Weaver et al., 2003). However, this result
remains controversial given the current debate on whether
the mwp-IA event was sourced primarily from the northern
or southern hemispheres (Clark et al., 1996, 2002; Bassett
et al., 2005; Peltier, 2005).

Recent research has shown that far-field sea-level
observations can be used to constrain the source geometry
as well as the magnitude of major ice melt events (Clark
et al., 2002; Bassett et al., 2005). Clark et al. (2002) used the
data that span mwp-IA (Barbados and Sunda shelf) to
investigate the source geometry and found that the
observations ruled out a dominant contribution from
North American ice but were consistent with a small
number of other scenarios, including that of a dominant
contribution from Antarctica. Alternatively, Peltier (2005)
argued that due to the lack of far-field data that capture the
magnitude of mwp-IA and the difficulty associated with
accurately estimating the magnitude of the rise at these
two sites, the observational error permits a sole Northern
Hemisphere source scenario that is dominated by the
Laurentide ice sheet.

More recently, Bassett et al. (2005) extended the work of
Clark et al. (2002) to consider the full viscoelastic solid
earth response to mwp-IA. This extension permits the use
of sea-level observations from Tahiti and the Huon
Peninsula which capture the sea-level response following
mwp-IA. By modelling this extended data set, Bassett et al.
(2005) concluded that a dominant Antarctic contribution
to mwp-IA (�15m eustatic equivalent) is required to fit the
far-field observations with a single ice history and earth
model.

Results from ocean circulation modelling also support
the scenario of a dominant southern hemisphere contribu-
tion to mwp-IA. For example, Manabe and Stouffer (1997)
showed that a large North American source to the Atlantic
Ocean has been shown to cause a considerable cooling of
the northern hemisphere which is not observed in the proxy
records (McManus et al., 2004). Weaver et al. (2003)
demonstrated, on the other hand, that a large influx from
the Antarctic would cause a strengthening of North
Atlantic deepwater formation and a consequent warming
of the North Atlantic region. Such a scenario is therefore a
plausible mechanism to explain the onset of the Bølling
Allerød warm interval, and subsequently, through fresh-
water forcing from the Laurentide and Fennoscandian ice
sheets, the Younger Dryas cold period (Weaver et al.,
2003). A 15m southern source scenario is also in keeping
with findings from oxygen isotope modelling (Rohling
et al., 2004) which show that simulations of marine oxygen
isotope distributions for a number of different source
scenarios compared to data from sediment cores suggest
equal contributions from Antarctic and Northern ice sheets
of around 15m.
A dominant Antarctic contribution to mwp-IA must be

consistent with observations and modelling that relate to
the deglaciation history of the Antarctic ice sheet. The
volume of ice in the Antarctic ice sheet at the LGM and the
subsequent melt history has been discussed extensively in
the literature (e.g. summarized in Bentley, 1999; Anderson
et al., 2002). Models of the Antarctic ice sheet from
glaciological, glacio-isostatic and geological reconstruc-
tions have suggested contributions to the total eustatic
sea-level rise of between 1 and 38m from LGM to present
(e.g. Nakada and Lambeck, 1988; Tushingham and Peltier,
1991; Colhoun et al., 1992; Bentley, 1999; Nakada et al.,
2000; Denton and Hughes, 2002; Huybrechts, 2002; Ivins
and James, 2005), with more recent research favouring a
narrower range of 13–21m (e.g. Bentley, 1999; Denton and
Hughes, 2002; Huybrechts, 2002).
With regard to the Antarctic deglaciation history, several

recent studies suggest that the East and West Antarctic
components did not advance and retreat at the same time
(e.g. Bentley, 1999; Nakada et al., 2000; Anderson et al.,
2002). Results from Antarctic model reconstructions
suggest that the major phase of Antarctic deglaciation
occurred during the Holocene (e.g. Tushingham and
Peltier, 1991; Nakada et al., 2000; Huybrechts, 2002).
Reconstructions from geological data suggest, however,
that this may have occurred earlier, beginning at around
15 cal kyr BP, especially in the Antarctic Peninsula
(e.g. Bentley, 1999; Anderson et al., 2002). It is important
to note, however, that none of these studies considered
the possibility of a large contribution from Antarctica to
mwp-IA.
The East Antarctic ice sheet (Fig. 1) is, primarily, a land-

based ice sheet bounded by the Transantarctic Mountains
and a steep continental slope and is thought to have made a
relatively minor contribution to post-LGM eustatic sea-
level change (e.g. Bentley, 1999; Huybrechts, 2002). There
are components of the East Antarctic ice sheet that had a
more active grounding line, such as the Lambert Glacier
region, which could have made a non-negligible contribu-
tion to mwp-IA. This suggestion is supported by field
evidence from this region that indicates a rapid ice retreat
between 15,370 and 13,440 cal yr BP (Verleyen et al., 2005).
In contrast, the West Antarctic ice sheet is primarily
marine-based and so can respond quickly to changing
climate or sea levels. Most of the mass lost from Antarctica
following the LGM was sourced from the West Antarctic
Ice Sheet and the Antarctic Peninsula (e.g. Bentley, 1999;
Huybrechts, 2002).
Of the four components of the West Antarctic ice sheet

