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[1] Greenland ice core records indicate that the last deglaciation (~7-21 ka) was punctuated by numerous
abrupt climate reversals involving temperature changes of up to 5°C—10°C within decades. However, the cause
behind many of these events is uncertain. A likely candidate may have been the input of deglacial meltwater,
from the Laurentide ice sheet (LIS), to the high-latitude North Atlantic, which disrupted ocean circulation and
triggered cooling. Yet the direct evidence of meltwater input for many of these events has so far remained
undetected. In this study, we use the geochemistry (paired Mg/Ca-6'°0) of planktonic foraminifera from a
sediment core south of Iceland to reconstruct the input of freshwater to the northern North Atlantic during abrupt
deglacial climate change. Our record can be placed on the same timescale as ice cores and therefore provides a
direct comparison between the timing of freshwater input and climate variability. Meltwater events coincide with
the onset of numerous cold intervals, including the Older Dryas (14.0 ka), two events during the Allered (at
~13.1 and 13.6 ka), the Younger Dryas (12.9 ka), and the 8.2 ka event, supporting a causal link between these
abrupt climate changes and meltwater input. During the Bolling-Allered warm interval, we find that periods of
warming are associated with an increased meltwater flux to the northern North Atlantic, which in turn induces
abrupt cooling, a cessation in meltwater input, and eventual climate recovery. This implies that feedback
between climate and meltwater input produced a highly variable climate. A comparison to published data sets
suggests that this feedback likely included fluctuations in the southern margin of the LIS causing rerouting of

LIS meltwater between southern and eastern drainage outlets, as proposed by Clark et al. (2001).
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1. Introduction

[2] The discovery of past abrupt climate changes and their
possible occurrence during future global warming demands
investigation into their causes [e.g., Alley et al., 2003].
Numerous abrupt climate reversals accompanied the transi-
tion from the last glacial maximum (~21 ka) to the present
warm interglacial period [e.g., North Greenland Ice Core
Project (NGRIP) members, 2004], and several of these
climate reversals have been associated with a reduction in
the strength of the Atlantic meridional overturning circula-
tion (AMOC) and its attendant heat flux [e.g., Clark et al.,
2001; McManus et al., 2004; Ellison et al., 2006]. The
AMOC consists of a poleward warm saline surface water
flow (the North Atlantic Current, NAC) from the tropics,
that undergoes subsequent cooling and deep convection at
high northern latitudes, feeding a deep southward return
flow. Modeling studies [LeGrande et al., 2006; Meissner
and Clark, 2006; Stouffer et al., 2006; Clarke et al., 2009;
Liu et al., 2009], corroborated by proxy data [McManus et
al., 2004], indicate that increased freshwater input to the

'Godwin Laboratory for Palacoclimate Research, Department of Earth
Sciences, University of Cambridge, Cambridge, UK.

2Now at School of Earth and Ocean Sciences, Cardiff University,
Cardiff, UK.

Copyright 2010 by the American Geophysical Union.
0883-8305/10/2009PA001772$12.00

PA1201

sites of deep convection can weaken AMOC and trigger
cooling. Indeed, the abrupt cooling associated with Heinrich
Event 1 (~16—17 ka) was likely caused by a collapse of the
North American Laurentide ice sheet (LIS), which dis-
charged an armada of icebergs and freshwater into the
Atlantic [Hemming, 2004], thereby triggering AMOC
reduction [McManus et al., 2004]. However, the causes of
many of the remaining deglacial climate reversals are
uncertain. To constrain the possible involvement of fresh-
water in these events requires a detailed deglacial history of
freshwater input to the northern North Atlantic.

[3] During the last deglaciation (~21-7 ka) melting of
ice sheets caused sea level to rise by ~120 m, with the
largest contribution from the LIS [Fairbanks, 1989; Peltier,
2005]. Records of sea level indicate this increase was not
smooth, but included periods of rapid sea level rise suggest-
ing faster melting [Fairbanks, 1989; Bard et al., 1996;
Hanebuth et al., 2000; Yokoyama et al., 2000; Clark et
al., 2004]. Prominent increases (between 10 and 20 m in
<500 years) occur at 19 ka, ~14.6 ka and possibly ~11 ka,
the latter two being termed meltwater pulses la and 1b
(MWP-1a and MWP-1b), respectively [Fairbanks, 1989].
The source and relative contributions to meltwater pulses
from different ice sheets is heavily debated, especially
concerning MWP-1a [e.g., Clark et al., 1996; Weaver et
al., 2003; Peltier, 2005]. Sea level fingerprinting suggests
the Antarctic ice sheet as the primary source of MWP-1a
[Clark et al., 2002; Bassett et al., 2005], countering earlier
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Figure 1. Schematic map showing North Atlantic surface
circulation, the margin of the LIS at ~13 ka (white shaded
region), and meltwater runoff routes (black single-headed
arrows) [Clark et al., 2001]. Letters identify meltwater
runoff routes: route A, Mississippi River; route B, Hudson
River; route C, Saint Lawrence River; route D, Hudson
Strait; route E, Mackenzie River. Study sites are indicated
by black stars: GOM, Gulf of Mexico [Aharon, 2003,
2006]; LF, Laurentian Fan [Keigwin et al., 2005]; SIR,
South Iceland Rise (this study). North Atlantic surface
circulation (gray double-headed arrows) summarized as
warm saline subtropical gyre, cold fresh subpolar gyre
(SPG), and the North Atlantic Current (NAC), transporting
subtropical water poleward.

suggestions of a LIS source [e.g., Keigwin et al., 1991;
Peltier, 1994]. Regarding MWP-1b, the existence of an
abrupt sea level rise has been questioned by Tahiti coral data
[Bard et al., 1996; Deschamps et al., 2009]. Regardless of the
contribution the LIS made toward MWP-1a and MWP-1b
(recent estimates suggest a LIS contribution to MWP-1a of
<30% [Carlison, 2009]), disintegration of the LIS undoubt-
edly provided a significant meltwater flux to the North
Atlantic durin% deglaciation, as implied by planktonic
foraminiferal 'O records from close to the outlets of the
LIS [e.g., Aharon, 2003, 2006; Flower et al., 2004; Keigwin
et al., 1991, 2005]. Fluctuations in the southern margin of
the LIS caused episodic rerouting of this continental runoff
between southern, eastern and northern outlets [Clark et al.,
2001] (Figure 1) and catastrophic drainage of proglacial
lakes into the North Atlantic [7eller et al., 2002]. This has
led to the established view that the deglacial North Atlantic
was subject to numerous freshwater discharge and rerouting
events.

