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Fig. 3. Phase diagram of SiO2.
Open circles and solid squares
indicate the stabilities of the aPbO2-type and pyrite-type phases,
respectively. Solid reversed triangles
and open triangles show previous
experimental data (7) on the stabilities of the CaCl2-type and aPbO2-type phases, respectively. The
dotted lines show the tentative
phase boundary.
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Ice Sheet and Solid Earth
Influences on Far-Field
Sea-Level Histories
Sophie E. Bassett,1 Glenn A. Milne,1* Jerry X. Mitrovica,2
Peter U. Clark3
Previous predictions of sea-level change subsequent to the last glacial maximum
show significant, systematic discrepancies between observations at Tahiti, Huon
Peninsula, and Sunda Shelf during Lateglacial time (È14,000 to 9000 calibrated
years before the present). We demonstrate that a model of glacial isostatic
adjustment characterized by both a high-viscosity lower mantle (4  1022 Pa s)
and a large contribution from the Antarctic ice sheet to meltwater pulse IA
(È15-meters eustatic equivalent) resolves these discrepancies. This result supports arguments that an early and rapid Antarctic deglaciation contributed to a
sequence of climatic events that ended the most recent glacial period of the
current ice age.
The evolution of high-latitude global ice
volumes, as inferred from observations of
far-field sea-level change, serves as a funda1
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mental constraint on ice-age climate models
(1). In this regard, data from Barbados (2, 3),
the Sunda Shelf (4), Tahiti (5), Huon Peninsula (6, 7) and the Bonaparte Gulf (8)
(Fig. 1) record a spatially and temporally
variable sea-level history that samples ice
sheet fluctuations through the complex, modulating influence of glacial isostatic adjustment (GIA) (9–11). Efforts to fit these
histories with global ice reconstructions and
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numerical models of GIA-induced sea-level
change have been characterized by enigmatic
and highly contentious misfits (11–14) at
0

A Barbados

B Tahiti

D Bonaparte

E Sunda

several key sites, particularly during the
Lateglacial period EÈ14 to 9 calibrated
kiloyears before present (cal kyr BP)^ (11).
C Huon

-20
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Time (cal. kyr BP)