(Fig. 1), the Ross and Weddell components are believed to
have lost the most mass since the LGM and so are most
likely to be the primary mwp-IA source regions. The
examination of glacio-geological data in the Ross Sea
suggests a gradual ice retreat largely during the Holocene,
with little indication of a significant contribution (41m)
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to mwp-IA (Conway et al., 1999; Licht, 2004). Glacio-
geological data constraining the volume and melt history of
the Weddell Sea region remain inconclusive (e.g. Bentley
and Anderson, 1998; Anderson et al., 2002).

In this study, our main aim is to determine whether the
available Antarctic near-field sea-level data preclude
the possibility of a significant Antarctic contribution to
mwp-IA. If we find that this is not the case, a secondary
aim is to determine whether the data can be used to infer
which components of the ice sheet were the most likely
contributors to mwp-IA. In Section 2 we briefly review the
sea-level data we employ in the modelling analysis and in
Section 3 we consider the ability of the data to test the
veracity of a number of different deglaciation scenarios and
earth model parameters.

2. Observational data

The sea-level data sets we consider are from eight
locations on the Antarctic continent (Fig. 1) and cover the
period 12-0 cal kyr BP. The data are from the Antarctic
Glaciological Geological Database (Hindmarsh—http://
www.antarctica.ac.uk/met/rcah/agdb/index.htm) along with a
number of additional, more recently published results not
within the database. The model predictions are generated
in cal kyr BP and so radiocarbon dates have been converted
to calibrated dates using the CALIB 5.0.1 programmme
(Stuiver and Reimer, 1993). Marine samples were cali-
brated using the Marine04 calibration curve (Hughen et al.,
2004); calibration of freshwater samples used the Intcal04
curve (Reimer et al., 2004). The various data sets are
described in detail below and illustrated in Fig. 2.
The sea-level reconstructions have been derived from

radiocarbon dating of organic material in raised beaches
(penguin guano and remains, shells, seaweed, seal skin),
and in isolation basins. Isolation basins are coastal inlets or
basins that become cut off from the sea as relative sea-level
(RSL) falls, or are flooded by seawater as RSL rises. If
these basins have freshwater input, the sedimentary record
will show a change from marine to lacustrine environments
for RSL fall; the reverse occurs during RSL rise. Dating the
transition from marine to lacustrine sediments and
measuring the height of the sill that formerly connected
the lake to the ocean enables an accurate determination of
mean sea-level at the time the basin became isolated. The
vertical error associated with determining sill heights

http://www.antarctica.ac.uk/met/rcah/agdb/index.htm
http://www.antarctica.ac.uk/met/rcah/agdb/index.htm
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relative to mean sea level are usually in the range 0.2–0.5m
(Bentley et al., 2005; Verleyen et al., 2005). We adopt a
conservative height error of 0.5m for index points derived
from isolation basins.

Whilst isolation basins provide a ‘fix’ for sea level, all
other sample types provide either minimum or maximum
limits on past sea level (indicated, respectively, as black
triangles and open inverted triangles in Fig. 2). For
example, past sea level is interpreted to have been above
shells such as Laternula elliptica and Adamussium colbecki

found in situ within marine sediment and so they are
interpreted as minimum sea level constraints. Both of the
species used are found at a range of depths today, with a
minimum habitation depth of 1–2m. We therefore assume
that past mean sea level must have been at least 1–2m
above the depth that a given shell was retrieved from.