[4] It has been suggested that periods of enhanced melt-
water input to the Atlantic and episodic rerouting events, via
AMOC weakening, triggered several prominent cold inter-
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vals of the deglaciation, including the Older Dryas (OD),
the intra-Allered Cold Period (IACP), the Younger Dryas
(YD) and the 8.2 ka cold event [Broecker et al., 1989,
Keigwin et al., 1991; Lehman and Keigwin, 1992; Barber et
al., 1999; Clark et al., 2001; Donnelly et al., 2005;
Broecker, 2006; Ellison et al., 2006; Stanford et al., 2006;
Came et al., 2007]. Yet direct evidence of increased LIS
meltwater input reaching the northern North Atlantic for
most of these events is limited, and largely based on
planktonic foraminiferal 580 [e.g., Sarnthein et al., 1995;
Lehman and Keigwin, 1992] which may include a temper-
ature component to any signal (notwithstanding recent
foraminiferal paired Mg/Ca-6"0 work [Came et al.,
2007; Thornalley et al., 2009] recording the final drainage
of Lake Agassiz into the North Atlantic, that resulted in the
8.2 ka cold event). Without evidence illustrating that these
meltwater events reached the high-latitude North Atlantic,
their link to any subsequent abrupt climate event remains
hypothetical. Furthermore, determining the phasing between
existing marine evidence for increased freshwater fluxes
and the high-resolution Greenland ice core climate record
has been hindered by uncertainty in chronologies. However,
this problem can be solved by reconstructing meltwater
input and climate proxy data from the same core, facilitating
the accurate determination of relative phasing between the
two variables.

[5] In this study we report the deglacial history of
meltwater input to the northern North Atlantic using the
geochemistry of planktonic foraminifera from a sediment
core south of Iceland. Our record can be placed on the same
timescale as ice cores and therefore provides a direct
comparison between the timing of meltwater input and the
abrupt climate changes of the last deglaciation.

2. Methods
2.1. Core Material

[6] We use material from sediment core RAPiD-15-4P
(62°17.58'N, 17°08.04'W, 2133 m water depth), located
under the path of the northward flowing NAC, on the South
Iceland Rise (Figure 1). The core was sampled at 1 cm
intervals throughout the deglaciation. Data from RAPiD-15-
4P was combined with published Holocene data from the
nearby core RAPID-12-1K [Thornalley et al., 2009].

[7] Three major Icelandic tephra layers are identified
within RAPiD-15-4P by tephra abundance counts, visual
examination, and electron microprobe analysis of major
element composition. These tephra correspond to the Sak-
sunarvatn Ash, Vedde Ash and a basaltic tephra originating
from the Katla volcano during the Older Dryas, found at
1573.0 m in the North Greenland Ice Core Project (NGRIP)
ice core [Mortensen et al., 2005]. These tephra have ages of
10.347 ka, 12.171 ka and 14.02 ka, respectively, using the
GICCOS age from Rasmussen et al. [2006].

2.2. Bioturbation Effects

[8] The presence of discrete tephra layers within the core
allows the extent of bioturbation to be examined. Following
the work of Bard et al. [1994] on the Vedde Ash, we
compare the downcore distribution of tephra abundance
with the modeled effect of intense mixing on an instanta-
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Figure 2. Volcanic shard abundance (150-250 um) and modeled distribution following an
instantaneous input of tephra and subsequent bioturbation using a variety of mixing depths. (a) For
the Vedde Ash at 12.171 ka. (b) For the Katla Ash at 14.0 ka, also shown is the weight percent sand
fraction which also indicates the upward mixing of tephra, including that within the 63—150 pum fraction.

neous input of tephra, the results of which are shown in
Figure 2. The exponential decrease in the abundance of
rhyolite shards subsequent to the input of the Vedde Ash
closely matches the expected distribution assuming a mix-
ing interval of 2 cm. The 14.0 ka Katla Ash also shows very
little bioturbation (consistent with the observation that this
1-2 cm thick basaltic tephra layer had a relatively sharp
base and top within the sediment core) and again suggests a
mixing interval of 2 cm or perhaps less. The small modeled
mixing depth therefore demonstrates that the effects of
bioturbation are minor within RAPiD-15-4P and multicen-
tennial timescale climate signals are faithfully reproduced
when sedimentation rates exceed ~10 cm/ka.

2.3. Age Model

[v9] The age model for RAPiD-15-4P was initially con-
structed using '*C accelerator mass spectrometry (AMS)
dates on monospecific planktonic foraminifera from abun-
dance maxima (Table 1), and the correlation of the three
tephra layers identified within both RAPiD-15-4P and

NGRIP. An additional age constraint between the LGM
and the onset of the Bolling-Allerad (BA) was provided by
benthic 6'%0 stratigraphy, tying the initial deglacial
decrease in benthic 6'°0 in RAPiD-15-4P [Thornalley,
2008] to the same event in the well dated North Atlantic
core SU81-18 (38°N, 10°W) [Waelbroeck et al., 2001],
located at a latitude where changes in the surface radiocar-
bon reservoir age (Rg,,s) are thought to have been relatively
small [Waelbroeck et al., 2001], although increases in Ry,,,»
of 300—400 years during Heinrich Stadial 1 have been
reported in this region [Siani et al., 2001; Skinner and
Shackleton, 2004]. R, corrections were applied to the '*C
dates using the deglacial estimates of Waelbroeck et al.
[2001]. We use a larger Ry, (800 years) during the BA than
compared to the Holocene (400 years), as suggested by data
from Haflidason et al. [1995] and the open North Atlantic
site of Peck et al. [2006], rather than the estimate of 400—
500 years from Norwegian coastal waters [Bondevik et al.,
2006], because we consider the open ocean sites are more
representative of the conditions at RAPiD-15-4P. During the

Table 1. The '“C AMS Dates Used to Support the Final Age Model and Calculate Surface Reservoir Ages®

Converted Calendar Age
Rsurfd

Laboratory Sample Planktic 4C Age +1 o Error Using Rg,r Estimates Stratigraphic
Code Depth (cm) Foraminifera (years B.P.) (years) From Published Data® Age® (years)

SUERC 14086 432-433 G. bulloides 10,198 40 10,817 + 450 10,764 778 + 340
SUERC 14087 458-459 Nps 10,965 40 12,023 + 320 11,984 715 + 230
SUERC 14089 472-473 G. bulloides 11,811 42 13,077 + 400 12,883 1,011 + 350
SUERC 14090 500-501 Nps 12,636 43 13,763 + 460 14,020 536 + 290
SUERC 14091 520-521 Nps 14,657 48 14,994 + 940 15,303 1,737 + 740
SUERC 14092 565-566 Nps 18,666 66 21,292 + 940 (21.292)° -

“Radiocarbon ages were converted to calendar ages using Calib 5.1 IntCal [Reimer et al., 2004]. Years B.P., years before A.D. 1950. By using the
assigned stratigraphic age (converted to years B.P.), the contemporaneous age difference (Ryurs) between the atmosphere '*C age (calculated using IntCal04)
and the measured '*C age of the surface marine sample (planktonic foraminifera samples) can be calculated. Error estimates for AR include lab error in '*C
measurement, uncertainty in the '*C calibration curve, error in NGRIP age, and an estimate of error for picking midpoints/tephra layers based on

sedimentation rates and modeled mixing intervals.

PUsed to create age model based on '*C dates and tephra (excluding percent Nps correlation) shown in Figure 3b. Converted calendar age is in years

before A.D. 2000.
“Stratigraphic age is in years before A.D. 2000.
dRsurf values are from this study.

