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Episodic iceberg-discharge events from the Hudson Strait Ice
Stream (HSIS) of the Laurentide Ice Sheet, referred to as Heinrich
events, are commonly attributed to internal ice-sheet instabilities,
but their systematic occurrence at the culmination of a large reduc-
tion in the Atlantic meridional overturning circulation (AMOC)
indicates a climate control. We report Mg/Ca data on benthic
foraminifera from an intermediate-depth site in the northwest
Atlantic and results from a climate-model simulation that reveal
basin-wide subsurface warming at the same time as large reduc-
tions in the AMOC, with temperature increasing by approximately
2°C over a 1-2 kyr interval prior to a Heinrich event. In simulations
with an ocean model coupled to a thermodynamically active ice
shelf, the increase in subsurface temperature increases basal melt
rate under an ice shelf fronting the HSIS by a factor of approxi-
mately 6. By analogy with recent observations in Antarctica, the
resulting ice-shelf loss and attendant HSIS acceleration would
produce a Heinrich event.
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einrich events represent the episodic discharge of icebergs
from the Hudson Strait Ice Stream (HSIS) of the Laurentide
Ice Sheet to the North Atlantic Ocean during late-Pleistocene
glaciations (1). Although commonly attributed to internal ice-
sheet instabilities (2), their occurrence at the culmination of a
large reduction in the Atlantic meridional ocean circulation
(AMOC) suggests a possible trigger by climate (3, 4). Models sug-
gest that ocean responses to an AMOC reduction might destabi-
lize the HSIS grounding line and trigger Heinrich events either
through dynamic and steric sea-level rise or warming of inter-
mediate-depth (hereafter subsurface) waters causing destabiliza-
tion of ice shelves and attendant HSIS surging (4-6). Grounding
lines, however, are thought to be stable to the decimeter-scale
sea-level rise associated with a reduced AMOC (7). Moreover,
evidence for subsurface warming remains widely debated (8-10),
and the relationship between ocean temperature and total ice-
shelf mass loss from basal melting is sensitive to the geometry
and ocean setting of the specific ice shelf being considered (11).
Our study is based on core EW9302-2JPC (1,251 m, 48°47.70’
N, 45°05.09'W) which, according to climate-model simulations, is
at a depth and latitude that is ideal for monitoring subsurface
warming associated with a reduction in the AMOC (Fig. 1)
(4, 12). Previous work on this core identified ice-rafted detrital
carbonate layers that represent Heinrich events (Fig. 24), with
associated changes in benthic faunas and the 60O of their
carbonate tests that suggested intrusions of a relatively warm
water mass coincident with the events (8). However, because
the temperature transfer function for the benthic faunas is un-
known, and ice-volume and hydrographic changes can mask
the temperature signal in the §'80 of calcite, the inferred tem-
perature changes remain poorly constrained.
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To further evaluate variability in bottom water temperature
(BWT) at this site, we measured Mg/Ca in benthic foraminiferal
calcite associated with the four Heinrich events (H1, H3, H5a,
and H6) for which sufficient numbers of foraminifera existed
in this core. Considering analytical and calibration uncertainties,
we calculate an error of 1.3 °C for our Mg/Ca-derived BWT re-
constructions. Recent work suggests that the [CO,27] ion may
also affect Mg/Ca in some benthic foraminifera at temperatures
below approximately 3 °C, where the carbonate ion saturation
(A[CO,;*7]) decreases rapidly, and at low saturation levels (13).
We used CO2SYS (14) to calculate modern A[CO;%7] at our site
based on values of temperature, pressure, salinity, total alkalinity,
total CO,, phosphate, and silicate retrieved from the World
Ocean Circulation Experiment (WOCE) database (15). The cor-
responding value (approximately 55 mol/kg) suggests that the
site is very weakly affected by the [CO,;2"] effect today (13). Dur-
ing the last glacial period, the deep Atlantic Ocean was less
saturated in [CO;%7], decreasing by approximately 20 ymol/kg
due to the intrusion of cold, undersaturated Antarctic Bottom
Water (16). At intermediate-water depths (1-2 km) such as for
our site, however, the glacial North Atlantic was approximately
20-30 umol/kg higher in [CO;%7] than present and Holocene
values (16), suggesting that our measured Mg/Ca values were
not influenced by past A[CO,%].

