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Planktonic and benthic d18O records adjacent to the runoff outlets of the Laurentide Ice Sheet (LIS)
indicate that the LIS contributed to the abrupt w20 m rise in sea level w14.6 ka, Meltwater Pulse 1A
(MWP-1A). However, the magnitude of the LIS contribution still remains unresolved. Here, I use
a freshwater runoff–ocean mixing model to calculate the LIS meltwater required to explain the decreases
in planktonic and benthic d18O observed during MWP-1A at the southern, eastern and northern runoff
outlets of the LIS. Maximum LIS contributions in equivalent sea level rise for a 500-year long MWP-1A
are 2.7 m discharged into the Gulf of Mexico as a combined hyperpycnal and hypopycnal ﬂow, 2.1 m
discharged into the North Atlantic, and 0.5 m into the Arctic Ocean, for a total LIS contribution of 5.3 m.
A LIS contribution of <30% to MWP-1A supports the hypothesis that a signiﬁcant component of this
MWP was sourced from the Antarctic Ice Sheet.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Meltwater Pulse 1A (MWP-1A) occurred w14.6 ka and is an
w20 m rise in sea level in <500 years (Fairbanks, 1989; Bard et al.,
1990; Edwards et al., 1993; Hanebuth et al., 2000). Due to its large
size, the Laurentide Ice Sheet (LIS) was originally assumed to be the
sole source of MWP-1A (Fairbanks, 1989; Peltier, 1994). However,
LIS margin reconstructions show relatively small margin retreat
during MWP-1A (Fig. 1) and steady state ice sheet models suggest
that only a fraction of this meltwater pulse was sourced from the LIS
(Clark et al., 1996; Licciardi et al., 1998, 1999; Dyke, 2004), which
implies a large contribution from the Antarctic Ice Sheet (Clark
et al., 1996). Sea-level ﬁngerprinting and earth model studies
suggest that an Antarctic source could account for w75% of the total
sea level rise (Clark et al., 2002a; Bassett et al., 2005), although
some LIS contribution cannot be excluded (Bassett et al., 2005).
Supporting a signiﬁcant LIS contribution, one ice sheet modeling
study reconstructed 8–10 m of MWP-1A coming from the LIS
(Tarasov and Peltier, 2005, 2006), but still less than the LIS contribution of w16.5 m in the ICE-5G model (Peltier, 2004, 2005). This
large ICE-5G LIS contribution would cause a 0.36–0.38 Sverdrup
(Sv, 106 m3 s1) increase in LIS meltwater discharge during the
course of the event. During MWP-1A, LIS meltwater was routed to
the ocean via three outlets, the southern outlet (Mississippi River)

* Corresponding author. Tel.: þ1 608 262 1921.
E-mail address: acarlson@geology.wisc.edu
0277-3791/$ – see front matter Ó 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.quascirev.2009.02.011

