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Abstract The source or sources of meltwater pulse 1A (MWP-1A) at ~14.5 ka, recorded at widely
distributed sites as a sea level rise of ~10–20m in less than 500 years, is uncertain. A recent ice modeling
study of North America and Greenland has suggested that the collapse of an ice saddle between the Laurentide
and Cordilleran ice sheets, with a eustatic sea level equivalent (ESLE) of ~10m, may have been the dominant
contributor to MWP-1A. To test this suggestion, we predict gravitationally self-consistent sea level changes from
the Last Glacial Maximum to the present day associated with the ice model. We find that a combination of the
saddle collapse scenario andmelting outside North America and Greenlandwith an ESLE of ~3m yields sea level
changes across MWP-1A that are consistent with far-field sea level records at Barbados, Tahiti, and Sunda Shelf.

1. Introduction

The deglaciation phase of the last glacial period was punctuated by meltwater pulses associated with the
rapid collapse of ice sheet sectors [e.g., Fairbanks, 1989; Bard et al., 2010; Deschamps et al., 2012]. Perhaps
the most prominent example is meltwater pulse 1A (MWP-1A) at ~14.5 ka, which involved ∼15m of
eustatic sea level rise in less than 340 years [Deschamps et al., 2012].

The source or sources of MWP-1A are uncertain. It has been assumed that retreat of the Laurentide ice sheet
(LIS) [Kennett and Shackleton, 1975; Fairbanks et al., 1992], and in particular the southern sector of the ice
sheet [Leventer et al., 1982; Keigwin and Jones, 2010; Andrews et al., 1994; Peltier, 2004], dominated the
meltwater flux. However, a significant southern Laurentian source for MWP-1A is inconsistent with recent
analyses of oxygen isotope records from the Gulf of Mexico [Carlson, 2009; Wickert et al., 2013]. Moreover,
analysis of sea level records across the MWP-1A time window at Barbados [Fairbanks, 1989; Bard et al.,
1990] and Sunda Shelf [Hanebuth et al., 2000] appears to rule out a sole southern LIS source [Clark et al., 2002].

The sea level fingerprinting study of Clark et al. [2002] suggests a variety of alternate scenarios for MWP-1A,
including globally distributed sources or a dominant contribution from the Antarctic ice sheet (AIS). The latter
suggestion is supported by climate modeling [Weaver et al., 2003], an analysis of far-field sea level records
during the post-MWP-1A time period [Bassett, 2005], and a fingerprinting study including newly collected
sea level data from Tahiti [Deschamps et al., 2012]. In contrast, a relatively minor contribution from the AIS
to MWP-1A is indicated by recent AIS modeling studies [Whitehouse et al., 2012; Ivins et al., 2013; Gomez
et al., 2013; Briggs et al., 2014; Golledge et al., 2014].

Recently, Gregoire et al. [2012] (henceforth G12) modeled the retreat of the LIS, the Cordilleran Ice Sheet (CIS),
and the Greenland Ice Sheet (GIS) from Last Glacial Maximum (LGM) to the present day. They concluded that
the collapse of the ice saddle between the LIS and CIS might have been responsible for a significant
component of MWP-1A. The consistency of their scenario with observations of the sea level change across
the MWP-1A time window has not been explored. In this study, we compute the post-LGM sea level
change using the G12 model and compare the predictions with available sea level records across the
MWP-1A window. We begin by summarizing these records.

2. Methods
2.1. Far-Field Constraints on the Sea Level Rise Across MWP-1A

Observational constraints on the change in sea level across the MWP-1A event exist at three sites: Barbados,
Tahiti, and Sunda Shelf. Deschamps et al. [2012] estimated the sea level rise at Tahiti to be 12–22m in less than
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340 years, with a preferred range of 14–18m. They also reevaluated the coral record of sea level change
across the MWP-1A time window at Barbados by extrapolating trends from two cores that bound the
timing of MWP-1A, finding that an event of duration of 100–340 years suggests a local sea level rise of
14–18m (see their Figure S7 and associated discussion). Hanebuth et al. [2000] estimated a sharp sea level
rise of up to 16m within 300 years across the MWP-1A time window at Sunda Shelf on the basis of core
records of mangrove organic material. However, this estimate was bounded by data from cores collected
at different geographic sites, and correcting the record for spatial gradients in the sea level response yields
a revised estimate of 7–17m [Liu et al., 2013; Glenn Milne, personal communication, January 6, 2015].

