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Sea-Level Fingerprinting as a
Direct Test for the Source of
Global Meltwater Pulse IA
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The ice reservoir that served as the source for the meltwater pulse IA remains
enigmatic and controversial. We show that each of the melting scenarios that have
been proposed for the event produces a distinct variation, or fingerprint, in the
global distribution of meltwater. We compare sea-level fingerprints associated with
various melting scenarios to existing sea-level records from Barbados and the Sunda
Shelf and conclude that the southern Laurentide Ice Sheet could not have been the
sole source of the meltwater pulse, whereas a substantial contribution from the
Antarctic Ice Sheet is consistent with these records.

Records of global sea-level change provide
important information on the dynamics and
mass balance of glaciers and ice sheets and
on the geophysical properties of Earth’s inte-
rior. Moreover, the sea-level rise from melt-
ing ice sheets identifies an increase in the
freshwater flux to the ocean that, if targeted at
areas of deep water formation, may influence
the oceanic thermohaline circulation and
cause climate change. Ongoing rates of mod-
ern sea-level rise are 1 to 2 mm/year (/). By
comparison, the Barbados record of sea-level
rise during the last deglaciation identifies an
extraordinary event, beginning ~14,200
years before the present (yr B.P.), when rates
exceeded 40 mm/year (~20 m over ~500
years) (2), corresponding to a freshwater flux
on the order of 0.5 Sv (1 Sv = 10° m® s~ ).
This meltwater pulse, mwp-IA, was a period

of exceptionally rapid reduction of the global
ice budget, which may have affected atmo-
spheric and ocean circulation through the rap-
id decrease in ice topography and the large
increase in freshwater flux to the ocean. De-
spite the importance of mwp-IA to the last
deglaciation, the specific ice sheets responsi-
ble for the event remain uncertain (3). We
propose a direct method for establishing the
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source of mwp-IA on the basis of geographic
variations in the meltwater distribution (or,
alternatively, sea-level rise) over the duration
of the event.

The Laurentide Ice Sheet is commonly
cited as the most likely source of mwp-IA
primarily because of its large size (4). Spe-
cific evidence suggesting that this ice sheet
was responsible for mwp-IA, however, is
limited to deep-sea cores from the Gulf of
Mexico and the Bermuda Rise that record a
decrease in 8'8%0 subsequent to the onset of
the event (5—8). Insofar as these sites record
only meltwater draining through the Missis-
sippi River, interpretation of the isotopic sig-
nal as recording mwp-IA necessarily implies
that the meltwater pulse originated entirely
from the southern sector of the ice sheet:
Specifically, the Hudson Strait and Gulf of
St. Lawrence also served as outlets for Lau-
rentide meltwater, but records of freshwater
flux through these outlets (8'*0 and ice-
rafted debris) indicate insignificant discharge
during mwp-IA (9, 10). However, the argu-
ment for a lone southern Laurentide source
for mwp-IA faces several serious objections
(11). The Barents Sea and Fennoscandian Ice

Table 1. Normalized sea-level change for a source of mwp-IA in southern Laurentia. The scenarios "S.
Laurentia” and "S. Laurentia—U" refer to cases where the (assumed instantaneous) melting in southern
Laurentia is either proportional to ice height at the onset of mwp-IA (as in Fig. 1A) or uniform across the
region, respectively. The scenarios “S. Laurentia—M1” and "S. Laurentia—M2" explore the sensitivity of the
predictions to variations in the timing of melting. The M1 history assumes that the mwp-IA deglaciation
occurred uniformly over a period of 1000 years rather than instantaneously, whereas the M2 history
assumes that 20% of the melting took place over the first 400 years, followed by 60% over the next 200
years and the remaining 20% over the last 400 years.

Normalized sea-level change

Scenario
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Sheets have also been proposed as the source
for mwp-IA—the former because it was ma-
rine-based and thus susceptible to rapid col-
lapse (12), and the latter because it was sub-
ject to atmospheric warming that began just
before mwp-IA (13). However, both of these
scenarios are also subject to a suite of coun-
terarguments (/4). Finally, although the Ant-
arctic ice complex has been suggested as a
source for the meltwater pulse (3), the evi-
dence both for and against this view is not
compelling. The ice sheet could have had
sufficient mass to account for the discharge
(I15), and the excess ice volume in both the
East and West Antarctic Ice Sheets would
have been marine-based. Furthermore, vari-
ous cores obtained from the Southern Ocean
show evidence of a light peak in 8'%0 at
roughly the time of mwp-IA (3, 16, 17);
however, these signals cannot be unambigu-
ously linked to Antarctic discharge.