to the Gulf of Mexico, the eastern outlet (Hudson and St. Lawrence
Rivers) to the North Atlantic, and the northern outlet (Mackenzie
River) to the Arctic Ocean (Fig. 1) (Licciardi et al., 1999; Tarasov and
Peltier, 2005). Because a 0.36–0.38 Sv freshwater ﬂux would force
a reduction in Atlantic meridional overturning circulation (AMOC)
strength (Stouffer et al., 2006) and AMOC increased during MWP1A (Boyle and Keigwin, 1987; Weaver et al., 2003; McManus et al.,
2004; Robinson et al., 2005), Tarasov and Peltier (2005, 2006)
hypothesized that the meltwater discharged through the southern
and eastern outlets (Fig. 1) entered the ocean as a dense, sediment
laden, hyperpycnal ﬂow along the ocean ﬂoor, which would
presumably not affect AMOC. Note, however, that general circulation model simulations suggest that the southern outlet can only
accommodate less than 6 m of sea level rise equivalent discharged
as a hyperpycnal ﬂow without reducing AMOC strength (Roche
et al., 2007).
Reworked nannofossil records suggest increased southern
outlet discharge during MWP-1A (Marchitto and Wei, 1995).
Similarly, benthic foraminifera records from the Gulf of Mexico
show a 0.9–2.3& decrease in d18O during MWP-1A (Fig. 2e),
reﬂecting the input of 18O-depleted terrestrial runoff and meltwater, and indicating that some portion of the LIS contribution
entered the ocean as a hyperpycnal ﬂow (Aharon, 2006). In
contrast, grain size and sedimentation rate records from the eastern
outlet indicate decreased sediment discharge, arguing against
a hyperpycnal ﬂow through the eastern outlet during MWP-1A
(Keigwin and Jones, 1995). Nevertheless, there is a 0.69& light
planktonic d18O anomaly observed adjacent to the eastern outlet at
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Fig. 1. Map of the Laurentide Ice Sheet extent w14.1 ka (white line ﬁlled in) with the
additional area covered by ice at w14.8 ka indicated by the black solid lines (Dyke,
2004). Core locations are indicated by black and white dots; LOUIS Core #2023
(#2023) (27.76 N, 92.59 W, 401 m water depth) (Aharon, 2006), OCE3326-14GGC
(14GGC) (43.07 N, 55.83 W, 3525 m water depth) (Keigwin et al., 2005), and 94B-17
(B17) (81.27 N, 178.97 W, 2217 m water depth) (Poore et al., 1999; Hall and Chan,
2004). Dashed lines indicate freshwater routing directions to the southern, eastern and
northern outlets.

w14.5 ka, suggesting increased freshwater discharge or warming
during MWP-1A (Fig. 2c) (Keigwin et al., 2005). A 0.75& decrease
in planktonic d18O in the Arctic Ocean has been correlated with
MWP-1A and indicates increased discharge through the northern
outlet (Poore et al., 1999; Hall and Chan, 2004) (Fig. 2b). In contrast,
iceberg discharge from the LIS into the Labrador Sea decreased and
planktonic d18O increased during MWP-1A implying that the
northeastern LIS did not contribute signiﬁcantly to this MWP
(Andrews and Tedesco, 1992; Clark et al., 1996; Hillaire-Marcel and
Bilodeau, 2000).
Here, I use a freshwater runoff-ocean mixing model to determine the amount of LIS meltwater and thus the LIS contribution to
MWP-1A through the southern, eastern and northern outlets
recorded by these light planktonic and benthic d18O anomalies
(Figs. 1 and 2). Assuming that no temperature adjustments are
necessary (see Section 3), these records suggest increased runoff
from the LIS during part or all of MWP-1A through the main outlets.
This analysis indicates, however, that the contribution from the LIS
was only a small fraction (<30%) of the total sea level rise during
MWP-1A, suggesting that the LIS was not the primary source of this
MWP.
2. Methods and results
A freshwater runoff-ocean mixing model is employed to calculate the amount of meltwater from the LIS required to explain the
decreases in d18O at the various runoff outlets (Aharon, 2003, 2006;
Carlson et al., 2007). The d18O of runoff (dr) (combined ice melt and
precipitation–evaporation (P-E)) is calculated as Eq. (1):

drx

fpx  dp þ fix  di
¼
fpx þ fix

(1)

where fp-x (Sv) is the ﬂux of P-E and dp its d18O, and fi-x (Sv) is the
ﬂux of LIS meltwater and di its d18O, at time step x (x ¼ 1 for preMWP-1A, x ¼ 2 for during MWP-1A). With the exception of the
southern outlet records (see below), fp-x is considered constant for