2.2. Sea Level Modeling

We compute postglacial sea level changes using a gravitationally self-consistent theory that accounts for
viscoelastic deformation of the solid Earth, migrating shorelines, and the feedback into sea level of
perturbations in Earth rotation [Kendall et al., 2005]. We adopt a 1-D (depth varying) Maxwell Earth model
with a truncation at spherical harmonic degree 256. The elastic and density structure of the Earth model is
prescribed by the seismic model preliminary reference Earth model [Dziewonski and Anderson, 1981]. We
consider two different radial profiles of mantle viscosity. The first, the VM2 model of Peltier [2004], which is
associated with the ICE-5G global ice history reconstruction, has a 90 km thick elastic lithosphere, upper
mantle viscosity close to 5 × 1020 Pa s, and a lower mantle viscosity that remains close to 2–3 × 1021 Pa s.
The second, henceforth model LM, has a lithospheric thickness of 70 km and upper and lower mantle
viscosities of 2 × 1020 Pa s and 1022 Pa s, respectively. The latter model is among a class of models preferred
on the basis of independent analyses of ice age data sets [e.g., Lambeck et al., 2014;Mitrovica and Forte, 2004].

We quantify the contribution from different ice sources to MWP-1A in terms of a “eustatic sea level
equivalent” (ESLE). Following Gomez et al. [2010], the ESLE is the globally uniform shift in sea level that
yields a volume equal to the meltwater volume, after the latter has been corrected to fill marine-based
sectors exposed by the melting ice sheets. In some results below, we normalize predicted sea level
changes by the ESLE to produce “sea level fingerprints” that highlight the geometry of the sea level
patterns associated with different meltwater sources and scale and sum the contributions from different
fingerprint patterns in order to compare modeling results with sea level observations.

2.3. Ice Histories

The G12 model for the LIS, CIS, and GIS extends from LGM (21 ka) to present, and we compute postglacial sea
level changes across this entire period. Figure 1a shows the meltwater flux associated with changes in
grounded ice over a time window that encompasses the collapse of the ice saddle between the LIS and
CIS. The flux peaks at ∼0.30 sverdrup (Sv) during this interval, with a background flux of ∼0.1–0.15 Sv.
Figures 1b and 1c show snapshots of the ice cover at model times 11.8 ka and 11.3 ka, which bound the
main phase of saddle collapse. The ice collapse across this interval is focused in northwestern Canada, but
ice cover also thins in the vicinity of Hudson Bay.

G12 interpret themodel time window of 11.8–11.3 ka, which corresponds to an ESLE of 10.47m, as coinciding
with the main phase of MWP-1A (i.e., 14.5–14 ka) on the basis that the timing of MWP-1A is consistent with
the analyses of geochronological constraints on the opening of an ice-free corridor between the LIS and
CIS [Dyke, 2004; Munyikwa et al., 2011]. However, there remains significant uncertainty in these constraints,
and a scenario in which the opening of this corridor preceded MWP-1A is also consistent with these
analyses. Further constraints are needed to unambiguously distinguish between these two scenarios.

The observed change in sea level during the MWP-1A event will contain a background contribution from ice
geometry variations outside of the G12model domain. We prescribe these sea level changes by adopting the
ICE-5G ice model in regions outside of North America and Greenland from LGM to the present. This
component of the ICE-5G reconstruction includes melting across the MWP-1A window (14.5–14 ka) with an
ESLE of ~1.3m sourced to Eurasian and Patagonian ice cover.