“No stratigraphic age control older than 17.2 ka; therefore the age is based solely on the 14C date with an Ry, estimate of 800 years.
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Figure 3. Percent abundance of Nps plotted on different age models. (a) Percent Nps on depth. (b) The
percent Nps on initial age model, using '*C dates (corrected calendar ages shown), tephra tie points
(black lines), and benthic §'®0 tie at 17.2 ka. (c) The percent Nps on final age model using tephra tie
points, correlation of percent Nps with NGRIP §'*0 (tie points indicated by dotted lines), and the benthic
80 tie point. (d) NGRIP §'%0 [NGRIP members, 2004]. (¢) Sedimentation rates for the initial (gray line
and shaded region) and final (black line) age models.

last glacial maximum, where Waelbroeck et al. [2001] do
not have constraints, we use a R,r of 800 years, consistent
with previous northern North Atlantic studies [Peck et al.,
2006; Knutz et al., 2007]. This initial age model, presented
in Figure 3b, is subject to large uncertainties associated with
the variable Ry, of the North Atlantic, likely caused by
variable air-sea exchange and flow of the NAC during
periods with enhanced sea ice cover and reduced ocean
overturning [Bard et al., 1994; Waelbroeck et al., 2001].
Despite this uncertainty, changes in the percent abundance
of the polar species Neogloboquadrina pachyderma (Nps)
within RAPiD-15-4P often closely match the climate fluc-

tuations observed within NGRIP, consistent with numerous
other studies in the region [e.g., Lehman and Keigwin,
1992; Bond et al., 1993; Haflidason et al., 1995; Rasmussen
et al., 1996; Voelker et al., 1998; Knutz et al., 2007].

[10] Significant differences in the timing of inferred
abrupt climate changes do however exist between RAPiD-
15-4P and NGRIP, particularly during the Allered (~13 ka).
There is no evidence suggesting reworking of material in
RAPiD-15-4P during this interval. Furthermore, the general
structure of the percent Nps record matches NGRIP except
with regards to the timing of events. Rather than invoke
extreme climate scenarios to explain the asynchronous
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Table 2. Final Age Model for RAPiD-15-4P?

Estimated Error
Sediment NGRIP NGRIP in RAPiD-15-4P

Depth Age Error Absolute

(cm) (ka) (ka) Age (ka)
Saksunarvatn ash 426.5 10.347  0.089 0.134
NGRIP §'%0 tie point 1 4425 1146  0.097 0.140
NGRIP §'%0 tie point 2 4525  11.703  0.099 0.141
Vedde ash 4625  12.171 0.114 0.152
NGRIP §'%0 tie point 3 469.5 1278  0.134 0.167
NGRIP §'%0 tie point 4 ~ 476.5  13.02  0.141 0.245
NGRIP §'%0 tie point 5 479 1332 0.149 0.250
NGRIP §'%0 tie point 6 482 13.58  0.156 0.185
NGRIP §'%0 tie point 7 487 1370 0.159 0.188
NGRIP §'%0 tie point 8 4965 1398  0.166 0.194
Katla basalt 500.5  14.02  0.167 0.174
NGRIP §'%0 tie point 9 5045  14.12  0.170 0.197
NGRIP §'%0 tie point 10 513.5 1470  0.186 0.273
Benthic 6'%0 tie point 5425  (17.2) - 0.283

*NGRIP age is GICCO5 timescale, kiloyears before A.D. 2000. Error in
NGRIP age from Rasmussen et al. [2006]. Error in RAPiD-15-4P includes
NGRIP error and estimates on the accuracy of tying percent Nps to NGRIP,
which primarily depends upon bioturbation and sedimentation rates.

behavior between Iceland and Greenland, it is more prob-
able that these differences are caused by variability in the
Rgy¢ of the northern North Atlantic and uncertainty in
determining its value. The final age model for RAPiD-15-
4P (with age control points provided in Table 2) is therefore
constructed using the established procedure of correlating
sharp abundances changes in percent Nps within RAPiD-
15-4P to the abrupt climate transitions recorded by NGRIP
[e.g., Haflidason et al., 1995; Peck et al., 2006; Knutz et al.,
2007], while maintaining the tephra age control points and
the benthic §'®0 tie at 17.2 ka. Because the core has been
tied to NGRIP, dates throughout this study are given in
thousands of years before A.D. 2000, unless stated other-
wise. The close similarity between the percent Nps record
and NGRIP §'%0 and the absence of any unrealistic changes
in sedimentation rate (the only abrupt change follows a
large input of ash at 14.0 ka) provides confidence in the age
assignment. Figure 4 illustrates that this stratigraphic age
model is, within error, consistent with the radiocarbon dates.

[11] Following the examples of Waelbroeck et al. [2001],
Siani et al. [2001], Peck et al. [2006] and Knutz et al.
[2007], we use the stratigraphic age constraints to estimate
the R, south of Iceland. Values for calculated R, are
given in Table 1. They are generally in excellent agreement
with previous North Atlantic studies [Bard et al., 1994;
Voelker et al., 1998; Waelbroeck et al., 2001; Peck et al.,
2006; Knutz et al., 2007] supporting increased Rg,r at the
end of Heinrich Stadial 1 (1737 £ 740 years) and shortly
following the Vedde Ash (715 £ 230 years). Throughout the
BA, Ry, increased from 536 + 290 years to 1011 +
350 years, perhaps related to the gradual deterioration of
climate from the Bolling to the Allered [e.g., NGRIP
members, 2004].

2.4. Reconstruction of Meltwater Input Using
Planktonic Mg/Ca-6"%0

[12] The input of freshwater sourced from melting ice

sheets to the ocean produces low seawater §'°0 (6'%04)
that can be detected using planktonic foraminifer 5'%0.
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Because §'°0y,, and salinity are affected by similar pro-
cesses (such as freshwater input and evaporation), a near
linear relationship is observed in the modern ocean
[LeGrande and Schmidt, 2006], thus 6 04w can be utilized
as a proxy for salinity, although changing end-members can
cause changes in this relationship through time, preventing
the accurate quantitative reconstruction of salinity when
boundary conditions differ significantly from the modern.
880, was reconstructed using paired Mg/Ca-6'0 analysis
on Globorotalia inflata and Globigerina bulloides, in which
the Mg/Ca ratio of the calcite was used to remove the
calcification temperature effect on §'°0 [Elderfield and
Ganssen, 2000]. §'%0,, was then corrected for global ocean
shifts caused by ice volume changes. The global ice volume
corrected seawater §'°0 values (8'®Ogy.ive) Were calculated
using a 1%o whole ocean change between the LGM and the
latest Holocene scaled to a 120 m sea level change using the
sea level versus age record of Fairbanks [1989]. South of
Iceland, G. inflata lives at the base of the seasonal thermo-
cline (~100-200 m depth) [Ganssen and Kroon, 2000;
Cléroux et al., 2007], while G. bulloides is a near surface
dweller (~0—-50 m depth) [Ganssen and Kroon, 2000].
[13] Typically ~15—-40 tests of G. inflata (>250 pm
fraction) were analyzed for §'*0 and Mg/Ca ratios, follow-
ing published methods [Barker et al., 2003], and screening
for contaminating ferromanganese overgrowths, clay min-
erals and silicate particles. The Mg/Ca calibrations used by
Thornalley et al. [2009] were employed: Mg/Ca = m exp
(0.1 7), where T is calcification temperature and m is 0.675
for G. inflata and 0.794 for G. bulloides. 8804, was
calculated using the paleotemperature equation of Kim
and O’Neil [1997], and a VPDB-to-SMOW §'*0 conver-

540
1 —O— Stratigraphic tie-points
1 @ Tephra tie-points

520 B 14C dates

B )]
05 o
T T

Core depth cm
S
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RAPiID-15-4P age model

LN I N N N I N N B

10 1" 12 13 14 15 16

Figure 4. Final age model, showing depth versus age
relationship. The 'C dates are corrected for surface
reservoir changes and converted to calendar years before
A.D. 2000, consistent with the final stratigraphic age model
being tied to NGRIP GICCO5 age.
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sion of 0.27%o [Hut, 1987]. G. bulloides does not precipitate
calcite in equilibrium with seawater and therefore an offset
of 0.6%o has been applied [Bemis et al., 1998].