Maximum sea-level constraints come from seal hairs,
penguin guano and remains in ornithogenic soils and wind
blown deposits resting on top of marine deposits, as well as
freshwater sediments in isolation basins. All of these are
interpreted to have been deposited above sea level. Given
that modern storm beaches can reach a few metres above
mean sea level in Antarctica (Kirk, 1991; Hall and Denton,
1999), we interpret these indicators as defining a height at

least �2m above past mean sea level. Note that we have
not made any account of the fact that the height of storm
beach formation can vary according to the local wave
climate, both along a coastline and through time.
At the two Ross Sea sites Baroni and Hall (2004) and

Hall et al. (2004) report several samples of organic material
(bones, shells, seal skin) that were incorporated within

storm beaches, rather than resting on them. We follow
these authors in interpreting such material as providing
close ages for the raised beaches (i.e. they are found only a
few metres above the height of past mean sea level). These
data (shown as open circles in Fig. 2) can be regarded as
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providing a constraint on sea-level that is intermediate in
accuracy between those derived from isolation basins and
those maxima for sea-level from material deposited on top
of raised beaches.

For consistency we have corrected all dates from marine
material for a reservoir effect of 13007100 yr (Gordon and
Harkness, 1992; Berkman and Forman, 1996). The errors
in the plotted dates of the index points are derived from
radiocarbon analyses, the uncertainty in the marine
reservoir, and the calibration of these data. Error propa-
gation incorporates errors at the 1-sigma level throughout.

The data for the Ross Sea have been obtained from the
Terra Nova Bay (Ross A in Fig. 2) and Southern Victoria
Land Coast (Ross B in Fig. 2) regions of the Ross Sea
(Baroni and Hall, 2004; Hall et al., 2004). Most sea
level data here derive from penguin remains (maxima),
shells (minima) and seal skin (close ages). These two
data sets comprise, arguably, the best-constrained RSL
data in Antarctica. (Hall and Denton, 1999; Baroni and
Hall, 2004).

The data from the South Shetland Islands have been
split into two groups to account for the spatial variation in
the sea-level predictions that occurs across this region:
Fildes Peninsula (King George Island) and Byers Peninsula
(Livingston Island) (Fig. 1). The data are from organic
remains (e.g. penguin, whale and seal bones) that provide
sea-level maxima and from isolation basins which provide
accurate height constraints on past sea levels (Bentley et al.,
2005, and references therein).

Marguerite Bay sea-level index points were determined
from isolation basins on Horseshoe Island (Wassell and
Håkansson, 1992) and Pourquoi Pas Island (Bentley et al.,
2005). Dates from penguin remains and guano provide
maximum constraints on sea-level (Emslie and McDaniel,
2002; Bentley et al., 2005).

The data from the Sôya coast are exclusively derived
from marine shells which provide sea-level minima. The
data plotted here come from a series of Japanese
expeditions to the Lützow-Holm Bay region of Enderby
Land, and are from the youngest (Holocene) group within
a set of several hundred ages ranging up to 440 14Cka.
Given some widely known but poorly understood problems
with radiocarbon dating of marine fossils (Gordon and
Harkness, 1992; Berkman and Forman, 1996) there have
been some independent tests of these shell dates using
Electron Spin Resonance (Takada et al., 2003). These have
shown that some of the radiocarbon ages for shells may be
problematic although it is not clear if this problem applies
equally to the younger (Holocene) dates as it does to the
older dates in the Sôya region.

The data points from the Larsemann Hills are derived
from three isolation basins in the Lambert Glacier-Amery
Ice Shelf system (Verleyen et al., 2005). Although
geographically close to the Larsemann Hills, the sea-level
observations from the Vestfold Hills are significantly
displaced to those obtained from the Larsemann Hills
area and so have been plotted on a separate sea-level curve
for the purpose of this study. The data are from sediment
cores from isolation basins (Zwartz et al., 1998) and sea-
level minima are provided by shells found in situ within
marine sediments (Zhang and Peterson, 1984).

3. Modelling

Sea-level predictions are computed by solving the revised
sea-level equation described in Milne (1998) and Milne
et al. (1999). Recent advances in sea-level modelling, such
as perturbations to the rotation vector, time-varying
shorelines, and an accurate treatment of sea-level change
in regions of ablating marine-based ice are therefore
incorporated in the predictions described below. The two
variable inputs to the sea-level algorithm are the earth and
the ice history models.
The solid earth isostatic component of the sea-level

signal is computed using the impulse response formalism
(Peltier, 1974) which yields the response of a spherically
symmetric, self-gravitating and compressible Maxwell
viscoelastic earth model to an impulse forcing. The radial
elastic and density structure of the earth model is based on
the seismically inferred PREM (Dziewonski and Anderson,
1981) and is depth parameterized (by volume averaging)
into 25 km thick shells. The radial viscosity structure is
more crudely parameterized into an upper region of
effectively infinite viscosity to simulate an elastic litho-
sphere, and two deeper regions, each with a uniform
viscosity, that correspond to the sub-lithospheric upper
mantle and the lower mantle (below 670 km). These three
parameters are varied in the modelling analysis. It is
convenient to define a preferred, or reference, viscosity
model. For this purpose we chose a 96 km thick elastic
lithosphere and viscosities of 0.5� 1021 Pa s for the upper
mantle and 1022 Pa s for the lower mantle region. These
parameters are broadly consistent with the results of a
number of recent viscosity inferences (Nakada and
Lambeck, 1989; Lambeck and Nakada, 1990; Lambeck
et al., 1990; Lambeck, 1993; Forte and Mitrovica, 1996;
Mitrovica and Forte, 1997; Lambeck et al., 1998; Milne
et al., 2001).