Fig. 2. Deglacial runoff records (see Fig. 1), GISP2 temperature and relative sea level.
(a) GISP2 d18O (Grootes et al., 1993). (b) d18O of N. pachyderma (s) recording runoff to
the northern outlet (B17, triangles) (Poore et al., 1999; Hall and Chan, 2004). (c) N.
pachyderma (s) d18O recording runoff to the eastern outlet (14GGC, circles) (Keigwin
et al., 2005). (d) G. ruber d18O recording hypopycnal runoff through the southern outlet
(#2023, diamonds) (Aharon, 2003, 2006). (e) U. peregrina d18O recording hyperpycnal
runoff to the southern outlet (#2023, squares) (Aharon, 2006). (f) Relative sea level
data; open squares corals from Barbados (Bard et al., 1990; Peltier and Fairbanks,
2006), open circles mangroves from Sunda Shelf (Hanebuth et al., 2000), and solid
circles corals from Huon Peninsula (Edwards et al., 1993). The d18O records are presented on their original published, calibrated age models. Gray bar denotes the timing
of Meltwater Pulse 1A.

both time steps (Licciardi et al., 1999). Prior to MWP-1A, fi-1 is
derived from Licciardi et al. (1999), with the exception of the
southern outlet benthic record. During MWP-1A, fi-2 is the modeltuned parameter. dp and di are considered constants. The mixture
d18O at the core site (dm-x) at time x is calculated as Eq. (2):

dmx ¼



fo  do þ fpx þ fix  drx
fo þ fpx þ fix

(2)

where fo (Sv) is the ocean ﬂux and do the ocean d18O. Eq. (3) is used
to determine the Dd18O observed during MWP-1A:

Dd18 o ¼ dm2  dm1

(3)

with subscripts m-2 and m-1 indicating the dm during MWP-1A
(x ¼ 2) and before MWP-1A (x ¼ 1). The model is forced by varying
fi-2 in Eqs. (1) and (2) in the time step during MWP-1A (x ¼ 2) so
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that the solution to Eq. (3) matches the observed Dd18O in the
records (Fig. 2). This assumes that during MWP-1A the P-E
discharge (fp) and ocean ﬂux (fo) did not change, the temperature of
the water masses did not change, and the d18O of P-E (dp) and ice
melt (di) did not change. The effects of these assumptions are
discussed in Section 3.
End member ﬂuxes (f) and d18O (d) are derived from the literature. For di, two end members are used that span the range of estimates, 25& derived from western Canadian plains porewater
injected by the LIS (Remenda et al., 1994) and 35& derived from
considerations of LIS mass balance (Aharon, 2003). The other ﬂux (f)
and d18O (d) values are listed in Table 1 along with their literature
sources. In the case of the Southern Outlet benthic record prior to
MWP-1A, fp-1 and fi-1 ¼ 0 Sv, because the site is bathed completely in
ocean water prior to the hyperpycnal discharge (Aharon, 2006).
During MWP-1A, fp-2 increases to 0.0856 Sv for modeling the benthic
record (Licciardi et al., 1999). In the case of the Southern Outlet
planktonic record, fp-1 ¼ 0.1157 Sv and fi-1 ¼ 0.0164 Sv prior to MWP1A, and fp-2 ¼ 0.030 Sv during MWP-1A (Licciardi et al., 1999). The
benthic and planktonic fp-2 values during MWP-1A are calculated
using a total southern outlet fp-2 of 0.1157 Sv (Licciardi et al., 1999)
and partitioning this between hyperpycnal and hypopycnal entry
based on the relative contribution of the benthic (2.3&) and
planktonic (0.8&) records to the combined Dd18O anomaly of
3.1& (Fig. 2d,e, Table 1). Varying the partitioning between hyperpycnal and hypopycnal entry does not change the total amount LIS
meltwater discharged through the southern outlet during MWP-1A.
Model results are shown in Fig. 3. The southern outlet benthic
anomaly of 2.30& (Fig. 2e) requires a 0.020–0.014 Sv increase in
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Table 1
End member ﬂuxes (f) and d18O (d) used in the model (Eqs. (1)–(3)) for the Southern
Outlet benthic (SOB) and planktonic (SOP) records, the Eastern Outlet (EO) planktonic record and the Northern Outlet (NO) planktonic record
Outlet