[14] Oxygen isotope ratios were determined via gas
source mass spectrometry relative to the Vienna Peedee
belemnite (VPDB) standard, where analytical precision
based on long-term replicates is better than 0.08%o. Ana-
Iytical precision of Mg/Ca ratios based on replicates of
foraminiferal standards is 3%. The estimated standard
deviations in absolute temperature and §'%Ogy.ivc are
1.5°C and 0.34%., respectively, while those in relative
temperature and 8"®0gw-ive are 1.0°C and 0.26%o. The
relative error estimates include measurement errors, sample
heterogeneity, carbonate ion effects and ice volume effect
uncertainty but ignore calibration errors, which should be
more constant downcore.

2.5. Interpreting Deglacial High-Latitude North
Atlantic G. bulloides and G. inflata Mg/Ca-6"%0

[15] At present, RAPiD-15-4P is bathed by the warm
saline NAC and faunal assemblages are dominated by
transitional (including G. inflata) and warm subpolar (in-
cluding G. bulloides) species, while the cold subpolar/polar
species N. pachyderma (sinistral, Nps) is virtually absent
(Holocene abundances rarely exceeding 1%). However,
downcore records of the percent Nps document intervals
when this cold species dominated the faunal assemblage (up
to 90%), and by inference, the polar front was predomi-
nantly situated to the south of the study site, and sea surface
temperatures (SSTs) were close to 4°C (95% abundance of
Nps indicates an SST of <4°C [Bé and Tolderlund, 1971]).
Intervals containing high percent Nps within northern North
Atlantic cores are correlated with cold periods recorded in
the Greenland ice cores, and abrupt fluctuations in percent
Nps imply rapid alternation between polar and subpolar/
transitional water masses [e.g., Lehman and Keigwin, 1992;
Bond et al., 1993; Haflidason et al., 1995; Rasmussen et al.,
1996; Voelker et al., 1998; Knutz et al., 2007].

[16] During the deglacial section of RAPiD-15-4P (11—
17 ka) the average percent Nps is 60 + 21%, fluctuating
between ~20% and ~90% (the remaining assemblage is
composed of subpolar and transitional species (including
G. bulloides, Turborotalia quinqueloba, N. pachyderma
(dextral) and G. inflata)). These subpolar and transitional
species are associated with an increased influence of warm
Atlantic water [e.g., Rasmussen and Thomsen, 2008] and
their presence within the RAPiD-15-4P implies episodic
increased influence of this water mass; incursions were
infrequent during cold intervals when polar water dominated,
but still regular enough to allow a continuous downcore
record of G. bulloides and G. inflata to be produced. The
presence of warm Atlantic water in the high-latitude North
Atlantic is consistent with the suggestion by Rasmussen et
al. [1996] and Rasmussen and Thomsen [2004] that there
was an inflow to the Nordic Seas of a relatively warm
Atlantic water mass beneath a cold, low-salinity, surface
layer during stadials, and during years when there was a
decrease in the influence of surface polar water, relatively
warm Atlantic water may have been present at near surface
depths. Sarnthein et al. [1995] also suggest Atlantic water
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flowed into the Nordic Seas during the YD, but during HE1
and the LGM, inflow to the Nordic Seas was heavily
restricted.

[17] Analysis of downcore sediment records should con-
sider that each sample (typically 1 cm thick) contains
material that integrates conditions over many years (~25—
100 years within RAPiD-15-4P, with planktonic foraminif-
era only recording conditions during their seasonal blooms).
Thus, the occurrence of two species within a single sample
does not imply that the foraminifera lived contemporaneously.
For example, it is more likely that the transitional species
G. inflata and the warm subpolar species G. bulloides grew
during periods when conditions were favorable for their
growth, namely intervals when there was a greater influence
and northward incursion of warm Atlantic water, while Nps
would have bloomed during years when cold subpolar and
polar water dominated, and subsequent bioturbation of this
1 cm sample mixed the species together within the core.
With this bias in mind, it can be realized that Mg/Ca-§'%0
analysis performed on an individual species of planktonic
foraminifera, from a site that experienced frequent and large
fluctuations in climate that caused significant faunal
changes, does not reveal the mean conditions at the site
integrated over many annual blooms. Rather, temperature
and §'%04, signals reconstructed from G. bulloides and
G. inflata Mg/Ca-élSO will primarily record conditions at
the site during incursions of Atlantic waters and monitor
any freshening of Atlantic water caused by the input of LIS
meltwater. (Note: In contrast, faunal assemblage based SST
reconstruction techniques, which utilize the species’ prefer-
ences for different water masses/climate conditions, do
provide an estimate of mean conditions over many years,
through examining changes in relative abundance.)

3. Results

[18] G. bulloides and G. inflata 6'*0, Mg/Ca derived
temperatures and 81804y.ive data are presented in Figure 5.
G. bulloides and G. inflata display similar long-term trends
in 6'%0, with G. bulloides recording lighter values, consis-
tent with its shallower habitat depth.

[19] Between 17 ka and ~9 ka, Mg/Ca derived temper-
atures for the two species range between 6.5°C and 11.5°C,
with typical values of 8°C—10°C. The near-identical, warm,
and near-constant temperatures recorded by the two species
during the deglaciation suggest they are both calcifying
during intervals when there is an increased influence of
Atlantic water, producing conditions favorable for their
growth. Mg/Ca derived temperatures prior to the BA
warming and during the YD cold interval are, as expected,
much warmer than implied by the high percent Nps (~4°C),
yet as discussed, this is an artifact of the habitat bias of the
species, and the Mg/Ca-derived temperatures should not be
interpreted as a multidecadal/centennial mean summer SST.
Warmer temperatures are recorded during the early Holo-
cene, and it is interesting to note that the warming into the
Holocene recorded by G. bulloides begins during the mid
YD, similar to the trend observed in G. bulloides Mg/Ca
data from off the coast of the British Isles [Peck et al.,
2008], and also consistent with evidence for increased
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Figure 5. Geochemical records for G. bulloides and G. inflata from RAPiD-15-4P. Calibrations and
conversion are discussed in section 2 of the main text. Here §'0gy.ivc is seawater 6'%0 corrected for
whole ocean changes in §'%0 caused by global land-based ice volume changes.

inflow of subpolar waters into the Nordic Seas and atmo-
spheric circulation changes during the late YD [Bakke et al.,
2009]. The surface ocean warming recorded at all these sites
was likely caused by an increased northward flow of the
NAC, presumably coupled to the small, gradual, increase in
AMOOC strength during the YD following the initial slow-
down, as suggested by Pa/Th ratios from Bermuda Rise
[McManus et al., 2004] and atmospheric 4C data [Hughen
et al., 1998].