The ICE-5G reconstruction has negligible ice loss in Antarctica leading up to and during MWP-1A. To consider
the impact on sea level of a contribution to MWP-1A from Antarctica, we adopt the ice loss geometry in the
coupled AIS—sea level model of Gomez et al. [2013] from 14.5 to 14 ka (ESLE ~1m). We neglect the viscous
component of the contribution from the AIS melting because Gomez et al.’s [2013] model has negligible
pre-MWP-1A melting, and the sea level change at sites in the far field of the last glacial period ice cover
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due to Antarctic ice loss is insensitive to the viscous deformation of the solid Earth over the 500 year time
window that we focus on. We scale the modeled pattern of sea level change from Gomez et al.’s [2013] ice
model to consider contributions from the AIS with ESLE in the range of 0–13m. An AIS retreat with an
ESLE much greater than 1m would likely involve a different melt geometry, which could produce biases in
the sea level fingerprint. To assess this potential bias, we repeated our analysis replacing the Antarctic
fingerprint with one produced by melting uniformly from the WAIS, and our conclusions were unaltered.

3. The Sea Level Fingerprint of the North American Ice Saddle Collapse
3.1. Evaluating Elastic and Viscous Effects

We begin with a prediction of sea level change across the 11.8–11.3 ka time window based on the G12 ice
history and the VM2 viscosity model. Figure 2a shows this prediction after normalization by the ESLE
associated with the total ice melt across this time window (10.47m). Figure 2b shows the same prediction
in the vicinity of the saddle collapse, resolving the near-field structure of the sea level change. The physics
of this sea level change is well understood. In the near field of the saddle collapse, loss of gravitational
attraction and solid Earth uplift dominate, driving a sea level fall with amplitude ~16 times the ESLE
(~170m). In contrast, sea level rises in the far field, reaching a peak value over 20% greater than the global
average. The structure of the sea level change in the far field shows some interesting complexity. Ocean
meltwater loading leads to a subsidence of the seafloor and a gradient in the computed sea level change
close to shorelines. Moreover, the surface mass redistribution leads to true polar wander (a shift in the
orientation of the rotation axis relative to the surface geography), and this drives much of the azimuthal
asymmetry evident in the sea level prediction [Milne and Mitrovica, 1996].

Since we are considering the sea level change across a finite time interval in Figures 2a and 2b, the prediction
may be decomposed into a component associated with instantaneous, elastic effects (henceforth the “elastic
fingerprint”) plus a component due to viscous effects associated with the full time history of the deglaciation
up to 11.3 ka. These contributions (also normalized by the ESLE) are shown in Figures 2c and 2d, respectively.
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Figure 1. Gregoire et al.’s [2012] (G12) model of LIS, CIS, and GIS evolution through the meltwater pulse 1A event.
(a) Meltwater flux from grounded ice (in sverdrups) as a function of model time (in kiloannum) before, during, and after
the ice saddle collapse event they associate with MWP-1A. (b and c) Snapshots of grounded ice thickness over North
America near the (Figure 1b) start and (Figure 1c) end of the saddle collapse.
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In the vicinity of the regions of ice loss, the elastic fingerprint is characterized by widespread sea level fall that
extends well beyond themargins of the ice loss: Note the extended and smooth zone of sea level fall in Figure
2c relative to Figure 2a. This sea level fall is due to a combination of crustal uplift and a fall in sea surface
height due to gravitational effects associated with the ice loss. Within the near field, the difference
between these two global fingerprints, which corresponds to the viscous signal (Figure 2d), is characterized
by structure of smaller spatial scale, including postglacial uplift in response to ice melt from LGM to 11.3 ka
in the G12 model, and subsidence at the periphery of these regions (blue zones in Figure 2d). The signal
associated with the dynamics of the peripheral bulge extends to central America, where it contributes a
normalized sea level rise of ~0.1–0.2.

Within the far field of the ice melting, the geographic variability in Figures 2c and 2d is of similar geometry, but
the perturbations relative to the ESLE are of opposite sign. In Figure 2c, the sea level rise above the ESLE (i.e.,
above 1.0) within the far field is associated with gravitationally induced migration of water away from the
near field. In contrast, the viscous signal involves a migration of water out of the far field and into near-field
regions experiencing peripheral bulge subsidence. This effect, commonly called “ocean syphoning” [Mitrovica
andMilne, 2002], leads to the large-scale drop in sea surface height (and consequently sea level fall) in Figure 2d.