3.1. Input ice histories

The ice histories utilized in this study were derived by
combining a northern hemisphere model based on the
ICE-3G reconstruction (Tushingham and Peltier, 1991;
Bassett et al 2005) with a model of Antarctic ice sheet
evolution output from a realistic, thermomechanical
glaciological model (Huybrechts, 2002). As described
below, these two components of our ice model were altered
in order to test a range of mwp-IA source geometries. For
each combination considered, the North American compo-
nent of the northern hemisphere model was modified to
provide a good fit to the Barbados sea-level record in order
to ensure that the eustatic component of the hybrid ice
model was accurate (Bassett et al., 2005).
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The Antarctic component of our global model was
adapted from a glaciological simulation using the three-
dimensional thermomechanical model developed by Huy-
brechts (2002). The simulation, which was run on a
high-resolution (20 km) grid, computes the evolution of
the Antarctic ice sheet in response to a series of forcing
factors, including sea level, surface temperature, snow
accumulation and ice ablation below ice shelves. As
described below, we alter the original simulation to
examine a small range of mwp-IA source scenarios. In
the original simulation, the maximum extent of the
Antarctic ice sheet is attained around 10 cal kyr BP and
the primary component of deglaciation occurs relatively
late: between 6 and 4 cal kyr BP contributing �17m to
eustatic sea level. This total contribution is comprised of
�7.2m from the Ross Sea region, �9.3m from Weddell
Sea, �0.3m from the Peninsula, �0.15m from each of the
Lambert Glacier and Amundsen Sea regions. The con-
tribution of this model to post-LGM eustatic sea-level rise
is �22m, which is near the maximum obtained in the suite
of simulations discussed in Huybrechts (2002).

3.2. Sensitivity of predictions to Antarctic versus North

American source

In order to test the hypothesis of an early and rapid
deglaciation of the Antarctic ice sheet, we compare
predictions based on two end member mwp-IA source
scenarios to the sea-level observations described in Section
2. One scenario assumes that the mwp-IA event was
sourced entirely from the northern hemisphere and
primarily from the North American ice complex. In order
to fit the Barbados record, it was necessary to revise the
Antarctic component of our ice model so that the primary
component of deglaciation occurred at the same rate as in
the original simulation but 4 kyr earlier (i.e. between 10 and
8 cal kyr BP).

The second scenario assumes a dominant contribution
from the Antarctic ice sheet to mwp-IA. In this case, we
advanced the main period of Antarctic deglaciation by
8.5 kyr compared to the original simulation and increased
the rate of this event to provide �17m of eustatic sea-level
contribution from the Antarctic between 14.5 and
13.5 cal kyr BP, with �4m eustatic sea-level delivered
post-mwp-IA. This magnitude of mwp-IA contribution is
compatible with the value of 15m inferred from observa-
tions of far-field sea-level changes during the Lateglacial
period (Bassett et al., 2005). The sea-level predictions
associated with these two contrasting mwp-IA scenarios
coupled to the reference earth model are shown on Fig. 3.
Note that predictions are shown only for the past 12 kyr
since none of the data predate this time.

In order to understand the predictions it is helpful to
refer to 6 distinct regions of the Antarctic ice complex:
Weddell Sea, East Antarctic, Lambert Glacier, Ross Sea,
Amundsen Sea and the Antarctic Peninsula (Fig. 1). At
each data site, the predicted sea-level changes will show
most sensitivity to local variations in the ice model; for
example, the Ross sites will be very sensitive to any change
in the Ross ice sheet deglaciation. In our ice model, the
Ross Sea and the Weddell Sea components are the largest
contributors to the Antarctic portion of eustatic sea-level
change and so sites close to these regions should exhibit the
greatest sensitivity to the contrasting source scenarios
described above.
Most regions show a significant change in the predictions