[20] The derived 8804y ive records for both species
indicate fresh conditions between 17.0 ka and 15.8 ka, with
G. bulloides recording extremely light 8"804yive values
(down to —1.9%0). Both species then show an abrupt

increase in 6'®Ogy.ive at 15.8 ka, after which G. bulloides
8"804y.ive TEmains relatively constant, except for a number
of low-amplitude (~0.4%o0) centennial events between 13
and 15 ka, a 0.8%o decrease during the early YD (only one
data point), and a previously reported ~0.5%0 broad
decrease throughout the early Holocene [Thornalley et al.,
2009]. The inferred lower salinity of G. bulloides, compared
to G. inflata, throughout the deglaciation is likely caused by
its shallower, near surface habitat, where it will be greater
influenced by low-salinity surface waters [Thornalley et al.,
2009]. G. inflata 6"*Ogy.ive values show a long-term trend
suggesting more saline background conditions between
15.5 ka and 8.4 ka. Between 15.8 and 12.6 ka, super-
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Figure 6. (a—e) Proxy records for the South Iceland Rise between 7 and 18 ka. Data from RAPiD-15-
4P, circles (11-18 ka) and RAPiD-12-1K [Thornalley et al., 2009], triangles (7—12 ka). Freshwater
events indicated by numbering [-VII. Arrow beside axis in Figure 6¢ indicates core top G. inflata
8" Ogy-ive- Figure 6d shows number of IRD grains (150—250 um fraction, excluding volcanics) per gram
of dry sediment in RAPiD-15-4P. Figure 6e shows NGRIP 6'®0 (gray line with no symbols) [NGRIP
members, 2004]; percent abundance of N. pachyderma (black line with solid squares) in RAPiD-15-4P,

South Iceland Rise, tied to NGRIP.

img)osed upon the high deglacial background G. inflata
8"04yc (8'°0 ice volume corrected) and §'®Ogy.ive values
(Figure 6), there are six prominent light § 80, events (five
of which are also captured by our slightly lower resolution
8"80gy-ive data), indicating brief periods (~100—500 years)
of freshening south of Iceland. A previously reported

[Thornalley et al., 2009] light 8" Ogw.ive event also occurs
at 8.2 ka, coinciding with the final drainage of Lake Agassiz
[Barber et al., 1999; Ellison et al., 2006; Came et al., 2007].
The 6"®Ogw.ive events (labeled I-VII; Figure 6), spaced
~500 years apart, vary in magnitude between 0.4 and 1.4%e.
No consistent temperature trends are observed across the
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events, although several events (I, III and IV) are associated
with a transient cooling of ~1.5°C. Similar large amplitude
variability is probably not observed in G. bulloides 630y,
and §'®0gy.ivc because this species is already calcifying
within a relatively low salinity near surface layer (with
8" 0gy-ive values similar to the minimum values recorded by
G. inflata during the freshwater events) therefore the epi-
sodic input of freshwater, as recorded by G. inflata, will
cause only minimal change in G. bulloides 60, and
8" 0gw.ive (hinted at by the low-amplitude centennial
changes within the G. bulloides 6 B0 wive record).

[21] The presence of large and abruE)t centennial timescale
changes in G. inflata 6'°0;y and 6'®Ogy.ive excludes the
possibility that G. inflata tests were subject to significant
bioturbation, preferentially mixing G. inflata from abun-
dance maxima associated with warm intervals (low percent
Nps), to abundance minima associated with cold intervals
(high percent Nps).

4. Discussion
4.1. Background Salinity Changes

[22] The fresh conditions recorded in G. inflata and
G. bulloides §"®Oygy,.iv (Figure 5) during the early deglacial
(17—-15.8 ka) are likely caused by the influx of icebergs to
the North Atlantic during HE1. Following HE1, and persist-
ing throughout the Belling-Allerad (BA, 12.9-14.7 ka),
YD (11.7-12.9 ka), and early Holocene, the heavy
G. inflata 6"04y.ive values (~0.5-1.0%0) suggest high
background salinity south of Iceland during intervals when
Atlantic water was advected to the site. High subsurface
salinity south of Iceland during the early Holocene has been
proposed to be caused by an increase in the dynamic
contribution of saline subtropical gyre (STG) water to the
NAC, at the expense of fresh subpolar gyre (SPG) water
[Thornalley et al., 2009]. This likely occurred because
freshwater fluxes to the Labrador Sea prevented deep
convection, thereby reducing baroclinic circulation and
weakening SPG circulation, such that it retracted westward
[Thornalley et al., 2009]. Consistent with the absence of
deep convection in the Labrador Sea prior to ~8 ka [Hillaire-
Marcel et al., 2001], we propose that throughout the
deglaciation SPG circulation was weak because of high
freshwater flux to the Labrador Sea, allowing STG water to
dominate the NAC. This will have produced a saline water
mass at subthermocline depths in the NE Atlantic when
there were significant northward incursions of the NAC.
High background NAC salinity following HE1 is also in
agreement with the proposed advection of saline subtropical
water to high latitudes several hundred years prior to the BA
warming [Carlson et al., 2008], and a modeled increased
Agulhas leakage of saline Indian Ocean water to the
Atlantic during the deglaciation [Knorr and Lohmann,
2007], both helping to restart a vigorous AMOC.

4.2. Freshwater Events and Their Likely Source

[23] It is proposed that G. inflata and G. bulloides are
calcifying during increased influence of warm Atlantic
water to the south of Iceland, and are thus recording the
changing properties of the NAC, albeit with G. bulloides
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also being affected by near surface fresh water. Further-
more, it is suggested that the centennial timescale freshwater
events recorded by G. inflata are caused by episodic
increases in freshwater input to the NAC. To support this
hypothesis, more local sources of freshwater must be
excluded as primary controls on G. inflata 6'*Ogy.ive.

[24] Because the G. inflata freshwater events do not
correlate with maxima in percent Nps, and contempora-
neous changes in 6'*0gy.ivc of the near surface dwelling
G. bulloides are of a much lower amplitude, it is unlikely
that the freshwater events are caused by increased influence
of near surface, fresh, subpolar and polar waters. Also, since
ice-rafted debris (IRD) south of Iceland was predominantly
sourced from ice sheets that lay to the north (i.e., the
Icelandic and Fennoscandinavian ice sheets) [Robinson et
al., 1995], and maxima in IRD do not coincide with the
freshwater events I-VII (instead coinciding with cold
intervals) (Figure 6), the freshwater events are highly
unlikely to have been sourced from these ice sheets. The
most plausible scenario is therefore episodic enhanced input
of freshwater into the North Atlantic and advection north-
ward via the NAC. This can be confirmed by examining
modeling studies and paleoceanographic records (Figure 7).