Both Figures 2c and 2d also show the imprint of the true polar wander discussed in the context of Figure 2a.
The saddle collapse drives an instantaneous perturbation of the rotation axis such that the north pole moves
toward the zone of collapse and the south pole moves toward the Indian Ocean; this polar motion perturbs
the centrifugal potential and contributes a sea level rise in the southeast Pacific and Asia and sea level fall in
the Indian Ocean relative to the background trend (Figure 2c). In contrast, viscous adjustment associated with
the full history of melting moves the pole in roughly the opposite direction, augmenting the background sea
level fall due to syphoning in the south Pacific and Asia and countering it in the Indian Ocean, where a small
sea level rise is predicted (Figure 2d).

Figure 2. (a) Normalized sea level fingerprint computed for the saddle collapse between 11.8 and 11.3 ka in theG12 deglaciation
model. (b) As in Figure 2a except that the plot focuses on the near field of the ice collapse. (c) Normalized sea level
fingerprint computed assuming only elastic deformation of the Earth. (d) The difference between Figures 2a and 2c,
isolating the contribution to the computed sea level change due to viscous deformation. The white stars in Figures 2a
and 2d indicate the location of from left to right: Tahiti, Barbados, and Sunda Shelf.
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In summary, the total sea level change across the MWP-1A event in the G12 model (Figure 2a) is dominated
by the combined effect of eustasy and elastic deformation (Figure 2c). Viscous effects across the 11.8–11.3 ka
time window of the simulation are, however, significant. These effects act to increase the predicted sea level
rise in areas such as the Caribbean relative to Figure 2c, and they act to diminish the predicted sea level rise
within the far field in nearly all other areas with the exception of the southern Indian Ocean.

3.2. Sensitivity to the Duration of MWP-1A

While viscous effects can have a significant impact on predictions of the sea level change associated with the
MWP-1A event, the magnitude of this contribution will depend on the duration of the event, which is
uncertain. Sampling issues in sea level records make it difficult to constrain the duration of the event;
Deschamps et al. [2012] concluded, on the basis of the Tahiti record, that MWP-1A took place in less than
∼340 years, but the duration could have been as short as a century or less. On the modeling side, the G12
ice history is characterized by a meltwater pulse of 10.47m ESLE in 500 years, but this time scale could
have been altered if missing or uncertain climatic and dynamical processes had been taken into account.
For example, the Bølling warming is thought to have occurred at the time of the saddle collapse. If the
event was included in the climate forcing applied to the ice sheet model, it could have accelerated the
melting of the North American ice sheets.

To address this uncertainty, we have repeated the sea level calculations presented in Figure 2 for a suite of
simulations in which the total change in ice volume between 11.8 and 11.3 ka (ESLE = 10.47m) was applied
over progressively shorter time windows ranging from 500 years (as in Figure 2a) to 0 year (as in Figure 2c).
The ice history from 21 ka to 11.8 ka was unchanged in all the simulations. Predictions of the sea level
change at Barbados, Tahiti, and Sunda Shelf for this sequence of simulations were calculated using both
the VM2 and LM viscosity profiles (Figure 3a). A comparison of these results indicates that the magnitude
of the signal due to viscous adjustments is relatively insensitive to the adopted viscosity model.

The predictions at all three sites vary linearly as the duration is increased from 0 (the purely elastic case) to
500 years. That is, the perturbation in the sea level prediction associated with viscous effects increases
linearly over the range of durations considered in Figure 3. Barbados sits on the peripheral bulge of the
saddle collapse, and thus, as discussed above, viscous effects contribute a sea level rise at this site. In
contrast, viscous adjustments contribute a sea level fall at Tahiti and Sunda Shelf, which are in the far field
of the saddle collapse. Thus, viscous effects bring predictions at Tahiti and Sunda Shelf closer to the
Barbados predictions as the assumed duration of the event increases.