Results

Two independent temperature proxies support our Mg/Ca-
derived BWTs. First, our reconstructed BWT at approximately
19 ka of 04+ 1.3°C agrees at 1o with a Last Glacial Maximum
temperature of —1.2 £+ 0.2°C reconstructed from pore fluids at
site 981 on the Feni Drift (2,184 m; 55°29'N, 14°39'W) (17). Sec-
ond, the amplitude and structure of the BWT change during the
last deglaciation is in excellent agreement with the temperature
change derived from the ice-volume corrected 60 (§'80,y)
measured on benthic fauna from this core assuming a tempera-
ture-dependent fractionation of 0.25%o¢ °C~' for calcite (18)
(SI Text) (Fig. 2B).

The Mg/Ca data from EW9302-2JPC identify several systema-
tic BWT changes that occurred in association with each of the
four Heinrich ice rafted debris layers for which we have sufficient
data (Fig. 2B) (1). Temperatures gradually increased prior to the
start of each Heinrich layer, with the start of the warming begin-
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Fig. 1. (A) Location of core sites with records discussed in text (red dots). Also shown is extent of ice shelf derived from the Hudson Strait Ice Stream as
reconstructed in ref. 31. (B) Zonal mean temperature anomaly in the Atlantic basin for a strongly reduced (approximately 4 Sv) versus active (approximately
13 Sv) AMOC (12). Location of core sites also shown: site a is core M35003-4, site b is core OCE326-GGCS5, site c is core EW9302-2JPC, site d is core ENAM93-21,

and site e is core MD95-2010.

ning approximately 1-2 kyr before each Heinrich event on our
time scale. This early warming is replicated by the §'80yy (tem-
perature) record associated with H1 (2). The warming trend prior
to each Heinrich layer is consistently associated with a tempera-
ture oscillation of 3—4 °C (3). Each temperature oscillation occurs
around a mean value that is close to the present BWT of approxi-
mately 3.4 °C and reaches a maximum BWT of 5-7 °C during the
Heinrich layer.
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Fig.2. (A)8'80 record from Antarctic EPICA (European Project for Ice Coring
in Antarctica) Dronning Maud Land ice core (37) on revised age model (38).
(B) 6'80 record from the North Greenland Ice Core Project ice core (39) on
revised age model (38) (<60 ka) and from Greenland Ice Core Project 2 ice
core (>60 ka) on published age model (40). (C) Mg/Ca-derived bottom water
temperatures for core EW9302-2JPC (1,251 m, 48°47.70'N, 45°05.09'W). Or-
ange diamonds are measurements on C. spp, purple triangles are on C. lobu-
latus, and red circles are on M. barleeanum. In order to filter the higher
frequency signal to better evaluate the longer-term temperature changes,
we linearly interpolated our data to a 10-yr interval and then applied a
500-yr Gaussian filter to derive the time series shown (thick gray line), with
a 1.3°C error based on analytical uncertainty. Also shown is the ice-volume
corrected benthic 680 (§'80,,) record from this core (blue line) during the
last deglaciation (S/ Text). (D) Number of ice-rafted detrital CaCO; grains g~'
of sediment in core EW9302-2JPC, with increases in these grains identifying
Heinrich layers 1 through 6 (S/ Text). Vertical gray bars represent timing of
Heinrich events on the independent ice core (A and B) and EW9302-2JPC core
(C and D) chronologies.
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A number of proxy records show that the AMOC began to de-
crease 1-2 kyr prior to Heinrich events (3, 19-22); this decline has
been attributed to a climatically induced increase in freshwater
fluxes from Northern Hemisphere ice sheets (4, 23). Model simu-
lations indicate that, without an active AMOC and associated
cooling of the ocean interior by convection, continued downward
mixing of heat at low latitudes warms subsurface waters to a depth
of approximately 2,500 m. Some of the heat accumulated in the
subsurface is transported poleward, causing a temperature inver-
sion in the northern North Atlantic (Fig. 1B) (4, 5, 12). We use
results from a simulation with the National Center for Atmo-
spheric Research Community Climate System Model version 3
(NCAR CCSM3) (12) to evaluate the transient response of the
BWTat our core site to a reduction in the AMOC during the last
deglaciation. Initial reduction in the AMOC occurs in response to
increased freshwater fluxes to the North Atlantic associated with
onset of deglaciation from the last glacial maximum at approxi-
mately 19 ka (Fig. 34) (12, 23). Here we find that the simulated
BWTanomaly at our core site caused by the change in the AMOC
is in good agreement with our Mg/Ca-derived record, with tem-
perature increasing by approximately 2 °C prior to H1, followed
by cooling induced by the resumption of the AMOC at the start of
the Bolling interstadial approximately 14.6 ka (Fig. 3C).