[25] Model simulations of the drainage chronology of the
North American ice sheet [Tarasov and Peltier, 2005]
indicate significant freshwater discharge from the LIS into
the North Atlantic through the southern and eastern drain-
age routes during the early deglacial. Similarly, planktonic
680 data from both the Gulf of Mexico (GOM) [4haron,
2003; Flower et al., 2004; Aharon, 2006] and the Lauren-
tian Fan (LF) [Keigwin et al., 2005] (Figure 7) record
numerous periods of enhanced freshwater runoff between
15.8 and 12.6 ka. Is it feasible that these freshwater inputs
reached the high-latitude North Atlantic? The 8.2 ka fresh-
water discharge event from Hudson Strait (route D in Figure 1)
has been detected along the path of the NAC at numerous
locations between 150 and 800 km southwest of Iceland
[Ellison et al., 2006; Came et al., 2007; Thornalley et al.,
2009], proving that freshwater input from the Hudson Strait
can reach the northern North Atlantic. Freshening of the
STG during the BA has been reported in lower-resolution
studies [Keigwin et al., 1984, 1991; Schmidt et al., 2004;
Carlson et al., 2008], although this freshening has been
attributed to several other factors. The advection of fresh-
water from the GOM into the STG and its subsequent
transport across the North Atlantic, via the NAC, to south
of Iceland has been demonstrated in modeling studies
[Roche et al., 2007; Otto-Bliesner and Brady, 2009]. Yet
during advection across the North Atlantic, freshwater input
from the GOM outlet was likely diluted [Manabe and
Stouffer, 1997; Tarasov and Peltier, 2005; Roche et al.,
2007], with recent modeling studies suggesting freshwater
input via the GOM is approximately half as effective in
reducing AMOC in comparison to an input into the subpolar
North Atlantic [Otto-Bliesner and Brady, 2009]. In summary,
there were clearly numerous rerouting events and/or
periods of enhanced freshwater input to the North Atlantic
between 15.8 and 12.6 ka, which feasibly reached the
northern North Atlantic via advection within the NAC,
and these freshwater inputs are the most probable source
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Figure 7. Comparison of proxy records of freshwater input to Atlantic between 11.5 and 17 ka. Records
plotted on their original timescales, and RAPiD-15-4P records are placed on a before A.D. 1950 age
scale, consistent with the other records. (a) Laurentian Fan Nps 6 80, from core 14GGC [Keigwin et al.,
2005]. (b) G. inflata records from RAPiD-15-4P, South Iceland Rise. (c) Planktonic (G. ruber, gray line,
gray shading, and no symbols) [4haron, 2003] and benthic (Uvigerina peregrina, black line with open
circles) [Aharon, 2006] 6'%0 from the Gulf of Mexico; black shading highlights the proposed
hyperpycnal discharge of meltwater into the Gulf of Mexico during MWP-1a.

of freshwater to explain the events recorded by G. inflata at
our site.

4.3. Freshwater Events and Climate Feedback During
the Deglaciation

[26] In Figure 7, the timing of the freshwater events south
of Iceland are compared to published records from the Gulf
of Mexico [Aharon, 2003, 2006], monitoring the southern
LIS meltwater route, and from the Laurentian Fan, which is
sensitive to freshwater discharge from the Saint Lawrence
River and, to a lesser extent, the more distal Hudson Straits
via the Labrador Current [Keigwin et al., 2005]. Despite
uncertainties in respective age models (typically between
100 and 200 years), the freshwater events recorded south of
Iceland show a striking correlation with freshwater events
recorded at the LF. The lower resolution of the RAPiD-15-

4P data between 15.5 ka and 16.5 ka may explain why the
two events seen in the LF data are not resolved, and
similarly why events II and III in RAPiD-15-4P are poorly
expressed or absent in the LF data. Moreover, opposing
temperature changes during freshwater release may have
damped 6'%0;,. variability in the LF data and masked any
8'80,,, changes. In addition, the lower amplitude of the LF
880, events in comparison to south of Iceland may be an
artifact of Nps underestimating near surface salinity changes
[Simstich et al., 2003]. Comparing the South Iceland Rise
data to the GOM data, the only good correlation is with
event IV. Light §'®0 peaks in the GOM planktonic data at
15.6 ka, and benthic data at 14.6 ka occur during intervals
of heavy 6'%0;,. south of Iceland. The GOM planktonic
data also show a broad freshwater peak between 14.2 ka and
12.8 ka.
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[27] Based on this comparison, the freshwater events
recorded by G. inflata in RAPiD-15-4P are primarily
sourced from freshwater discharges from the LIS that were
directed out of the eastern routes. However, it is also likely
that freshwater discharge out of the GOM and its subse-
quent northward advection by the NAC, will have contrib-
uted to the freshening south of Iceland, although a
significant proportion of this freshwater probably did not
reach south of Iceland.

[28] Clark et al. [2001] proposed that the routing of LIS
meltwater to the North Atlantic was controlled by fluctua-
tions in the southern margin of the LIS. During warm
intervals, the ice margin retreated and thus opened up the
eastern drainage outlets. The increased discharge of fresh-
water close to sites of deep ocean convection within the
North Atlantic was proposed to have caused a reduction in
AMOC. The reduction in AMOC led to cooling and a
subsequent readvance of the LIS margin, causing meltwater
to be rerouted through the southern outlet, allowing AMOC
recovery and circum North Atlantic warming. While the LIS
margin was located at an intermediate position (43°N—
49°N), this feedback mechanism may have caused centen-
nial to millennial timescale fluctuations in climate. Rerouting
events have been identified for each of the abrupt centen-
nial-millennial climate reversals of the deglaciation, includ-
ing the three cold intervals during the BA [Clark et al.,
20017.

[29] If the hypothesis of Clark et al. [2001] is correct,
then the northern North Atlantic should freshen during
warm intervals (when retreat of the LIS margin allows
meltwater discharge out of the eastern outlets), and become
more saline during cold intervals (when advance of the LIS
shuts off the eastern drainage route). Furthermore, the onset
of cooling should occur during peak fresh conditions in the
northern North Atlantic. Our data, illustrated in Figure 8§,
provide convincing evidence in support of this hyll:)othesis.
During warm periods, G. inflata 8804, and 804y ive
values decrease (freshen) south of Iceland, due to enhanced
melting of the LIS and retreat of its margin, allowing
drainage out of the east. During cold events G. inflata
8"®04w.ive values increase (rising salinity), or remain high
(saline), suggesting decreasing meltwater input during cold
intervals caused by decreased melting and LIS margin
advance blockin§ off the eastern drainage route. Minima
in 6804y and 6% Ogy.ive (peak freshening) coincide with the
onset of cold intervals, supporting a causal link between
increased meltwater input to the northern North Atlantic and
climate deterioration, likely via a reduction in AMOC
strength and/or enhanced sea ice formation. Freshwater
event VII (~15.3 ka) indicates melting and retreat of the
LIS occurred prior to the BA, and is consistent with the
Hudson River rerouting event (R7 at ~15.5 ka) of Clark et
al. [2001]. Potentially, this freshwater event may have
triggered the decrease in ventilation of the deep North
Atlantic at ~15.4 ka recorded by deep sea coral radiocarbon
[Robinson et al., 2005] although uncertainty in chronology
prevent accurate assessment of phasing.