depending on whether a North American (dashed line) or
Antarctic (solid line) dominant source for mwp-IA is
considered. In both sets of predictions there is a distinct
change in the form of the curves at 6 cal kyr BP. This is
exhibited either as a highstand (e.g. the solid black line at
Marguerite, Larsemann and Vestfold) or as a change in
gradient or leveling off (e.g. Fildes and Byers). This is a
result of the dramatic decrease in the rate of northern
hemisphere ice melt in the adopted ice model at this time.
In the dominant Antarctic source model the Ross Sea

deglaciates earlier and more rapidly than in the northern
hemisphere source model. At the Ross Sea sites, there is a
sea-level rise associated with the northern hemisphere
melting until this region deglaciates, after which there is a
sea-level fall resulting from the isostatic uplift. The
combined effect of these two processes is a sea-level
highstand, which occurs earlier in the Antarctic source
model (around 15 cal kyr BP) and thus results in a
shallower sea-level fall for this model during the mid-to-
late Holocene. The shallower sea-level fall predicted by this
model is more consistent with the data than the larger and
steeper fall predicted by the northern hemisphere source
model. At the Ross A site, the Antarctic source model
shows a distinct sea-level rise at 11–10 cal kyr BP. This
corresponds to an increase in the eustatic component of the
North American ice history in order to fit the Barbados
record.
There is little difference between the two predictions at

the Fildes and Byers sites after 6 cal kyr BP. The difference
in the predictions prior to this time is primarily associated
with ice melt in the Peninsula region. In the Antarctic
source model this occurs around the time of the pulse
which results in a small sea-level fall around 14 cal kyr BP
associated with the isostatic uplift of the region. In the
North American source model this occurs much later,
around 10 cal kyr BP, and is illustrated by the deflection in
the dashed line at these sites. The effect is much less
noticeable in the North American model due to the
unloading occurring over a longer time and during a
period of more rapid eustatic rise. Both sets of model
predictions for the South Shetland Islands data (Fildes and
Byers) fail to match the Holocene sea-level trend indicated
by the observations, which suggests that the modelled ice
unloading in this area is insufficient.
The Marguerite Bay predictions reflect the proximity of

this site to both the Antarctic Peninsula and Weddell Sea
ice masses. The model predictions are vastly different prior
to 8 cal kyr BP. In the northern hemisphere source model,
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the Peninsula and Weddell Sea regions begin to deglaciate
around 12 and 10 cal kyr BP, respectively. The result of this
is an extended fall in sea-level, from 12 to 8 cal kyr BP,
following a rise associated with northern hemisphere
melting. In the Antarctic source model, this period of
sea-level fall is earlier (subsequent to the mwp-IA event)
and so the rate of uplift reduces significantly by around
10 cal kyr BP, leading to a eustatic-dominated sea-level
rise during the early Holocene. Both models considered
under-predict sea level by �20m around 7.5 cal kyr BP at
Marguerite.

The Sôya Coast data indicate that sea level should fall at
this site for the past 7 kyr from around 20m. This is clearly
not captured by either model prediction. In both of the
adopted source models, there is relatively little ice volume
change in the East Antarctic and so the dominant
component of the signal at this site is the eustatic sea-
level rise. The difference between the two predictions is
predominantly related to the difference in the eustatic
sea-level curves between the two ice models.
Although only a small contributor to the eustatic

sea-level signal, the timing of deglaciation in the Lambert
glacier region has a dramatic effect on the sea-level
predictions at Larsemann and Vestfold. In the northern
source model, this occurs at �10 cal kyr BP and results in a
sea-level highstand (around 25–30m) at this time. This
highstand marks the transition from a eustatic-dominated
sea-level rise to an isostatic-dominated (local) sea-level fall.
In the Antarctic source model, most of this region
deglaciates at the time of mwp-IA and so pushes the
isostatic-induced sea-level fall much earlier. The isostatic
component of the signal has sufficiently relaxed by
�10 cal kyr BP so that the eustatic rise dominates the
predicted signal until the cessation of rapid melting in our
northern hemisphere ice model. The Antarctic source
model is more compatible with the observations from
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Larsemann and Vestfold, which require sea level to be
rising during the early Holocene and falling by �7 cal k-
yr BP. This early Holocene rise and fall of sea level is not
captured in the northern hemisphere source model.