Although similar subsurface warming preceding H1 has been
inferred in the subtropical (24) and high-latitude (25, 26) North
Atlantic from changes in benthic foraminifera §'%0, the §'%0
changes in the Nordic Seas have alternatively been interpreted
as recording increased brine formation beneath expanded sea
ice (9, 10) and thus are largely independent of temperature.
Our previously undescribed Mg/Ca measurements on Cibici-
doides spp. (N = 1), Cibicidoides lobulatus (N = 3), and Melonis
barleeanum (N = 16) for a core from the Nordic Seas (MD95-
2010, 1,226-m depth) (Fig. 1B) demonstrate that the 1.5 per
mil 580,y signal at this site can be explained by approximately
6 °C of warming (Fig. 44), thus supporting subsurface warming
rather than brine formation as the cause of the large §'¥Oyy sig-
nal. Changes in temperature simulated by the CCSM3 model
further suggest that the 5'80yy, signal at this and other North
Atlantic sites represents a dominant temperature control reflect-
ing basin-wide subsurface warming (Fig. 4). The model also simu-
lated small changes in salinity at intermediate depths as
freshwater added to the surface was convected downward
through the Labrador Sea in the subpolar gyre, suggesting that
the associated advection of light §'%0O water may account for
some small fraction of the §'®Oyy. signal (Fig. 4) (SI Text).

Our Mg/Ca data also suggest a similar phasing between earlier
changes in the AMOC, subsurface temperatures, and Heinrich
events during marine isotope stage 3 (60-26 ka). In particular,
correlation of marine records with synchronized Greenland
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Fig. 3. (A) Comparison between the 23'Pa/?%Th record from the Bermuda
Rise (core OCE326-GGC5), a proxy of AMOC strength (19), and strength of the
maximum AMOC transport simulated by the NCAR CCSM3 (12) during the last
deglaciation. (B) Evolution of temperature as a function of time and depth
simulated by the NCAR CCSM3 at the location of core EW9302-2JPC. Also
shown is the evolution of computed changes ice-shelf thickness (red line)
in response to the temperature evolution (S/ Text). (C) Mg/Ca-derived bottom
water temperatures for core EW9302-2JPC. Orange diamonds are measure-
ments on C. spp., purple triangles are on C. lobulatus, and red circles are on
M. barleeanum. In order to filter the higher frequency signal to better eval-
uate the longer-term temperature changes, we linearly interpolated our data
to a 10-yr interval and then applied a 500-yr Gaussian filter to derive the time
series shown (thick gray line), with a 1.3 °C error based on analytical uncer-
tainty. Also shown is the ice-volume corrected benthic 5’80 (5'80,,,c) record
from this core (blue line) and the temperature for the core site simulated by
the NCAR CCSM3 (red line). Ice-rafted detrital CaCO; record of Heinrich event
1 from the core shown by light blue fill pattern.

and Antarctica ice-core temperature records shows that Heinrich
events during this interval occurred only when Greenland was at
its coldest and Antarctica was at its warmest (Fig. 2 C and D)
(27, 28), which is the maximum expression of a strong reduction
in the AMOC and its attendant meridional ocean heat transport
(29). These changes in the AMOC are documented by a variety of
proxy records that show a gradual AMOC reduction prior to and
the near-complete replacement of North Atlantic Intermediate
Water with Antarctic Bottom Water in the North Atlantic basin
at the times of Heinrich events (3, 22, 30). The 1- to 2-kyr interval
of gradual subsurface warming suggested by our Mg/Ca data that
peak at the same time as H3, HS5a, and H6 (Fig. 24) is thus con-
sistent with a response to a maximum reduction in the AMOC at
these times as well.