[30] Our records therefore support the hypothesis of Clark
et al. [2001] stating that the abrupt climate changes of the
deglacial are caused by meltwater rerouting induced by
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fluctuations in the position of the LIS margin, producing a
feedback between climate and meltwater input. Model
studies have confirmed that increased freshwater input to
the northern North Atlantic caused by rerouting results in
AMOC reduction and associated cooling [Meissner and
Clark, 2006].

4.4. Onset of the Younger Dryas

[31] The onset of the Younger Dryas is marked at our site
in G. inflata 6'%0;,. by a period of freshening at ~12.9 ka
that is briefer (~100 years or less) and weaker than those in
the BA. (The latter were of course not followed by 1200 year
cold intervals.) The low resolution of the §'®Ogy.iv. data
hinders our interpretation of the §'®0;,. signals, especially
regarding the initial freshwater pulse at 12.9 ka, and
therefore conclusions are tentative. The data can be inter-
preted in two ways.

[32] 1. The absence of a strong freshwater signal south of
Iceland (briefer and weaker than earlier events) is consistent
with the hypothesis that the YD was initially triggered by
increased LIS meltwater input to the Arctic, accompanied
by only minor meltwater flux to the Atlantic [ZTarasov and
Peltier, 2005]. Supporting evidence for this hypothesis is
yet to be found from Arctic records [e.g., Poore et al., 1999;
Hall and Chan, 2004] although the low resolution of these
studies limits their ability to detect centennial timescale
events. High-resolution planktonic 6'®0 data from the
Laptev Sea have instead suggested an early YD flood event
from the paleo—Lena River into the Arctic, but the precise
timing of the event is poorly constrained [Spielhagen et al.,
2005]. Conclusive paleoceanographic data supporting an
Arctic freshwater trigger for the YD therefore remains
elusive. Furthermore, other mechanisms (aside from the
AMOC reduction associated with a brief freshwater input)
would also need to be called upon during the remainder of
the YD to cause prolonged AMOC weakening and climate
cooling [Stouffer et al., 2006].

[33] 2. Broecker et al. [1989] proposed that the YD was
caused by rerouting of LIS meltwater from the Mississippi
to the Saint Lawrence River valley. Reconstructed sea
surface salinities from dinocyst assemblage data for the
Gulf of Saint Lawrence have been used to refute this
hypothesis gde Vernal et al., 1996]. In contrast, light
planktonic §'®0O values from the LF data of Keigwin et al.
[2005] during the YD suggest increased drainage of melt-
water down the Saint Lawrence, but without temperature
estimates it is difficult to qluantify the magnitude of the
possible freshening. (Light §'®0;,. values are also recorded
south of Iceland during the YD from 12.4 ka onward,
similar to the observed trend in the LF data, although the
low-resolution Mg/Ca and 6 80y.ive data suggest warming
rather than freshening at our site.)

[34] Enhanced freshwater fluxes out of the Saint Lawrence
during the YD have been reconstructed using various
geochemical tracers in planktonic foraminifera [Carlson et
al., 2007], with U/Ca and Sr isotope ratios indicating
significant freshwater rerouting during the middle and late
YD, but only a small increase at the onset of the YD. The
880, reconstruction of Carlson et al. [2007] shows large
(~1.8%0) and abrupt freshening at the onset of the YD,
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Figure 8. Records from the South Iceland Rise (RAPiD-15-4P) illustrating the phasing between
meltwater input to the northern North Atlantic and climate records between 12.5 and 15 ka. (a) G. inflata
6"%05vc, numbering of fresh water events as in Figure 6. (b) G. inflata 8" 0gy-ive. (¢) First differential of
G. inflata 6'*Ogy.ive With respect to time (gray line and shading). Gray shading highlights periods of
decreasing G. inflata §'®*Ogy.ive, i.€., net freshening. (d) Climate (temperature) proxies: NGRIP §'%0
(gray line) [NGRIP members, 2004] and percent Nps (black line with open circles) in RAPiD-15-4P.
Shading highlights warm intervals, where the percent Nps is below 50%. During warm intervals
8"804y.1ve decreases (freshening), whereas during cold intervals 8"804y.ive increases (rising salinity).
Dashed lines highlight that minima in 6'*Og,_iv. (peak freshening) occur at the onset of cold intervals
(peak freshening during IACP II (dotted line) may not coincide with the onset of IACP II because of low

resolution).

although the reliability of this reconstruction (and the
AMg/Ca reconstruction) largely depends upon the robust-
ness of using an SST estimate from dinocyst assemblage
data to correct for temperature effects on §'%0 (and Mg/Ca)
in G. bulloides.

[35] Given the lack of meltwater discharge through the
Mississippi during the YD, it seems probable that meltwater
was rerouted through the Saint Lawrence; however evi-
dence from the Saint Lawrence suggesting that rerouting
was the initial trigger for the YD is equivocal. If the brief
and relatively weak YD onset freshwater event we observe
at our site was caused by this rerouting and was indeed the
initial trigger for the YD, it seems likely that the background
climate system was preconditioned by earlier meltwater

inputs, so that the AMOC was primed for a strong response
to a weak trigger [Lehman and Keigwin, 1992; Fanning and
Weaver, 1997; Knorr and Lohmann, 2007].

[36] Until further records are produced which provide
compelling evidence for an Arctic or Atlantic freshwater
trigger, the role that freshwater played in initiating the YD
will be debated. Despite uncertainty surrounding the initial
trigger and the magnitude of later freshwater fluxes out of
the eastern LIS outlets, IRD evidence from the Norwegian
Sea [e.g., Haflidason et al., 1995] and south of Iceland
(Figure 6) suggests that throughout the middle to late YD
the release of icebergs into the Nordic Seas, with associated
meltwater and sea ice formation, may have contributed to a
weaker AMOC and prolonged the YD until the final switch
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to the interglacial state occurred at the onset of the Holocene
[Bakke et al., 2009].

4.5. Relationship With MWP-1a

[371] MWP-1a has been identified as a ~20 m rise in sea
level in <500 years [Fairbanks, 1989; Edwards et al., 1993,
Bard et al., 1996; Hanebuth et al., 2000] close to the onset
of the BA. The precise timing of this event remains
controversial. New dates from Barbados coral records are
used by Stanford et al. [2006] to argue that MWP-la
occurred between 14.08 £ 0.05 ka and 13.63 + 0.03 ka
(these ages are kiloyears before present (B.P.) A.D. 1950),
with the sea level jump being defined by the end of one
coral record and the start of another; while the continuous
Sunda Shelf mangrove records suggest an earlier timing of
14.6 ka (B.P. A.D. 1950) [Hanebuth et al., 2000], supported
b}l new Tahiti coral data [Deschamps et al., 2009]. Benthic
6'®0 data recording a dense hyperpycnal flow of LIS
meltwater into the GOM associated with MWP-1a occurs
between 14.7 and 14.2 ka (B.P. A.D. 1950) [4haron, 2006],
consistent with the earlier timing of MWP-1a.