fo

do

dp

fp-1

fp-2

fi-1

SOBa,b
SOPa,b
EOb,c,d,e
NOb,d,f,g

0.476
0.159
0.739
0.158

1.7
1.7
0.0
2.0

7.7
7.7
10.0
20.0

0.0000
0.1157
0.0617
0.0272

0.0856
0.0300
0.0617
0.0272

0.0000
0.0164
0.0067
0.0037

Values are derived from the literature.
a
Aharon (2003, 2006).
b
Licciardi et al. (1999).
c
Dickie and Trites (1983).
d
LeGrande and Schmidt (2006).
e
Yang et al. (1996).
f
Hall and Chan (2004).
g
MacDonald et al. (1989).

LIS meltwater for a di of 25& and 35&, respectively (Fig. 3a).
This is equivalent to 0.9–0.6 m of sea level rise in 500 years. The
southern outlet planktonic anomaly of 0.80& (Fig. 2d) requires
0.042–0.032 Sv increase for di of 25& and 35&, respectively
(Fig. 3b). This is equivalent to 1.8–1.4 m of sea level rise in
500 years. The combined LIS MWP-1A contribution through the
southern outlet is 2.7–2.0 m equivalent sea level rise in 500 years
(Fig. 4). The eastern outlet planktonic anomaly of 0.69& (Fig. 2c)
requires 0.049–0.045 Sv increase for di of 25& and 35&,
respectively (Fig. 3c). This is equivalent to 2.1–2.0 m of sea level rise
in 500 years (Fig. 4). The northern outlet planktonic anomaly of
0.75& (Fig. 2b) requires 0.011–0.009 Sv increase for di of 25&

Fig. 3. Modeled Dd18O versus increased Laurentide Ice Sheet (LIS) meltwater discharge (Sverdrups, Sv, 106 m3 s1). Black line for a di end member of 25& (Remenda et al., 1994),
gray line for a di end member of 35& (Aharon, 2003). Symbols indicate the discharge increase from LIS melting to explain the observed Dd18O excursion (Fig. 2). (a) Southern
Outlet benthic model. (b) Southern Outlet planktonic model. (c) Eastern Outlet planktonic model. (d) Northern Outlet planktonic model.
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Fig. 4. Relationship between increased Laurentide Ice Sheet melting (Sv) and its
contribution to sea level rise (m) over a 500-year period. Squares are combined
hyperpycnal and hypopycnal discharge for the Southern Outlet (S). Triangles are the
Northern Outlet (N). Circles are the Eastern Outlet (E). Diamonds are the combined LIS
contribution. Black symbols are for a 25& di LIS end member, gray symbols are for
a 35& di LIS end member.

and 35&, respectively (Fig. 3d). This is equivalent to 0.5–0.4 m of
sea level rise in 500 years (Fig. 4).

3. Discussion and conclusions
The combined LIS contribution to MWP-1A recorded in these
records is 5.3–4.4 m of equivalent sea level rise in 500 years, for the
di end member of 25& and 35&, respectively (Fig. 4). This range
depends, however, on several of the assumptions in model end
member values. The LIS meltwater d18O values (di) may have been
outside the range of 25 to 35&. Indeed, Fairbanks (1989) suggested a LIS d18O of 42&, which would reduce the LIS MWP-1A
contribution to w4.0 m of equivalent sea level rise.
Another assumption is that P-E amounts (fp) did not change
during MWP-1A. Presumably, the abrupt warming of the North
Atlantic region into the Bølling warm period (Fig. 2a) may have
increased P. However, this increase may have been partially offset
by increased E as suggested by general circulation models (Kutzbach et al., 1998; Licciardi et al., 1999). Increasing P-E (fp) would
decrease the amount of LIS meltwater (fi) required to explain the
light d18O anomalies, reducing the LIS MWP-1A contribution. For
instance, a doubling of P-E (fp) coincident with Bølling warming and
MWP-1A would reduce the LIS contribution to w3.2 m of equivalent sea level rise, with the benthic southern outlet and planktonic
northern outlet d18O anomalies completely explained by the
increase in P-E.
Similarly, the ocean water ﬂux (fo) was likely different from the
modern ﬂux during MWP-1A, which will change the estimated LIS
sea level rise contribution. Any reduction in the ocean ﬂux will only
decrease the LIS discharge amount required to explain the observed
Dd18O, and thus reduce the LIS MWP-1A contribution. Increased
ocean ﬂuxes will increase the required LIS discharge amount. A
doubling of the ocean ﬂuxes (fo) relative to modern (Table 1) would
increase the LIS MWP-1A contribution to 8.8 and 6.9 m of sea level
equivalent for di end member of 25& and 35&, respectively.
However, AMOC and its shallow return ﬂow were likely reduced
relative to present during the last deglaciation (Boyle and Keigwin,
1987; McManus et al., 2004; Schmidt et al., 2004; Robinson et al.,
2005; Came et al., 2008) suggesting that LIS MWP-1A contributions
through the southern and eastern outlets based on modern ocean