Because of the complex ocean-ice processes that exist beneath
ice shelves (11), the effect of the open-ocean subsurface warming
documented here on the stability of an ice shelf fronting the HSIS
is unclear. We apply a high-resolution ocean model coupled to a
nonevolving but thermodynamically active ice shelf (SI Text) to
explore the sensitivity of basal melt rate to subsurface warming
for a specified ice shelf filling Baffin Bay and the Labrador
Sea (31). Initial model hydrography is derived from the CCSM3
simulation of the last deglaciation (SI Text) (12). We refer to an
active AMOC, with cold subsurface temperatures, as the “cold
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Fig. 4. Comparison of 5'80, records from a subtropical North Atlantic site
and two sites from the Nordic Seas (Fig. 1) with changes in temperature and
salinity simulated by the CCSM3 model at these sites in response to the de-
crease in the AMOC shown in Fig. 3A. The temperature scale for each plot is
equivalent to the associated 5’80, scale assuming a temperature-depen-
dent fractionation of 0.25%0 °C-' for calcite (18). (A) Ice-volume corrected
benthic 5'80 (5'80,,) record from core MD95-2010 (1,226 m depth;
66°41.05" N, 04°33.97" E) during the last deglaciation. Also shown is the
temperature (red line) and salinity (green line) for the core site simulated
by the NCAR CCSM3, and our new Mg/Ca-derived bottom water tempera-
tures, where purple triangles are on C. lobulatus and red circles are on
M. barleeanum. (B) As in A, but for core ENAM93-21 (1,020 m depth;
66°44.3' N, 03°59.92' E) (25). (C) Mg/Ca-derived bottom water temperatures
for core EW9302-2JPC. Orange diamonds are measurements on C. spp.,
purple triangles are on C. lobulatus, and red circles are on M. barleeanum,
with a 3-point weighted average (blue line). Also shown is the temperature
(red line) and salinity (green line) for the core site simulated by the NCAR
CCSM3. (D) As in A, but for core M35003-4 (1,299 m depth; 12°05'N,
61°15'W) (41).

state,” corresponding to model years 19.5-19.0 ka, and an inac-
tive AMOC, with warm subsurface temperatures, as the “warm
state,” corresponding to model years 17.0-16.5 ka.

For the cold state, we find that the shelf-averaged basal melt
rate is 0.17 ma~', with the integrated volume loss from the ice
shelf by basal melt being approximately 10% of the estimated
flux of approximately 660 km?a~! across the HSIS grounding
line (31). For the warm state, the averaged basal melt rate is
1.03 ma~!. We also performed three additional intervening simu-
lations with our regional model, for a total of five spanning the
interval from 19.5 to 16.5 ka, which allows us to derive the rela-
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tion between ocean temperature 7; at the typical depth of the
ice-shelf base (400-800 m), and shelf-averaged melt rate M,, =
0.54 +0.34.T; (m a7!). Based on the simulated temperature
evolution for water depths of 400-800 m, our computed time
history of ice-shelf thinning in response to the warming of
intermediate-depth waters indicates an approximate 1,000-year
time scale for collapse of the ice shelf (red curve in Fig. 3B),
although based on modern analogs, it is likely that the ice shelf
would collapse before it thinned to zero; we thus expect that
our estimate of this time scale is a maximum. Additional factors
(rate of grounding line migration and calving rate) may modulate
this response, but are unlikely to significantly change the time
scale (SI Text). The model also indicates that maximum melt rates
along the deep grounding line of the HSIS increased sixfold, from
approximately 6 ma~' to 35-40 ma~!, comparable to estimates
from empirical models based on modern observations of ground-
ing line melt rates (32). By analogy with recent studies of Antarc-
tic ice shelves and buttressed ice streams (33), more rapid
grounding line thinning would accelerate the HSIS outflow prior
to ice-shelf collapse.

Conclusions

Our data and model results indicate that basin-wide subsurface
warming occurred in the North Atlantic in response to a reduc-
tion in the AMOC prior to Heinrich events and that Heinrich
events did not occur until the AMOC was at its weakest and
subsurface temperatures were near their maximum values. We
also find that the open-ocean subsurface warming significantly
increases the rate of mass loss from the ice shelf fronting the
HSIS. Our results thus support simplified climate modeling re-
sults, suggesting that a weakened or collapsed ice-shelf would
trigger an ice-stream surge, producing a Heinrich event (5, 6),
analogous to the recent response of Antarctic glaciers to the loss
of buttressing ice shelves (34). By confirming the significance that
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subsurface warming played in triggering past ice-sheet instabil-
ities, our results provide important insights into possible future
behavior of similarly configured Antarctic ice-sheet sectors,
should warmer waters penetrate beneath their large, buttressing
ice shelves.