[38] The source of MWP-1a is also uncertain. Originally
the LIS was presumed to have been the most likely source
[e.g., Keigwin et al., 1991; Peltier, 1994] given its large
size. Certain ice sheet models support a large contribution
by the LIS to MWP-1a [Peltier, 2005; Tarasov and Peltier,
2005], and there is clear evidence for meltwater discharge
during MWP-1a from the LIS from planktonic foraminifera
8'®0 records proximal to major LIS meltwater outlets
[Aharon, 2003, 2006; Flower et al., 2004; Keigwin et al.,
2005]. However, relatively small retreat of the LIS margin
during MWP-1a is reconstructed, and steady state ice sheet
models suggest only a fraction of meltwater during MWP-1a
was derived from the LIS [Clark et al., 1996]. Sea level
fingerprinting techniques suggest the primary source of
MWP-1a was the Antarctic ice sheet [Clark et al., 2002;
Bassett et al., 2005], although the conclusions of these
studies have themselves been challenged [Peltier, 2005;
Tarasov and Peltier, 2006]. Employing a freshwater runoff—
ocean mixing model, and planktonic foraminifera §'%0
records from close to the major LIS outlets, Carlson [2009]
has recently estimated that the LIS contributed <30% (or
<5.3 m sea level equivalent) toward MWP-1a.

[39] Constraining the timing and source of MWP-1a is
important if we are to assess its role within deglacial climate
evolution. An early timing and Antarctic source of MWP-1a
has been linked to a strengthening of the AMOC and
initiation of the BA [Weaver et al., 2003; Kienast et al.,
2003], while the later timing suggested by Stanford et al.
[2006] combined with a significant LIS contribution has
been linked to a minor AMOC weakening and the onset of
the Older Dryas cold interval at 14.1 ka. Meltwater delivery
from the LIS to the Gulf of Mexico during MWP-1a likely
occurred as a dense hyperpycnal flow at 14.2—14.7 ka
(B.P. A.D. 1950) [Aharon, 2006], and although it was
suggested this mode of delivery may explain the absence
of a strong reduction in AMOC [Tarasov and Peltier, 2005],
later modeling studies have demonstrated that only approx-
imately <6 m equivalent sea level rise can be delivered by
this method without triggering a reduction in AMOC that
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results in a detectable North Atlantic temperature decrease
[Roche et al., 2007].

[40] G. inflata records from south of Iceland show
numerous freshwater events in the northern North Atlantic
with relatively constant amplitudes (based on 61805W_ivc),
and no obvious single event corresponds to a dramatic
increase in freshwater input associated with MWP-1a.
Instead, the G. inflata records are primarily recording when
meltwater is discharged out of the eastern outlets. Previously,
a hyperpycnal discharge of meltwater into the GOM between
14.2 ka and 14.7 ka (B.P. A.D. 1950) has been associated
with the LIS contribution to MWP-1a. The largest amplitude
event in the G. inflata records, event V between 14.05 ka and
14.55 ka (B.P. A.D. 1950), occurs at a similar time to the
hyperpycnal flow, consistent with increased melting and an
LIS component to MWP-1a during this time interval. The lag
between peak discharge into the GOM and peak freshening
south of Iceland (Figure 7), is likely caused by the time taken
for the LIS margin to retreat and allow discharge of melt-
water through the eastern outlets (once this position has been
reached, discharge out of the southern route may be expected
to decrease, as is observed). Alternatively, the timing of
MWP-1a according to Stanford et al. £2006] would coincide
with the peak in GOM planktonic §'%O centered at 13.9 ka
(B.P. A.D. 1950) and with the slightly smaller event IV at
13.55-13.85 ka (B.P. A.D. 1950) in RAPiD-15-4P. The
timing of the hyperpycnal flow into the GOM between
14.7 ka and 14.2 ka (B.P. A.D. 1950) [Aharon, 2006]
(6"0 minima at 14.6 ka), followed by peak freshening
south of Iceland at 14.2 ka (B.P. A.D. 1950) leads us to
favor an early timing for the LIS contribution to MWP-1a,
the majority occurring during the hyperpycnal flow between
14.7 ka and 14.2 ka (B.P. A.D. 1950). This increase in LIS
meltwater discharge, contributing toward MWP-1a, was
likely caused by warming associated with the Bolling
interval.

5. Conclusions

[41] Using high-resolution planktonic paired Mg/Ca-§'%0
measurements we have reconstructed the §'*0y,, of Atlantic
waters advected to the northern North Atlantic throughout
the deglaciation, and compared the timing of enhanced
freshwater input with abrupt climate change.

[42] Warm Atlantic waters were episodically advected to
south of Iceland during the deglaciation. (Note that Atlantic
incursions were much less frequent throughout cold inter-
vals when high percent Nps abundances suggest a general
predominance of polar waters.) Following HEI, the high
inferred background salinity of the northward advected
Atlantic water is likely caused by saline subtropical waters
dominating the NAC at the expense of subpolar water. This
was probably caused by weak subpolar gyre circulation,
associated with an absence of deep convection in the
Labrador Sea, and consistent with findings during the early
Holocene. During intervals of advection of warm Atlantic
water, near surface waters are fresher than the subsurface
water, due to a greater influence of fresh subpolar and polar
water.
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[43] Superimposed upon the inferred high background
subsurface salinity, we observe six freshwater events be-
tween 15.8 and 12.6 ka, spaced approximately 500 years
apart. The phasing of these events with climate proxies and
records of freshwater release from the Saint Lawrence river
[Keigwin et al., 2005] provide strong support for the
hypothesis of Clark et al. [2001]. During warming, the
LIS retreats and freshwater is redirected through eastern
outlets into the northern North Atlantic. Peak freshening
coincides with the onset of abrupt cooling (likely caused by
a reduction in AMOC and/or sea ice growth in response to
the freshwater input). Throughout the ensuing cold interval,
LIS melting reduces and the ice margin advances south,
blocking off the eastern outlet and reducing freshwater
discharge to the high latitudes. This eventually allows
AMOOC recovery and climate amelioration, and the feedback
loop resumes. Clark et al. [2001] have proposed that these
fluctuations may occur whenever the LIS margin is located
in an intermediate position (43°N—49°N).

[44] Regarding the initial trigger for the onset of the
Younger Dryas, we observe only a relatively weak fresh-
water event at ~12.9 ka. If this was caused by eastward
rerouting of LIS meltwater, it seems likely that earlier
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preconditioning of the climate system is required to explain
such a strong AMOC response to a weak trigger. Alterna-
tively, an Arctic freshwater trigger has been proposed for
the initial cause of the Younger Dryas, although convincing
data in support of this hypothesis has yet to be found.

[45] Controversy surrounds the source and timing of
MWP-1a. It is likely that any LIS contribution to MWP-
la was predominantly released through the southern outlet,
and therefore our site is poorly located to examine this
event. Our records instead primarily record numerous melt-
water discharges through the eastern outlets, consistent with
enhanced LIS melting during the Bolling-Allered, but show
little or no indication of a single, particularly strong,
meltwater discharge event reaching the northern North
Atlantic.
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