Fig. 1. Observed sea-level
records at the five far-field
sites considered in this study.
-40
Triangles and squares repre-60
sent U-Th and calibrated 14C
-40
dated samples, respectively.
-80
The data at Barbados (A),
-60
Tahiti (B), and Huon (C) are
-100
based on fossil coral samples
-80
-120
(40) and have been corrected
-14 -12 -10
assuming a uniform tectonic
-140
-15
-10
-5
0 uplift of, respectively, 0.25
-20
-15
-10
-5
0 -20
mm per year (41), –0.1 mm
Time (cal. kyr BP)
per year (5), and 1.76 mm
per year (42, 43). The data from Bonaparte Gulf (D) and Sunda Shelf (E) are largely based on the
analysis of organic material found in sediment cores. No tectonic correction has been applied to these
data. Sea-level markers at Sunda Shelf are collected from two regions displaced by as much as È800
km (4), and numerical predictions show significant differential trends across this zone (9). Accordingly,
data (and predictions) in (E) are separated into two subsets, one from the southern zone of collection
(main figure) and the other from the northern zone (inset). The lines on each panel are site-dependent
numerical predictions of post-LGM sea-level change and are based on ice history that includes a
dominant North American source for the mwp-IA event. The predictions are distinguished on the basis
of the lower mantle viscosity of the adopted Earth model: dotted line, 2  1021 Pa s; dashed line, 1022 Pa
s; and solid line, 4  1022 Pa s.
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Fig. 2. (A to E) Sea-level
predictions at five far-field
-40
sites distinguished on the
basis of the assumed con-60
tribution to the mwp-IA
-40
event from the Antarctic
-80
ice sheet [as labeled in (A),
-60
in units of equivalent eu-100
static sea-level change]. In
-120
-80
each Antarctic meltwater
-14 -12 -10
scenario, the North Ameri-140
can deglaciation history
-15
-10
-5
0
-20
-15
-10
-5
0 -20
was modified to provide a
Time (cal. kyr BP)
good fit to the Barbados
sea-level record. The predictions are based on the Earth model with nLM 0 4  1022 Pa s. Error bars
have been omitted to improve clarity. The inset of panel (E) compares predictions with the
observations derived from the more northerly subset of the cores.
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Here, we investigate the origin of these
Lateglacial misfits and explore whether they
might be reconciled through a revision of
widely adopted ice histories or Earth model
parameters.
To illustrate the nature of the misfits, we
superimpose GIA predictions onto the observed sea-level records in Fig. 1 that were
generated by spherically symmetric, selfgravitating, and viscoelastic Earth models
with density and elastic structure taken from
seismic constraints (15). The Earth models are
characterized by a 100-km-thick elastic lithosphere and a sublithospheric upper mantle
viscosity of 5 1020 Pa s; the predictions are
distinguished on the basis of the adopted lower
mantle viscosity (below a depth of 670 km).
For each choice of lower mantle viscosity
(nLM), the adopted ice model was modified
(16) from the global ICE-3G deglaciation
history (17) to fit the Barbados sea-level
record. This modification involved the inclusion of a dominant North American source
(18) for meltwater pulse IA (mwp-IA), as in
the more recent ICE-4G and ICE-5G deglaciation models (19, 20); the mwp-IA event,
first identified in the Barbados record (2, 3),
resulted in a eustatic sea level rise of È20 to
25 m between 14.5 and 13.5 cal kyr BP. The
sea-level predictions are based on an algorithm (21) that includes an accurate treatment (22–24) of time-evolving continental
shorelines and feedback from Earth-rotation
perturbations.
Our focus is the È5-kyr period subsequent
to the mwp-IA event (the Lateglacial period).
The dotted line in Fig. 1 was generated by an
ice and Earth model (nLM 0 2  1021 Pa s)
broadly similar to several earlier GIA studies
(11, 19). This ice history and Earth model
combination, tuned to closely match the
Barbados record, yields a poor fit to the Lateglacial sea-level histories in the Huon Peninsula, Tahiti, and Sunda Shelf (Fig. 1E, inset);
in these cases, the predictions are too shallow
by È20 m. A similar misfit between an earlier
GIA prediction (19) and data at Huon
Peninsula was noted by Edwards (12), who
questioned the accuracy of the GIA model;
Peltier (13) suggested, in contrast, that the
steady tectonic correction of 1.9 mm per year
applied to the raw data (6, 12) was suspect.
This argument has been reiterated in more
recent work (11, 14), where it is cited to
explain Bextremely large[ (È30-m) discrepancies at both Huon and Tahiti (11). The possibility has also been raised that the misfits
reflect a change in the living depth of coral
assemblages from Lateglacial to early Holocene times (11, 25).
A lower mantle viscosity of 2 1021 Pa s is
not compatible with a number of recent inferences based on data associated with GIA
and/or mantle convection (26–28). Lambeck
et al. (9) recently explored fits between GIA
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predictions and far-field relative sea-level data
before and after the last glacial maximum
(LGM) and concluded that discrepancies over
this broad time window are reduced as nLM is
increased to values of È3  1022 Pa s (29).
The remaining lines in Fig. 1, which sample
nLM values of 1022 Pa s (dashed line) and 4 
1022 Pa s (solid line), support this conclusion.
The discrepancies during the Lateglacial
period are È50% less for the latter model
compared with those of the original case of
nLM 0 2  1021 Pa s. Furthermore, increasing
the lower mantle viscosity of the Earth model
to 4  1022 Pa s improves the fits to the oldest
Bonaparte Gulf data (9). However, this model
overpredicts the LGM lowstand at Sunda
Shelf by È10 m. The origin of this misfit is
unclear, though it has been suggested that the
bulk sediment analysis used to date the oldest
sections of the core at this site may have
biased the ages upward by as much as several
thousand years (9).
Increasing the lower mantle viscosity
above 4  1022 Pa s produces no further improvement in the fit to the post-LGM sealevel records. This is clear from fig. S1A
(dashed line), which tracks the c2 misfit of
this sequence of post-LGM predictions as a
function of nLM.
The large residual misfit evident in Fig. 1 at
Tahiti, Huon, and Sunda Shelf (Fig. 1E, inset)
during the Lateglacial period appears to be
exacerbated by the inclusion of the mwp-IA
event into the adopted ice history in an effort
to reconcile the Barbados record (11). This
suggests that the discrepancies might be associated with an error in the adopted ice
history, namely the distribution of the total
meltwater flux among the various ice complexes during the massive mwp-IA event. An
obvious target of investigation is therefore the
primary source region for this event, which
immediately precedes the Lateglacial time
window. Clark et al. (30) argued that the
relative size of the observed sea-level jump
across mwp-IA (i.e., across 14.5 to 13.5 cal
kyr BP) at Barbados and Sunda Shelf precludes a sole North American source for the
event. Their analysis highlighted several
possible mwp-IA scenarios (31), including a
potentially large Antarctic contribution to
the event. This specific suggestion is supported by climate models that indicate that
a freshwater flux into the Southern Ocean
provides a trigger for the BLlling-AllerLd
warm interval (32) and by South Atlantic
records of contemporaneous (to mwp-IA) icerafted debris originating from the Antarctic
ice sheet (33).
In Fig. 2, we show a suite of predictions in
which the contribution of the Antarctic ice
sheet to mwp-IA is varied from 0 m (as in
Fig. 1) to 20 m of equivalent eustatic sea-level
rise for the Earth model in which nLM 0 4 
1022 Pa s. As the magnitude of the mass flux