Methods

We used an automated flow-through system (35) that cleans and dissolves
the carbonate shells and thus minimizes the effects of secondary calcite
and clay contamination (S/ Text). We analyzed the benthic species C. lobula-
tus (N = 46), C. spp. (N = 23), and M. barleeanum (N = 44), including 15 re-
plicate analyses, and converted Mg/Ca ratios to BWTs following published
calibration curves (S/ Text). The age model for EW9302-2JPC is based on
six previously published '#C dates (8), well-dated tephra layers at 16- (Vedde
Ash) and 408-cm depth (ASH I1), an age-to-depth tie point at the midpoint of
H6 (36) corresponding to the peak in ice-rafted detrital carbonate at 496-cm
depth in EW9302-2JPC, and the marine isotope stage 5/4 boundary (544 cm)
based on the 5'80 planktonic foraminifera data from the core (8) (S/ Text). We
emphasize, however, that the relative timing of changes of any given proxy
within the core relative to those of another proxy is established directly from
the stratigraphic position of each sample within the core and is thus insensi-
tive to any uncertainties in numerical chronology.
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1. Mg/Ca Measurements. Only three species in our core have
Mg/Ca temperature calibrations (Melonis barleeanum, Cibici-
doides lobatulus, and Cibicidoides spp.), and these species only
occurred in sufficient numbers for measurements to bracket
the four Heinrich events H1, H3, H5a, H6. Moreover, because
the species composition varies downcore, no one species was
always available for each depth. At 15 depths, however, we repli-
cated multispecies Mg/Ca measurements, of which 13 replicate
at 1 o and the other two replicate at 2 o (Table S1). Mg/Ca ratios
(mmol/mol) were converted to bottom water temperatures
(BWTs) using calibrations developed in the North Atlantic
Ocean near Iceland for M. barleeanum (1) [Mg/Ca = 0.658x
exp(0.137 x BWT)] and C. lobatulus (2) (Mg/Ca = 1.10+
0.129 x BWT). Mg/Ca ratios were converted to BWT for
C. spp. [Mg/Ca = 0.90 x exp(0.11 x BWT)] using a global cali-
bration (3). The automated flow-through system has an average
standard deviation of 0.08 mmol/mol for duplicate Mg/Ca sam-
ples (4); combined with the temperature calibration error for the
individual benthic species (1-3), the range of propagated uncer-
tainty is 1.0-1.5°C. Our Mg/Ca BWT error (approximately
1.3°C) is in agreement with previous work where replicate fora-
minifera analysis, species calibration, and the carbonate ion
([CO5*)) effect uncertainties are considered (1, 5, 6).

We measured 111 samples from core EW9302-2JPC and
20 samples from core MD95-2010 (Tables S1 and S2). We also
made Mg/Ca measurements on two core-top samples, one on
C. spp., and one on M. barleeanum. Based on 17 hydrographic
profiles within 50 km of our core, the range of BWT for depths
1,000-1,500 m is 3.29-3.86 (3.43 £ 0.28 at 2 o) °C. Our core-top
measurements are 4.9 & 2.6 and 6.3 & 2.6 °C (2 o), which overlap
at 2 o. Based on the existing age model, however, it is unlikely that
the core top is modern; extrapolating our age model from the two
youngest age constraints [Vedde Ash (=12.2 ka) at 16 cm, cali-
brated C age (=16.9 ka) at 32 cm] would suggest the core-top
sample (1.5 cm) is approximately 7.5 ka.

2. Age Model. The age model for EW9302-2JPC is based on pre-
viously published '*C dates, tephra layers at 16 cm (Vedde Ash)
and 408-cm depth (ASH II), and tie points at 496 cm (peak of H6)
to the age of peak of H6 determined by correlation to Greenland
ice cores (7) and at 544-cm depth to the age of the marine isotope
stage 5/4 boundary (8) (Table S1). The age model for MD95-
2010 is based on previously published '“C dates (9) that were
recalibrated using Calib 6.0 (10) (Table S2).

3. Ice-Rafted Debris. Because the resolution (8 cm) of the original
published detrital carbonate (DC) record from core EW9302-
2JPC (8) is at a lower resolution than our temperature data,
we generated new DC data for the Heinrich layers where we have
temperature data from Mg/Ca. We duplicated the original count-
ing protocols and then counted DC from several of the original
intervals to demonstrate replication (Fig. S1).

4, Oxygen Isotopes. We made six new 60 measurements on
C. lobatulus, Cibicidoides wuellerstorfi (each with 0.64 per mil cor-
rection for fractionation) and M. barleeanum (0.4 per mil correc-
tion) from core EW9302-2JPC at the Oregon State University
(OSU) Stable Isotope Laboratory for the deglacial interval
(20-13 ka) to supplement those already published (8). Prior to
stable isotope measurements, benthic species were carefully se-
lected so as to not incorporate “dirty” samples into the analysis.