3.3. Other Sources of MWP-1A

In order to compare the predictions in Figure 3a to sea level observations, we must account for the
contribution to MWP-1A from melting of ice outside of the G12 model domain. To this end, Figure 3b
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shows predicted sea level changes from ice flux outside of North America and Greenland in the ICE-5G ice
history across the 14.5–14.0 kyr time window. The melting is sourced mainly from Fennoscandia and the
Barents Sea with a small contribution from Patagonia and has an ESLE of ~1.3m. The signal is small and
relatively insensitive to viscous effects.

4. MWP-1A Scenarios

Having evaluated sea level contributions from individual ice sheets, we can now consider various
combinations of these signals. In Figure 4a, we sum the contributions to sea level change across MWP-1A
at Barbados, Tahiti, and Sunda Shelf from the G12 deglaciation model (Figure 3a) and ice melting from
Fennoscandia and the Barents Sea in the ICE-5G ice history (Figure 3b). The predicted sea level jumps at
Sunda Shelf and Tahiti are consistent with the observed constraints, although the latter is at the lower
bound of the preferred range cited by Deschamps et al. [2012]. In contrast, the computed jump at
Barbados is less than the associated observation, regardless of the assumed duration of MWP-1A.

Figure 4a includes no contribution from the AIS. To consider this possible contribution, a gravitationally self-
consistent signal from progressively higher rates of melting from the AIS was added to the results in Figure 4a.
For Antarctic melting with an ESLE of 2m (Figure 4b), the predicted sea level jumps at Tahiti and Sunda Shelf
remain within the associated observational constraints, and the total signal at Barbados begins to skirt the
lower bound of the constraint for this site (14m) for a MWP-1A duration of ~500 years. Increasing the AIS
melting to an ESLE of 3m also satisfies the observational constraints (Figure 4c) however the prediction at
Tahiti is, in this case, at the upper bound of the observations.
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The fingerprint of melting from the Eurasian ice sheets is similar to the fingerprint of melting from the AIS at
the three far field sites we are considering (Barbados, Sunda Shelf, and Tahiti), and so thesemelt contributions
cannot be rigorously separated given current observational uncertainties in regard to the sea level change
across MWP-1A. We conclude that a combination of the saddle collapse scenario of G12 (ESLE = 10.5m)
and additional melting from other ice sheets equivalent to an ESLE of ~3–4m satisfies the observational
constraints. We note that the scenarios presented in Figures 4b and 4c are consistent with ice sheet
modeling by Golledge et al. [2014] who conclude that the AIS contributed up to 2m ESLE in the 340 years
spanning MWP-1A and ~2–4m over a broader, 2 kyr time window across the event.

As a point of comparison, Figure 4d shows the sea level rise at the three far-field sites predicted using the ICE-
5G ice history and the VM2 viscosity profile. MWP-1A takes place between 14.5 ka and 14.0 ka in the ICE-5G
reconstruction and involves a eustatic sea level rise of ~22m, 90% of which is sourced to the LIS. The set of
predictions in Figure 4d are generated by reducing the duration of the melt event from 500 years (as in the
model) to 0 year. These predictions significantly misfit the observed sea level jumps at Sunda Shelf and Tahiti,
and they are at the upper bound of the Barbados constraint. Note that the prediction for Tahiti is nearly 50%
higher than that at Barbados [Clark et al., 2002]. This large misfit as compared to the saddle collapse scenario
is due to a combination of the difference in the geometry and magnitude of ice loss between the two
scenarios. We conclude that this LIS-dominated collapse scenario is ruled out by the data [Clark et al.,
2002; Deschamps et al., 2012] and that the fit to the observations is significantly improved by moving the
dominant source of the meltwater pulse from Laurentia to the saddle joining the LIS and CIS.

Figure 4e shows the predicted sea level rise for a melt scenario with an ESLE of 13m sourced entirely to the
AIS. This scenario fits the observations at Barbados, Sunda Shelf, and Tahiti. This fit has motivated suggestions
that the AIS may have been the dominant source of MWP-1A [Clark et al., 2002; Deschamps et al., 2012]. A
comparison of this result with Figure 4b indicates that further refinements in the existing constraints on
the sea level jump across MWP-1A at Barbados, Sunda Shelf, and Tahiti and tighter bounds on the duration
of the event, or new constraints obtained from other sites [e.g., the Argentine Shelf; Clark et al., 2002], are
necessary to unambiguously fingerprint (using sea level) the source(s) of MWP-1A.