A

REPORTS

The rapid melting (or growth) of an ice
complex will be accompanied by a sea-level
change that departs significantly from a uni-
form, or eustatic, distribution (18, 19). The
departure from eustasy is due primarily to self-
gravitation in the surface load, although loading
and rotational effects will also contribute (20).
Any ice mass will draw ocean water toward it
as a consequence of simple gravitational attrac-
tion. If this ice mass melts, then the gravitation-
al “tide” will diminish-and water will move
away from the zone of ablation; however, the
mean level of the global ocean will clearly
increase. Accordingly, different scenarios for
the origin of the meltwater pulse (e.g., melting
from Laurentia, Antarctica, or the Barents Sea)
should produce distinct sea-level signatures or
“fingerprints” over the course of the mwp-IA
event. Thus, global maps of these fingerprints,
in combination with observational constraints
on mwp-IA—induced sea-level change at a set

0 0.25 0.50

0.75 1.00 125

Fig 1. Normalized (dimensionless) sea-level change associated with melting from (A) the southern
one-third of the Laurentide Ice Sheet and (B) West Antarctica, as they existed at the onset of the
mwp-IA event. The predictions, which are described in detail in the text, assume that melting is
proportional to ice height in this region relative to present-day values, as given by the ICE-3G
deglaciation model (27). The predictions are normalized by the eustatic sea-level change; the color
scale refers to fractions of this change. The small triangles denote the locations of six far-field sites
considered in Table 1: (from left to right) Tahiti, Argentine Shelf, Barbados, Sunda Shelf, Bonaparte

Gulf, and Huon Peninsula.
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of geographic sites, provide a robust method for
determining the origin of the meltwater pulse or
for testing specific hypotheses in regard to this
origin.

Figure 1A shows a prediction of the “nor-
malized” sea-level pattern arising from a
melting event on the southern one-third of the
Laurentide Ice Sheet as it existed at the onset
of the mwp-IA event (21). For purposes of
comparison, Fig. 1B shows an analogous pre-
diction for the case of a melting event con-
fined to West Antarctica. These predictions
are based on a new sea-level algorithm (22)
that extends previous work (23) to include
both an improved treatment of shoreline mi-
gration and perturbations in sea level due to
contemporaneous, load-induced changes in
the rotation vector of the Earth model. The
predictions in Fig. 1 have been normalized by
the eustatic value (total meltwater volume
divided by the area of the ocean) during the
mwp-IA event. Because these predictions
represent the sea-level change after an instan-
taneous melting event, they are sensitive to
the elastic properties of the Earth model (24);
in contrast, the calculations are insensitive to
the uncertain, and contentious, mantle viscos-
ity structure. The predictions are also insen-
sitive to variations in the global ice model
adopted to define the melt geometry.

Consider Fig. 1A. The dark blue contour-
ing in the vicinity of Laurentia indicates
where sea level is predicted to fall according
to this specific mwp-IA scenario. The re-
maining shades of blue denote areas where
the predicted sea-level rise is smaller than the
eustatic value. Because the mean change
must equal the eustatic value, these areas
must be. balanced by zones where the sea-
level rise exceeds this value (yellow-tan con-
tours). Indeed, the maximum sea-level rise
for this scenario, which occurs off the south-
west coast of South America, is ~142% of
the eustatic value. That is, if the mwp-IA
event was associated with a eustatic sea-level
rise of 20 m arising from melting in southern
Laurentia, then sea level would actually fall
off the Canadian coast and most of the U.S.
east coast, it would rise by significantly less
than 20 m in Europe, and it would rise by as
much as 28.4 m in the southeast Pacific.

Determining the origin of mwp-IA is per-
haps the optimal application of the sea-level
test proposed here. The meltwater pulse was
large (on the order of 20 m) and occurred
over a remarkably short time scale (less than
1000 years), and this combination provides
several advantages. The tectonic correction to
the observed sea-level variation at sites com-
monly used for the analysis of sea-level
change since the last glacial maximum is a
fraction of a meter per 1000 years. Thus,
uncertainties in this correction, which are a
source of active debate in such analyses, are
insignificant relative to geographic variations
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in the sea-level maps associated with various
mwp-TA melting scenarios (Fig. 1). We can
also ignore sea-level changes driven by ocean
thermal expansion over the mwp-IA time
window, because these would also be on the
order of 1 m (25).