Marcott et al. www.pnas.org/cgi/doi/10.1073/pnas.1104772108

Otherwise, all samples followed previous procedures (11). Sedi-
ment samples were cleaned and sieved with deionized water and
calgon and dried at 40 °C. One to six specimens of C. lobatulus,
C. wuellerstorfi, or M. barleeanus were used for each stable isotope
measurement. All benthic foraminifera samples were sonicated in
deionized water and methanol. Samples were then dried at room
temperature (approximately 25 °C) for 24 h and then analyzed at
OSU on a Finnigan-MAT 252 stable isotope ratio mass spectro-
meter equipped with a Kiel-III carbonate device. Samples were
reacted at 70 °C in phosphoric acid, and all data are reported
relative to the Pee Dee Belemnite standard through our internal
standard, which is regularly calibrated against NBS-19.

We calculated the ice-volume corrected benthic &80
(6"80py) record for cores EW9302-2JPC and MD95-2010 during
the last deglaciation where sufficient independent sea-level con-
straints exist. To calculate 68Oy, we used a eustatic sea-level
record (12) to subtract changes in seawater §'80 from the
published §'80 record, assuming a relation of 1%o change in
seawater §'80 is equivalent to 130-m sea level (13).

We calculated the change in intermediate water depth §'%0
due to the salinity decrease by assuming a meltwater end-member
salinity of 0 psu and 680 of —25%o to —35%o (14, 15). We used
the freshwater flux from Liu et al. (16) and solved for the ocean
flux to match the change in salinity following Carlson (17). Sub-
stitution of the §'80 end-member values (—25%o to —35%o for
meltwater, +1%o for ocean water) determines the change in
5'80. The modeled approximately 0.5-psu decrease in the
Norwegian Sea equates to an approximate 0.4-0.5%o decrease
(—25%0 and —35%o, respectively). The modeled approximately
0.3-psu decrease in the southeast Labrador Sea and in the
Caribbean equates to an approximate 0.2-0.3%o decrease
(—25%0 and —35%o, respectively).

5. Possible Contamination of Samples by Dolomite. Because Heinrich
layers contain dolomite, negative §'30 excursions in foraminifera
associated with Heinrich layers may be due to contamination by
fine dolomitic particles (18); similar contamination issues may
apply to our Mg/Ca data. Because the flow-through method that
we used for Mg/Ca measurements sequentially dissolves foram
calcite from the surface inward, it allows us to evaluate any
possible sources of contamination, which is its acknowledged
strength in making Mg/Ca measurements. In particular, these
data (Fig. S2) unequivocally demonstrate that there is no contam-
ination of our forams by detrital dolomite, and thus this is not an
issue for our 6O or Mg/Ca data. For example, Hodell and
Curtiss (18) found increases in Ca/Sr associated with detrital
carbonate in the Heinrich layers, suggesting that if our samples
were contaminated by detrital carbonate, we should see increases
in Ca/Sr of our forams. The absence of this signal thus demon-
strates that there is no such contamination, indicating that it is not
an issue for our §'80 data. Similarly, the absence of a Mg signal in
the outer part of our forams unequivocally demonstrates that
there is no contamination of any surface coatings by dolomite,
although we emphasize that the significance of the flow-through
method is to remove any such coating on the shell before collect-
ing data from the inner part of the foram shell, which we used in
our study. Finally, we saw no evidence of dissolution of forams or
lithic carbonate grains, indicating that there are no dissolution
effects.

6. Ocean Model with Ice-Shelf Thermodynamic Coupling. The ocean
model is based on the Regional Ocean Modeling System
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(ROMS) version 3.0 (19, 20). ROMS is a free-surface, hydrostatic
ocean model that solves the 3D primitive equations for a finite-
difference lateral grid and a terrain-following vertical coordinate.
For a recent application of ROMS with coupling to a thermody-
namically active ice shelf, see Dinniman et al. (21).

The model was formulated on the domain shown in Fig. S3.
The horizontal grid spacing is Ax= 10 km, and there are 25
vertical levels. Minimum thickness of the water column (ice base
to seabed) is set to 200 m. Model bathymetry was based on
TOPO12.1 (http://topex.ucsd.edu/marine_topo/mar_topo.html),
an updated version of the global gridded bathymetry dataset first
reported by Smith and Sandwell (22). The TOPOI12.1 grid
includes the International Bathymetric Chart of the Arctic
Ocean (23).