To emphasize this nonuniqueness, we tested a final scenario (Figure 4f), where we scaled the saddle collapse
scenario down to an ESLE of 7m (from 10.5m in Figure 1) and added additional melting from both Antarctica
(ESLE of 6m) and Eurasia (as in Figure 3b; ESLE of 1.3m). The sea level rise predicted at Barbados, Tahiti, and
Sunda Shelf for this scenario also satisfies the available observational constraints.

5. Discussion

Could the North American and Greenland meltwater pulses have been much larger or smaller than the event
simulated in G12?Many climatic and glaciological processes influence the volume of themeltwater pulse, but
the largest source of uncertainty in this modeling is related to the ~3 kyr delay in the timing of the modeled
event relative to the actual timing of MWP-1A, which could have acted either to increase or decrease the
amplitude of the pulse. The delay in the model simulation could affect whether other sectors of the ice
sheet retreated, leading up to and during the saddle collapse. In addition, the climate was warmer at this
later time and this might have resulted in an overestimation of the melt volume.

An additional factor, which may be important in determining the volume of the pulse, is the adopted definition
for its duration, which is subjective. In observational records, the start and end dates of the meltwater pulse are
identified on the basis of a detectable increase in the slope of the sea level change. In other words, themelt rate
has to increase significantly compared to the background melting of ice sheets in order for the event to be
detected in sea level records. If we assume that melt rates should be at least 1.5 times larger than the
background melt rates, then the meltwater pulse from the G12 model lasts 500 years (11.8–11.3 ka) and
raises global mean sea level by 10.5m. If this factor is increased to 1.6 times the background rate, then the
signal observed in the sea level record would only last 300 years (11.7–11.4 ka) and correspond to 6.8m ESLE.

6. Conclusions

We have predicted sea level changes associated with the G12 model of the evolution of the LIS, CIS, and GIS
since LGM. Our results show that a saddle collapse between the LIS and CIS (ESLE~10.5m) could have been
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the dominant source of MWP-1A on the basis of fits between our predictions and the observed sea level
changes at Barbados, Sunda Shelf, and Tahiti. However, our analysis also confirms that these observations
are well fit by a scenario in which changes in the AIS ice cover dominate the meltwater budget.
Discriminating between these, and perhaps other scenarios, will require improvements to the existing
database of high-resolution observational constraints.

The enigma concerning the source(s) of MWP-1A is deepened by independent analyses based on other types
of data and modeling. For example, a dominant AIS source for the event is inconsistent with recent modeling
of the geophysical signatures of AIS deglaciation since LGM [King et al., 2012; Ivins et al., 2013], as well as
coupled ice sheet-sea level modeling of the AIS [Gomez et al., 2013]. A dominant meltwater source from
the saddle collapse would avoid these inconsistencies. Oxygen isotopic signatures of drainage through the
Mississippi River Basin since LGM recorded in deep-sea cores from the Gulf of Mexico suggest a minimal
part of MWP-1A (between 0.66 and 2.7m of ESLE) was routed toward the Mississippi [Carlson, 2009;
Wickert et al., 2013]. An ice saddle collapse with an ESLE rise as predicted in the G12 model (~10.5m), but
timed to coincide with MWP-1A, may therefore be inconsistent with these data if a large part of the
melting was routed toward the Mississippi. Wickert [2014] finds that about two thirds of the North
American ice sheet melt in the G12 model is routed toward the Arctic Ocean, where drainage history is
poorly constrained. However, such a release of freshwater into the Arctic may have wider implications for
ocean circulation, and in particular for the Atlantic Meridional Overturning Circulation [e.g., Hu et al., 2010].
Further work is clearly necessary to robustly resolve this outstanding issue in ice age climate. Our
approach of testing individual scenarios (Figure 4) could be expanded into a more rigorous Bayesian
analysis of all the possible distributions for MWP-1A sources once observational constraints on the
duration and magnitude of the event are sufficiently refined.
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