Based on these preliminary comparisons, the Antarctic
source model is more compatible with the observations
at sites Ross (A & B), Larseman and Vestfold, while
neither model provides a reasonable match to the
observations at the remaining sites. In the following
section, we extend the above results to consider the
sensitivity of the predictions to plausible variations in
the lithospheric thickness and viscosity structure of the
adopted earth model. Such an analysis will enable us to
determine if the misfit at each site for a given ice model can
be accommodated by viscosity uncertainty in the adopted
earth model.
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3.3. Sensitivity of predictions to Earth viscosity structure

For each earth viscosity model considered, the North
American ice history was scaled to maintain an accurate
fit to the Barbados sea-level history. We considered
the following parameter ranges in Fig. 4: lithospheric
thickness (71–120 km) (Fig. 4a), upper mantle viscosity
(1�10� 1020 Pa s) (Fig. 4b) and lower mantle viscosity
(1�40� 1021 Pa s) (Fig. 4c). These specific parameter
ranges were chosen to broadly encompass the results from
a number of recent inferences of earth viscosity structure in
different regions from GIA analyses.
Of the eight sites considered, the predictions at Fildes,

Byers and Sôya are least sensitive to variations in the
viscosity structure. This is directly related to the adopted
ice model, which exhibits relatively little deglaciation at
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these localities. The increased sensitivity at these sites to
variations in deeper structure (as opposed to lithospheric
thickness variations) is driven by ice sheet loading changes
in other regions. In contrast, the greatest sensitivity is
found at the remaining five sites which are in close
proximity to components of the ice model that show larger
changes during deglaciation. For these five sites (of which
four were fit best by the Antarctic source model when
adopting the reference earth model) it is important to
ascertain if this ice model is also preferred when the
sensitivity of the predictions to viscosity structure is
considered.

Of the two sites in the Ross Sea region, Ross A exhibits
the greatest sensitivity to variations in earth model
structure. At this site, the predictions based on the
Antarctic source model (black lines) envelop the observa-
tions better than those for the northern hemisphere source
model (gray lines). However, the predictions based on the
latter suggest that an earth model with parameter values
within the ranges described above could fit the data
(for example, the model with an upper mantle viscosity
of 1020 Pa s provides a relatively good fit). At the Ross B
site, the reduced sensitivity to earth structure suggests that
it is not possible to fit the data for the range of earth
model parameters considered. In comparison, a relatively
good fit can be obtained with the Antarctic source model
when values for upper and lower mantle viscosity are
chosen from the lower end of the spectrum given above
(e.g. 1020 and 1021 Pa s, respectively).
Predictions at the sites Larsemann and Vestfold are

relatively insensitive to the range of lower mantle viscosity
values considered in Fig. 4c. This indicates that the
spatial scale of the ice sheet changes in this region are
not large enough to induce any significant deformation
within the model lower mantle. In contrast, there is a
considerable sensitivity to changes in shallower earth
structure (particularly upper mantle viscosity; Fig. 4b).
This is only apparent for the northern hemisphere source
model due to the time and height range illustrated. For the
Antarctic source model, the rapidity of the solid earth
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response using the lowest value of upper mantle viscosity
considered results in the predictions remaining below
present day sea level for the entire period shown in
Fig. 4b. Inspection of Fig. 4a–c indicates that the
predictions based on the northern hemisphere source
model do not even approach a good fit to the data and
so we conclude that a rapid deglaciation of this region at
the time of mwp-IA is clearly preferred at these two sites.

Regardless of the adopted earth model or ice model, the
quality of data-model fit at the sites Fildes, Byers,
Marguerite (index point at �7 cal kyr BP in particular)
and Sôya remain poor. This is further evidence to suggest
that the adopted Antarctic ice model underestimates the
maximum ice volume in these regions.

The results of this section show that: (i) while neither of
the two ice models can produce an acceptable fit at all sites,
the Antarctic source model is clearly preferred by data
from Ross B, Larsemann and Vestfold; (ii) the data from
Ross A can be fit by either ice model given a suitable earth
model (with plausible parameter values); (iii) data from
Fildes, Byers, Marguerite and Soyâ cannot be fit by any of
the earth-ice models considered. Given that the Antarctic
source model is the more successful of the two ice models
considered, in the next section we explore the viability of
this model further by testing the sensitivity of the
predictions to changing the geometry of melt within the
Antarctic ice complex at the time of mwp-IA. This
additional sensitivity test will enable us to determine
whether it is possible to improve the fit further and
potentially constrain the source geometry at a regional
scale using the available observations.

3.4. Sensitivity of predictions to geometry of Antarctic

source

There are two components within our adopted Antarctic
model which contain sufficient volume to contribute
significantly to mwp-IA: the Ross Sea and Weddell Sea.
The eustatic contributions from different regions of the ice
model are shown in Fig. 1. These values correspond to the
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eustatic sea-level contribution associated with the max-
imum glacial extent of each region considered in the
Figure, which, for most regions, does not coincide with the
ice extent at the time of the global glacial maximum
(�20 cal kyr BP).