ﬂuxes are maximum estimates. The Arctic Ocean ﬂux for the
northern outlet is likely the least well constrained (Poore et al.,
1999; Hall and Chan, 2004). Note that the northern outlet transported the least amount of meltwater discharge (Fig. 3d) (doubling
the ocean ﬂux only increases the sea level equivalent volume
through this outlet by 0.1–0.2 m). Furthermore, the Bering Strait
did not open until w11 ka (i.e., Keigwin et al., 2006), well after
MWP-1A, implying a reduced Arctic Ocean ﬂux relative to modern
during MWP-1A and thus a maximum ﬂux estimate using the
modern ocean ﬂux.
In using the observed Dd18O from the records, the competing
effect of water temperature on foraminifera d18O was not considered. The effect of regional warming into the Bølling warm period
(Fig. 2a) as AMOC strength increased (Clark et al., 2002b; McManus
et al., 2004) would cause a decrease in foraminifera d18O reducing
the actual LIS meltwater component in the d18O anomaly. In the
case of the southern outlet benthic record, this effect is likely
minimal given the small temperature changes that occur in benthic
environments (Aharon, 2006). Similarly, the northern outlet record
in the Arctic Ocean probably experienced little sea surface
temperature (SST) warming (Poore et al., 1999; Hall and Chan,
2004). However, SST changes may have affected the planktonic
records from the southern and eastern outlets. For the southern
outlet, an adjacent G. ruber SST record suggests relatively constant
SST during MWP-1A (Flower et al., 2004). In contrast, planktonic
foraminifera counts from the eastern outlet show an w60%
reduction in polar species (N. pachyderma (s)) during MWP-1A
(Keigwin and Jones, 1995) implying 3–4  C warming of the mixed
layer (Hilbrecht, 1996). Dynoﬂagellate cyst reconstructions also
suggest a 4–5  C SST increase near the eastern outlet (deVernal
et al., 1996). The mixed layer 3–4  C warming could account for all
of the observed d18O decrease, making the modeled LIS meltwater
contribution to MWP-1A through the eastern outlet a maximum
estimate.
While there is evidence that 0.9–0.6 m of the LIS contribution to
MWP-1A entered the ocean as a hyperpycnal ﬂow through the
southern outlet, whether this phenomenon occurred at the eastern
and northern outlets remains untested by benthic d18O records.
However, Tarasov and Peltier (2005) argued that hyperpycnal ﬂows
would be unlikely to occur into the Arctic Ocean because of sea ice
formation, making it improbable that additional meltwater entered
the ocean through this outlet undetected by the planktonic foraminifera. As previously noted, grain size and sedimentation records
from the eastern outlet indicate a reduction in grain size and
sedimentation rates during MWP-1A suggesting minimal freshwater input through the eastern outlet via a sediment laden,
hyperpycnal ﬂow (Keigwin and Jones, 1995). Therefore, while there
may still be an unaccounted for LIS contribution to MWP-1A
entering as hyperpycnal ﬂows through the eastern and northern
outlets, it is probably not a signiﬁcant portion of MWP-1A.
The larger increase in LIS meltwater discharge (fi) indicated by
the southern outlet planktonic record compared to the benthic
record (Fig. 3a,b) despite a larger decrease in benthic d18O (Fig. 2d,e)
is due to the amount of freshwater runoff reaching the habitat of
the foraminifera species prior to MWP-1A. Prior to MWP-1A, the
d18O of the surface water mass (habitat of G. ruber) at the core site
(#2023) (Fig. 1) was a mixture of ocean water and continental
runoff (P-E and meltwater) (Aharon, 2003, 2006; Flower et al.,