In the near field of the late Pleistocene ice
sheets, sea-level change over the course of
the mwp-IA event will be strongly contami-

Fig. 2. Sea-level 1.4 T
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nated by the glacial isostatic adjustment
(GIA) signal associated with prior ice mass
variations. Accordingly, a comparison of sea-
level fingerprints arising from the mwp-IA
event (e.g., Fig. 1) with observational con-
straints would be most robust for so-called
“far-field” data (26). The first row in Table 1
provides the values of the map in Fig. 1A at
a set of six far-field sites widely discussed in

change (normalized by
the eustatic value) at
six sites for a series of
seven distinct scenari-
os for the source of
the mwp-IA event.
“Laurentia” refers to a
range of predictions
generated by consid-
ering melting that is
limited to one of the
three sectors of the
Laurentide Ice Sheet
that drain meltwater
toward the Mississip-
pi, St. Lawrence, or
Hudson Strait outlets,
or a scenario in which
the entire Laurentide
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eustatic value; see Table 1.) The next three cases refer to melting over the entire Antarctic Ice Sheet
or the west and east portions of it, respectively. The sea-level fingerprint for West Antarctic melting
is shown in Fig. 1B. "Barents + Fenn” represents the case of melting from both the Barents and
Fennoscandian Ice Sheets. “North-ICE3G" refers to melting over all Northern Hemisphere ice sheets
in the ICE-3G deglaciation model. The final case (All-ICE3G) extends this scenario to include all ice
sheets within the ICE-3G model. In all cases, melting is assumed to be proportional to the ice
heights at the onset of mwp-IA relative to present-day values.

Fig. 3. Sea-level
records from the last
deglaciation; present
sea level is at 0 m. The
symbols  represent
U/Th ages on corals
from Tahiti (green di-
amonds) (27), U/Th
ages on corals from
Barbados (solid blue
squares) (2, 45), cali-
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non-mangrove samples from the Sunda Shelf (solid red circles) (28), calibrated radiocarbon ages on
mangrove samples from the Sunda Shelf (open red circles) (28), and calibrated radiocarbon ages on
a non-mangrove sample from the Sunda Shelf that is located ~100 km from other Sunda Shelf data
shown (solid red squares) (28). U/Th ages are reported with 20 error; calibrated radiocarbon ages
are reported with 1o error. In (A), we show sea-level records that include calibrated radiocarbon
ages obtained from the intercept method (method A) of Calib 4.3 (29). We show only the calibrated
age with its corresponding 1o age range; additional calibrated 1o age ranges may be possible. In
(B), we show sea-level records that include calibrated radiocarbon ages from the probability
distribution method (method B) of Calib 4.3 (29). We show only those calibrated ages that have
the highest relative area under the probability distribution; additional calibrated ages with lower

relative areas are possible.

the literature (the locations of these sites are
shown as triangles in Fig. 1). The variation
among the sites is clearly significant. As an
example, if the mwp-IA event were due to a
source entirely within southern Laurentia,
then the sea-level rise at Tahiti and the Ar-
gentine Shelf would be ~73% and ~81%
greater, respectively, than at Barbados. Thus,
if the eustatic sea-level rise associated with
the event were 20 m, then sea level would rise
by 14.8 m at Barbados, 25.6 m at Tahiti, and
26.8 m on the Argentine Shelf.

In the remainder of Table 1 we consider
the sensitivity of the predictions in Fig. 1A to
variations in both the geometry and timing of
the southern Laurentian melting scenario.
None of the results are significantly different
from those obtained using our original sce-
nario, and we conclude that sea-level changes
predicted for the six far-field sites are insen-
sitive to these details.

In Fig. 2 we turn to a set of different sce-
narios for the origin of mwp-IA. For a given
melting scenario, the geographic variation in
the associated sea-level fingerprint is reflected
in the scatter of the results along the “column”
of the figure linked to the scenario. For exam-
ple, any of the “Laurentian” scenarios lead to a
sea-level rise within about 10% of the eustatic
value at the Sunda Shelf, Bonaparte Gulf, and
Huon Peninsula, ~30% greater than the eu-
static value at Tahiti and the Argentine Shelf,
and ~15 to 25% less than the eustatic value at
Barbados. Note that the very large difference
between the sea-level rises predicted for Barba-
dos and Tahiti on the basis of a southern Lau-
rentian source for mwp-IA disappears for a
scenario in which the source is located within
Antarctica (see also Fig. 1B). In this latter case,
the sea-level rise on the Argentine Shelf will be
significantly smaller than all others, and would
thus be diagnostic of an Antarctic source.