The Ross Sea and Weddell Sea components of the ice
model contain, respectively, �11 and �13m of eustatic sea
level. We have tested three different mwp-IA scenarios for
this preliminary study: a sole Ross or Weddell source and a
combined Ross and Weddell source (�5 and �9m,
respectively). All of the predictions shown are based on
the reference earth viscosity model, which provided (over-
all) the best fits to the data for the dominant Antarctic
source model. The results of these computations are shown
in Fig. 5. As discussed above, for each ice model
considered, the volume of North American ice was altered
to ensure that a good fit was maintained at Barbados.
Although a large Ross component to mwp-IA has
been argued against on the basis of geological evidence
(e.g. Licht, 2004), it has been included here to be
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compatible with the model adopted in the previous two
sections and to make our sensitivity analysis more
complete.
As expected, the sole Ross Sea model significantly alters

the predictions at Ross A and Ross B. There is however
little difference between the scenario in which the Ross Sea
is the main contributor (dashed line) compared to that in
which it is only a partial contributor (solid line), indicating
that the predictions are relatively unaffected by the activity
in the Weddell Sea for this time period. In both models that
consider a proportion of Ross ice melt, the isostatic uplift
occurs sufficiently early to result in a shallower sea-level
fall compared to the predictions based on the northern
hemisphere source model (see Fig. 3), in which this region
deglaciates much later (10–8 cal kyr BP). The Weddell Sea
model produces a fit which is similar to our northern
hemisphere source model, indicating that the predicted
sea-level response in the Ross Sea region is relatively
insensitive to the timing and magnitude of deglaciation in
the Weddell Sea. These results for the Ross Sea region
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suggest that: (i) either the adopted Antarctic ice model
overestimates the ice volume in this region (particularly
Ross B); (ii) that this region must have deglaciated early
(as in the Antarctic source model) or (iii) a combination
of (i) and (ii).

The Marguerite Bay observations clearly prefer the
scenarios that include either a dominant or partial Weddell
contribution to mwp-IA. The Ross Sea dominant scenario
falls significantly below the data as a result of a large
sea-level fall caused by the relatively late deglaciation of
the Peninsula and the Weddell Sea in this model. In the
Weddell Sea models, this sea-level fall is predicted
earlier and occurs concurrently with the rapid rise in the
eustatic signal. The net effect is to push the predictions
higher in the Holocene, which is more consistent with
the observations. Although a reasonable fit is found to
the more recent data at this location, the oldest sea-
level indicator (�7.5 cal kyr BP) is still not captured by
any ice-earth model combination considered thus far.
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Weddell) model (solid line in Fig. 5) and the solid line shows the results for a rev

region (�0.15m eustatic) at the time of mwp-IA as well as cessation of rapid n

our standard ice model).
An alternative cause of this misfit is an inaccuracy in the
eustatic component of the northern hemisphere model; this
issue is explored below.
All of the regional melt models considered in this section

perform badly at Larsemann and Vestfold. The fit at these
sites was improved by the dominant Antarctic source
scenario considered in Section 3.2, in which this region
deglaciated at the time of mwp-IA. As for the case of the
Ross Sea region, the cause of the over prediction of
Holocene uplift in this region is ambiguous—it could be
related to the timing of deglaciation (i.e. too late in the
models considered in this section) or the magnitude of ice
removal in the adopted model.
In Fig. 6, we conclude this analysis by revising the

combined Ross/Weddell scenario to include a rapid
deglaciation of the Lambert Glacier region (�0.15m
eustatic equivalent) at the time of mwp-IA as well as a
northern hemisphere model in which the rate of melting
dramatically reduces at 7 (rather than 6) cal kyr BP.
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This shift to a slightly earlier cessation of rapid northern
hemisphere melting is not inconsistent with far-field
sea-level observations (e.g. Fleming et al., 1998). Of the
ice models considered in this analysis, the predictions based
on this model (Fig. 6; solid line) are the most consistent
with the observations.

4. Discussion and summary

The above results indicate that the available sea-level
data are unable to preclude the existence of a significant
contribution from the Antarctic Ice Sheet to mwp-IA. Our
conclusion from this preliminary analysis is that, for the
case of a dominant Antarctic source, most of the melt
water was derived from the Weddell Sea (9m) and the Ross
Sea (5m). This result is clearly not compatible with the field
evidence that suggests the Ross Sea component of the ice
sheet made a contribution of less than 1m to mwp-IA
(e.g. Licht, 2004). The total excess ice mass in the Ross Sea
region of the adopted ice model is 10m equivalent
(eustatic) sea-level rise. The ‘‘best fit’’ model described
above includes a 50% contribution from this region during
mwp-IA with the remaining 50% being melted in a more
gradual fashion until the mid-Holocene.