2004). In contrast, the benthic (U. peregrina) d18O record is relatively constant except for the large decrease in d18O during MWP1A suggesting that the bottom water mass did not receive freshwater runoff prior to MWP-1A (Aharon, 2006). The introduction of
freshwater runoff (P-E and meltwater) to the benthic water mass
during MWP-1A has a larger impact on the resulting mixed Dd18O
than would occur if the water mass was already receiving some
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freshwater runoff (see Eqs. (1)–(3)), explaining this apparent
discrepancy.
The combined hyperpycnal and hypopycnal discharge from LIS
meltwater of 0.062–0.046 Sv through the southern outlet is
signiﬁcantly less than that modeled by Aharon (2006) for the same
Dd18O excursions in the same core. The Aharon (2006) discharge
increase of 0.33–0.28 Sv integrates over 500 years to a LIS MWP-1A
contribution of 14.4–12.2 m of equivalent sea level rise through the
southern outlet if this discharge is assumed to be entirely from the
melting LIS. The difference between these two estimates is due to
the choice of the southern outlet freshwater runoff d18O (dr).
Aharon (2006) assumed a constant combined freshwater runoff
d18O (dr) of 9.8 to 11& using a ﬁxed ratio of the ice melt (fi) and
P-E (fp) contributions to the total freshwater runoff and thus a ﬁxed
runoff d18O (dr). The Aharon (2006) ﬁxed dr values (9.8 to 11&)
were calculated with a LIS di of 25 and 35&, respectively,
assuming 88% of the freshwater runoff was constantly derived from
P-E (fp) and only 12% from LIS melting (fi). Consequently only 12% of
the 0.33–0.28 Sv increase calculated by Aharon (2006) is from the
melting LIS (the remaining 88% is due to increased P-E). Because
increased P-E does not affect sea level, the actual LIS MWP-1A
contribution through the southern outlet from the estimates of
Aharon (2006) is 1.7–1.4 m of equivalent sea level rise. Indeed,
inserting constant dr values of 9.8 to 11& into Eq. (2) produces
similar results as Aharon (2006). Here, P-E (fp) is considered
constant with the Dd18O excursions attributed solely to LIS melting
(maximum sea level rise contribution, see above). Thus dr varies
with the amount of LIS meltwater added to the total freshwater
runoff (fi-2 þ fp-2, Eq. (1)), which produces a lower dr and requires
less total freshwater runoff to explain the Dd18O excursions. This
method also produces a larger LIS MWP-1A contribution through
the southern outlet than the Aharon (2006) estimates (2.7–2.0 m
vs. 1.7–1.4 m) after accounting for the Aharon (2006) assumption of
a constant ratio for the P-E (fp) and meltwater (fi) contributions to
the total freshwater runoff.
The total LIS contribution of 5.3–4.4 m of equivalent sea level
rise suggests the LIS contributed <30% of the w20 m of sea level
rise during MWP-1A (Fig. 2f), which is a maximum contribution,
given that the assumptions that went into the model are conservative in design. Assuming a 500-year duration for MWP-1A, the
Dd18O-based reconstruction is at least w11 m and w5 m less than
the ICE-5G reconstruction (Peltier, 2004) and the ice sheet model of
Tarasov and Peltier (2005, 2006), respectively. The Dd18O-based
reconstruction is in better agreement with steady-state ice sheet
models and the LIS margin record history. The Licciardi et al. (1998)
steady-state ice sheet model reconstructed LIS sea level rise
contributions of 6.6–5.6 m between 15.4 and 14.0 ka, slightly
higher than the Dd18O-based reconstruction, but note the longer
time interval (w1400 years vs. 500 years) in the Licciardi et al.
reconstruction. To directly compare the Dd18O-based reconstruction and the LIS margin record, I converted LIS area (Ai, km2) (Fig. 1)
(Dyke, 2004) to LIS volume (Vi, km3) using the relationship developed for ice sheets and ice caps (Paterson, 1994):