The ice-shelf geometry follows Hulbe (24): The ice shelf fills
Baffin Bay and grounds across Davis Strait, cutting off the north-
ern portion of Baffin Bay, which is then excluded from our model.
Ice draft (required for the model) is obtained from 0.85 times
the modeled steady-state ice thickness in Hulbe (24).

The bathymetry grid was first smoothed to 10 km to match the
final model grid spacing, then smoothed further to reduce errors
that arise in the baroclinic pressure gradient calculation in models
that use terrain-following vertical coordinate systems (25). See
Padman et al. (26) for details on numerical requirements for
smoothing and smoothing methodology. The ice-shelf draft fields
digitized from Hulbe (24) were already sufficiently smooth.

Model hydrography is derived from a simulation with the
National Center for Atmospheric Research Community Climate
System Model version 3 (NCAR CCSM3) (16). As initial condi-
tions we use profiles, averaged over 500 y, taken from near the
center of the ice-shelf front (Fig. S4), and assume horizontal
homogeneity. We ran five states: a “cold” state (model years
19.5-19.0 ka), three intermediate states (18.5-18.0 ka, 18.0-
17.5 ka, and 17.5-17.0 ka) and a “warm” state (17.0-16.5 ka).
The approximate values of subsurface temperature from CCSM3
for these five periods each averaged over the 400- to 800-m depth
range corresponding to ice-shelf draft, are 7; = —1.1°C, —1.1°C,
—0.8°C, +0.6°C, and +1.7 °C, respectively.

The model was forced by barotropic tides (tide height and cur-
rents) at the open boundaries. Tides were recalculated for a lar-
ger-domain model of the North Atlantic Ocean, using open
boundary conditions from the modern global barotropic tide
model TPXO7.2 (27). Geometry in the Labrador Sea and Baffin
Bay was modified to reflect the presence of the specified ice shelf.
We assume that the effect of tides of the change in geometry due
to the ice shelf does not extend to the boundaries of the larger-
domain model. The addition of tides to the circulation that would
develop independently through buoyancy fluxes at the ice-shelf
base speeds up model equilibration but, for this case, has little
effect on the steady-state basal melt rate distribution.

We use the three-equation formulation of ice/ocean thermody-
namic exchange described by Holland and Jenkins (28) as applied
in ROMS by Dinniman et al. (21). In our application, the friction
velocity is calculated at each time step, and so explicitly includes
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the effects of time-varying tidal currents as well as the thermoha-
line circulation, or “plume flow,” associated with basal melt.

Vertical mixing elsewhere in the model was parameterized by
the Mellor—Yamada level 2.5 turbulence closure scheme (29).
Benthic stress was modeled as quadratic drag with ¢; = 0.003.
We used a Laplacian (“harmonic”) formulation for the horizontal
mixing of momentum and tracers, with coefficients of the lateral
viscosity Ay and diffusivity K;; both set to 5 m?s™!.

Maps of predicted basal melt rate M, (Fig. S4) for the cold
(19.5-19 ka) and warm (17-16.5 ka) states show similar structure,
with highest rates along southwest Greenland where the inflow-
ing water first meets deeply grounded ice and at the deep ground-
ing line of the Hudson Strait Ice Stream (HSIS). However, the
magnitude of M}, for the warm state is about six times higher than
for the cold state so that the difference map AM;, = M, (warm) —
My, (cold) (Figure S5, Right) looks similar to M (warm).

Modern ice shelves tend to lose approximately 1/2 of their
mass through basal melting and 1/2 through calving. The Hulbe
model (24) assumed that, at steady state, ice-volume input across
the HSIS grounding line (approximately 660 km*a~') was
balanced entirely by calving at a specified ice front (Fig. S3).
The shelf-integrated mass loss due to modeled mean basal melt
(approximately 0.17 ma~') in the cold state corresponds to
approximately 70 km?a~!, or approximately 10% of the total
mass loss.

The linear relationship between ice-front CCSM3 temperature
T; and shelf-averaged basal melt rate M,, from our five simula-
tions is

My, = 0.54 + 0.34.T;(ma™").

From this equation and the time series of 7; at the original
temporal resolution of the model output (10 y), we estimate a
time history of shelf-integrated mass loss corresponding to the
excess melt rate relative to the cold-state value (assumed to
represent a steady-state ice shelf). Mass loss begins near
18 ka. Integration of this mass loss in time leads to total removal
of the ice shelf near 16.7 ka.