from the Antarctic ice sheet is increased, the
contribution from the North American ice
complex is suitably decreased to maintain a
good fit to the Barbados record. The discrepancies between predictions and the Lateglacial
sea-level trends recorded at Tahiti, Huon
Peninsula, and Sunda Shelf (Fig. 1E, inset)
are significantly reduced when an Antarctic
component to mwp-IA is introduced.
Figure S1B shows the variation in the c2
misfit as this balance in meltwater source is
altered. Because the variation in the predictions is most pronounced over the Lateglacial
period (È14 to 9 cal kyr BP; Fig. 2), the
misfit in fig. S1B is computed over this time
window. The statistical tests directly reflect
the results shown in Fig. 2: The model fit is
improved to greater than 99% confidence,

compared with the dominant North American
scenario, when a substantial portion (È5 m or
more) of mwp-IA is source from Antarctica.
The quality of fit for the 5- and 10-m Antarctic source models is similar. A further significant improvement in fit was obtained
when the magnitude was increased to 15 or
20 m; the data from Sunda Shelf, in particular,
benefit from this increase in the Antarctic
contribution (Fig. 2E, inset). We adopted the
15-m Antarctic scenario, which includes È8 m
from northern hemisphere sources (È6 m from
North America), as the optimal model in consideration of recent independent constraints
on the volume of the LGM Antarctic ice sheet
(34, 35).
The improvement in the fit is due to a number of factors. The change in the direct grav-

Fig. 3. Predicted sea-level change, in meters, over the past 13 cal kyr relative to the predicted change
at Barbados (i.e., predictions of the raw sea-level change across this time interval are shifted by the
specific prediction at Barbados, and thus the Barbados prediction falls on the zero contour in each
panel). (A) The scenario in which North American ice is the sole source for the mwp-IA event (as in
the predictions of Fig. 1; nLM 0 4 1022 Pa s). (B) The scenario assuming that the Antarctic ice sheet
contributes an equivalent eustatic sea-level rise of 15 m to the event (as in the predictions shown by
red lines in Fig. 2).
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itational effect of the surface mass load as the
Antarctic proportion of the mwp-IA source is
increased reduces the magnitude of the sealevel rise across the event at the three southern
sites (30, 36). In addition, the viscoelastic response of the planet plays an important role in
the isostatic adjustment following mwp-IA.
Maps of the predicted sea-level change over
the past 13 cal kyr (i.e., relative sea-level
change since Lateglacial time) for the scenarios in which the Antarctic ice complex contributes either 0 or 15 m to mwp-IA (Fig. 3)
indicate a significant change in the geometry
of the associated GIA effects. Each map is
plotted relative to the prediction at Barbados.
The observed relative sea level of markers
of age È13 cal kyr BP at Barbados, Tahiti,
Huon Peninsula, and Sunda Shelf are all at
a depth of È60 m (Figs. 1 and 2). In the
scenario where Antarctic mass flux dominates the mwp-IA event (Fig. 3B), the
predicted zero contour passes close to each
of these sites and thus the 13 cal kyr BP
relative sea-level markers are fit by this
scenario. In contrast, the dominant North
American source for mwp-IA yields significantly more discrepant predictions at these
four sites (Fig. 3A).
We considered two additional mwp-IA
source scenarios: a global distribution of
sources based on the BAll–ICE-3G[ scenario
described in (30) and a northern hemisphere
source distribution based on the BNorth–ICE3G[ scenario described in (30) (fig. S2). The
northern hemisphere model produces a fit
very similar to that generated for the case of
a dominant North American source, giving a
relatively high c2 value of 15.7 over the Lateglacial period (compare this with fig. S1B).
In comparison, the global source model
provides an improved fit (c2 of 8.5) but there
remain systematic discrepancies at Huon
Peninsula and Sunda Shelf that are resolved
when a larger (15-m) Antarctic contribution
is adopted.
We conclude that the Lateglacial far-field
sea-level record is a powerful constraint for
testing a range of plausible mwp-IA source
scenarios and that a substantial Antarctic
contribution is a robust requirement of the
data.
Inspection of the Barbados sea-level
record has led to suggestions of a meltwater
event (mwp-IB) with onset at 11.5 cal kyr
BP; however, the existence of the event has
remained controversial (5, 37). To explore
this issue, we altered our optimal ice model
(15-m Antarctic scenario) to consider two
models that include the mwp-IB event (fig.
S3). The revised models produce a moderately improved fit to the early Holocene
sea-level record at Barbados, but they
introduce large discrepancies in the records
at Tahiti and the Huon Peninsula over the
same time period. Thus, our analysis does
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not support the existence of the mwp-IB
event.
We show that long-debated discrepancies between predictions and observations
of Lateglacial sea levels at Tahiti, Huon
Peninsula, and Sunda Shelf can be reconciled by adopting both a relatively high
lower mantle viscosity and a large (È15-m
eustatic) contribution to mwp-IA from the
Antarctic ice sheet. This conclusion is contrary
to previous suggestions that the discrepancy
is due to uncertainties in the habitation depth
of coral species or errors in the tectonic corrections applied to the raw sea-level markers
(11, 13). Our results focus further attention
on the Antarctic ice sheet as a key trigger
for climatic events that led the Earth system out of the previous glacial period (32),
and they add to our growing understanding
(9, 10) of the complex space-time mapping
between ice sheet ablation and global sealevel change.
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