In the dominant North American source model con-
sidered in Fig. 3 (dashed line), there is a rapid deglaciation
of the Ross Sea region between 10 and 8 cal kyr BP
(this rapid change is a feature of the adopted ice model),
which results in a poorer fit to the observations compared
to the best fit model. The fit to the Ross Sea data may also
be improved by reducing the magnitude of ice volume
in this region (e.g. Bentley, 1999; Nakada et al., 2000;
Licht, 2004). More modelling work is clearly required to
investigate the sea-level response of a larger suite of Ross
Sea deglaciation scenarios to determine which are consis-
tent with the sea-level observations. Such an in-depth study
of this region is beyond the scope of the present analysis.

Regardless of the ice or earth model adopted, there
remain significant misfits to the observations from the
South Shetland Islands and the Sôya coast. These
discrepancies indicate that the adopted ice model, which
has not been calibrated to fit any sea-level data, contains
insufficient ice melt in these regions. These results are
consistent with those of Nakada et al. (2000), who found
that the ice models they considered also under-predicted
the isostatic component of the sea-level response in the
Sôya Coast and Antarctic Peninsula regions. The require-
ment of the observations for more extensive ice in the
East Antarctic and the Peninsula clearly needs further
exploration.

The relatively poor spatial extent of the data, the limited
number of actual index points, and the lack of any
constraints on sea-level prior to �12 cal kyr BP imply that
there are likely a number of possible ice melt scenarios that
could provide adequate fits to the data. Our primary aim
was to test whether the available data rule out a dominant
Antarctic contribution to mwp-IA, and so the issue of
non-uniqueness was not explored in any depth. Our
analysis considered a small number of Antarctic deglacia-
tion models that were derived from a single run of a
glaciological model and so is clearly limited in this respect.
The recent Antarctic deglaciation model proposed by Ivins
and James (2005), which is based on field constraints and
does not include an Antarctic component to mwp-IA,
represents a useful alternative model that should be tested
against the available sea-level observations.
The non-uniqueness problem can clearly be improved by

obtaining, or improving, data from regions that are in
proximity to the most likely mwp-IA source areas. For
example, new observations obtained from, or closer to, the
Weddell Sea region would help better constrain the
Weddell Sea contribution to mwp-IA. Our results indicate
that sea-level observations prior to �8 cal kyr BP from
Marguerite Bay would provide powerful constraints with
which to test deglaciation models of the Weddell Sea and
Peninsula regions.
This study has provided useful insight into the plausi-

bility of an Antarctic source for mwp-IA. By exploring a
number of melt scenarios based on a glaciologically
realistic Antarctic ice model with a modified chronology,
we have found that the data do not rule out a dominant
Antarctic contribution to mwp-IA. Our preliminary
analysis indicates that the Weddell Sea region is the most
likely source for a large Antarctic contribution to mwp-IA.
The Ross Sea is also plausible as a significant contributor
from a sea-level perspective, although the geological field
evidence can be used to argue against this. Our results
also show that the adopted ice model under-predicts the
isostatic component of the sea-level response in the
Antarctic Peninsula and the Sôya Coast region of the East
Antarctic ice sheet. It is plausible that ice melt from regions
such as these, the Antarctic Peninsula in particular, could
have made a significant contribution to mwp-IA.
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Wassell, A., Håkansson, H., 1992. Diatoom strtigraphy in a lake on

Horeshoe Island, Antarctica. Diatom Research 7, 157–194.

Weaver, A.J., Saenko, O.A., Clark, P.U., Mitrovica, J.X., 2003. Meltwater

pulse 1A from Antarctica as a trigger of the bolling-allerod warm

interval. Science 299, 1709–1713.

Zhang, Q., Peterson, J.A., 1984. A geomorphology and late Quaternary

geology of the Vestfold Hills, Antarctica. ANARE 133.

Zwartz, D., Bird, M.I., Stone, J.O., Lambeck, K., 1998. Holocene sea-level

change and ice sheet history in the Vestfold Hills, East Antarctica.

Earth and Planetary Science Letters 155, 131–145.


	Modelling Antarctic sea-level data to explore the possibility of a dominant Antarctic contribution to meltwater pulse IA
	Introduction
	Observational data
	Modelling
	Input ice histories
	Sensitivity of predictions to Antarctic versus North American source
	Sensitivity of predictions to Earth viscosity structure
	Sensitivity of predictions to geometry of Antarctic source

	Discussion and summary
	Acknowledgments
	References