The sea-level rise across mwp-IA is current-
ly unknown for the Bonaparte Gulf, Huon Pen-
insula, and Argentine Shelf. There is clear evi-
dence of a mwp-IA event in the Tahiti record
from fossil corals (27), although the amplitude
of the local sea-level change is not yet estab-
lished. Accordingly, as a preliminary applica-
tion of the sea-level test proposed here, we
focus on the relative sea-level record at Barba-
dos (2) and the Sunda Shelf (28). Figure 3
shows the relative sea-level record at these
two sites and Tahiti (27) over a period that
encompasses the mwp-IA event for two dif-
ferent dating schemes. The sharp sea-level
rise evident between 14,500 and 14,200 yr
B.P. represents the main phase of the melt-
water pulse. Our goal is to establish from this
data set a net change in sea level across
mwp-IA (or some portion of the event) for
each site, using a consistent time window.
This effort is complicated by differences that
arise when the original radiocarbon ages are
calibrated using the two methods available in
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the Calib 4.3 software (29). Nevertheless,
data clustered at 13,500 yr B.P. and from
14,200 to 14,500 yr B.P. provide the required
time window. Over this period, the Barbados
data show a total sea-level rise of ~25 m
(from ~ —-98 m to ~ —73 m). The Sunda Shelf
data suggest the same sea-level rise (from ~
-95 m to ~ —70 m) for this time window;
however, this constraint is less robust (30).

If the source of mwp-IA was solely southern
Laurentia, then a sea-level rise of 25 m at
Barbados would have been accompanied by a
rise of 38 m at the Sunda Shelf ( Table 1). If we
accept the validity of the observational con-
straint at the Sunda Shelf (of 25 m; Fig. 3), then
this scenario appears to be ruled out (37). From
Fig. 2, the smallest difference between Barba-
dos and the Sunda Shelf for any (entirely) Lau-
rentian source of mwp-IA is 30%, and in this
case a sea-level rise of 25 m at Barbados would
map into a sea-level change of ~33 m at the
Sunda Shelf. This variation is at the upper
bound of the sea-level change allowed by the
data in Fig. 3. Any of the Antarctic scenarios
for mwp-IA produce roughly equivalent sea-
level variations at Barbados and the Sunda
Shelf (Fig. 2) and are thus consistent with the
observations. Other scenarios are also consis-
tent with the Barbados and Sunda Shelf data
(Fig. 2), but independent constraints (14, 31)
suggest that they are less likely than an Antarc-
tic-specific scenario.

This first application of the sea-level test
to the Barbados and Sunda Shelf data sug-
gests that the meltwater pulse did not origi-
nate solely from the southern margin of Lau-
rentia (32) and that a substantial contribution
may have originated from Antarctica (33). A
final conclusion in this regard requires an
improvement in the observational constraints
at the Sunda Shelf across the mwp-IA inter-
val. Moreover, this application, together with
the results in Figs. 1 and 2, indicate that
efforts to establish and refine bounds on sea-
level change across mwp-IA at a suite of
additional sites (including, for example, Ta-
hiti and the Argentine Shelf) provide the key
to determining the source of this enigmatic
melting event.
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contemporaneous sea level at other far-field sites
(e.g., Fig. 3) is also an argument, albeit indirect,
against this specific scenario. The same argument
applies to the scenarios involving all Northern Hemi-
sphere ice sheets (North-ICE3G) and all global ice
sheets (All-ICE3G).

This conclusion is relatively insensitive to the sea-level
signal as a result of ongoing GIA across the mwp-IA
time window. We performed GIA calculations in which
we predicted sea-level changes during a 1000-year pe-
riod beginning at 14,500 yr B.P. that were driven by late
Pleistocene glaciation/deglaciation events before the
meltwater pulse. GIA calculations are commonly based
on spherically symmetric, viscoelastic Earth models that
are specified by values for the upper and lower mantle
viscosity (where the boundary between the two regions
is taken to be 670 km depth) and the thickness of the
elastic lithosphere. We varied each of these three
parameters over a broad range of possible values and
found that the differential sea-level rise (Barbados
minus Sunda Shelf) was no greater than 1.8 m. This
bound takes into account that the sea-level marker
dated to 13,500 calendar yr B.P. at the Sunda Shelf is
significantly displaced geographically relative to older
markers on the same curve (30).

There are several important implications if the meltwa-
ter pulse originated largely from Antarctica: (i) It indi-
cates that substantial deglaciation occurred several
thousand years before the onset of Antarctic deglacia-
tion suggested from ice sheet and GIA models [see
discussion in (34)). (i) If substantial ice is required in
Antarctica after mwp-IA to account for the younger
deglaciation phase predicted by these models, then the
excess, pre-mwp-IA ice may resolve the discrepancy
between total ice volumes during the last glacial max-
imum reconstructed from ice sheet models and from
some GIA models (44). (iii) An Antarctic source would
resolve the apparent conundrum of having a large fresh-
water forcing in the North Atlantic with a 1000-year
delay in the response of the Atlantic THC (77).
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