logðVi Þ ¼ 1:23  ½logðAi Þ  1

(4)

Although Eq. (4) assumes an ice sheet in equilibrium, it was
developed from ice sheets and ice caps in both negative and positive mass balance states. These ice sheets and ice caps span 4 orders
of magnitude in area (Antarctic Ice Sheet to Barnes Ice Cap) and
climate conditions from maritime (Iceland) to polar desert
(Antarctica). This results in an error of w12%. The LIS area lost
between w14.8 and 14.1 ka (Fig. 1) suggests a LIS contribution of
4.3  0.5 m of equivalent sea level rise in agreement with the
Dd18O-based reconstruction.
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The signiﬁcantly smaller LIS MWP-1A contribution, and thus
freshwater discharge, in the Dd18O-based reconstruction than in
other reconstructions (i.e., Peltier, 2004, 2005; Tarasov and Peltier,
2005, 2006) helps explain why AMOC strength increased concurrent with MWP-1A (Boyle and Keigwin, 1987; Weaver et al., 2003;
McManus et al., 2004; Robinson et al., 2005). This Dd18O-based
reconstruction is also in agreement with sea-level ﬁngerprinting
and earth model studies that suggest w25% of MWP-1A came from
Northern Hemisphere Ice Sheets (Clark et al., 2002a; Bassett et al.,
2005). In contrast, Peltier (2004, 2005) and Tarasov and Peltier
(2005, 2006) hypothesized that the other Northern Hemisphere ice
sheets (Barents-Kara, Scandinavian and Cordilleran Ice Sheets)
contributed a combined 8–10 m to MWP-1A. The deglacial chronologies of these ice sheets do not, however, support this hypothesis. The southern margin of the Scandinavian Ice Sheet retreated
less than 100 km during MWP-1A (Rinterknecht et al., 2006).
Similarly, planktonic and benthic d18O records from the Norwegian
Sea suggest a reduction in freshwater discharge during MWP-1A
relative to earlier meltwater discharge from the Scandinavian Ice
Sheet (Lehman et al., 1991; Karpuz and Jansen, 1992; Clark et al.,
1996). The much smaller Cordilleran Ice Sheet also retreated only
a relatively small distance during MWP-1A when compared to later
retreat (Dyke, 2004). The major retreat and melt-back of the
Barents-Kara Ice Sheet occurred w18–17 ka, well before MWP-1A
leaving signiﬁcantly less ice available at w14.6 ka to contribute to
MWP-1A (Jones and Keigwin, 1988; Koç and Jansen, 1994; Svendsen
et al., 2004).
In conclusion, I note that the Dd18O-based reconstruction rules
out any large LIS contribution to MWP-1A and supports earlier
paleoclimate-based arguments for a small LIS contribution (Clark
et al., 1996). This Dd18O-based LIS MWP-1A contribution contains
several assumptions (no change in temperature, P-E, or ocean
circulation) that are conservative in design and thus the 5.3 m of
sea level rise from the LIS should be viewed as a maximum estimate
with the possibility of a signiﬁcantly smaller contribution to MWP1A. Therefore, a signiﬁcant component of MWP-1A was likely
sourced from the Antarctic Ice Sheet.
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