This estimate of collapse time requires several assumptions: (i)
calving rate remains constant throughout the transition to the
warm state, (i) the HSIS ice-volume flux remains constant even
as the ice shelf thins, (iii) area-averaged basal melt rate follows
the above linear relationship to 7; even as the ice-shelf draft
decreases by excess melt, (iv) the opening of northern Baffin
Bay (north of Davis Strait) as the ice shelf thins has no impact
on subsequent circulation or melt rate of the modeled portion
of the ice shelf, and (v) net surface accumulation of mass (snow-
fall) directly on the ice shelf is an insignificant term in the
ice-shelf mass budget under all experienced climate states, or
can be incorporated as a revision to the calving flux of approxi-
mately 590 kma~'. Violation of any of these assumptions will
change the integrated mass loss and collapse time in ways that
cannot be quantified without fully coupled ocean, glaciological,
and atmospheric models.
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Detrital carbonate counts from EW9302-2JPC. The original record (1) (red line) is compared to our higher resolution record (green line, with original
data shown by green dots and our new data shown by black dots), showing replication of original samples as well as new DC counts.

H1 H3 H5a H6
A 2
18 1.8
B 16 16 1.6
S £
QS 14 14
29 12 1.2 1.2
=E
E 1 1 B
08 -1.2 0.8 1.2 | 08 1.2
-~
i 3
-1 1 1 20
o=
-0.8 0.8 083 ¢
- S
C =
-0.6 06 0.6
b s 20 20
< 216 16 16
=
zo 12 12 12
—_Z 8 8
SF 4 4 4
o
€8 e A A D
[~ 0 0 0
300 300 30 O
22
8o
200 200 200 W 6
]
o0
= g
100 100 100 ‘9‘ E'-
s =
e Lo 0 o 3
20 40 80 200 220 240 260 280 300 400 440 480 520
Depth (cm) Depth (cm) Depth (cm)

(A) Mg/Ca data, (B) Ca/Sr data from the entire foram, (C) Mg from the initial outer dissolved part of the foram, and (D) carbonate ice rafted debris.



http://www.pnas.org/cgi/doi/10.1073/pnas.1104772108

SIS

-500

-1,500

—2,000

-2,500
-3,000
5 EW9302-2JPC
Flemish
-3,500
—4,000

40°W

Fig. 3. Modern bathymetry in m (color scale on right) from TOPO12.1. White annotated contours show ice-shelf draft (m). Bold white contour outlines edge
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(A) Solid lines show profiles of temperature from NCAR CCSM3 for a model node near the center of the paleo ice front at 56°N, 47.5°W. Temperatures
have been averaged over the 500-year time intervals (years BP) listed in the legend. Dashed lines show in situ freezing temperature for a salinity of 35.5. (B) As
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Fig. S5. (A) Modeled basal melt rate M, (m a~") for cold state 19.5-19 ka. (B) Same as A, for warm state 17-16.5 ka. (C) Difference between warm-state and
cold-state basal melt rates, AM,. Note smaller color range for map of cold state M.
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Table S1. Mg/Ca data for core EW9302-2JPC

Depth, cm

Midpoint Age, y Mg/Ca BWT, °C Species
1.5 0 1.798 6.2912 C. spp.
1.5 0 1.283 4.8741 M. barl.
12.5 11,208 1.321 3.4886 C. spp.
18.5 12,954 1.556 49771 C. spp.
20.5 13,536 1.491 3.0058 C. lobt.
20.5 13,536 0.924 2.4782 M. barl.
225 14,118 1.403 4.0361 C. spp.
22.5 14,118 1.306 5.0038 M. barl.
245 14,700 1.599 5.2249 C. spp.
26.5 15,282 1.776 6.1793 C. spp.
28.5 15,864 1.476 4.4972 C. spp.
30.5 16,446 1.573 5.0759 C. spp.
325 16,935 1.446 4.3106 C. spp.
34.5 17,148 1.467 4.4416 C. spp.
38.5 17,573 1.299 3.336 C. spp.
40.5 17,786 1.427 4.1903 C. spp.
425 17,999 0.985 0.8204 C. spp.
44.5 18,212 1.238 1.0453 C. lobt.
46.5 18,424 1.447 4.3168 C. spp.
50.5 18,850 1.303 3.3639 C. spp.
56.5 19,488 0.943 0.4243 C. spp.
58.5 19,701 1.611 3.9612 C. lobt.
61.5 20,020 1.073 —-0.2093 C. lobt.
64.5 20,309 1.683 45194 C. lobt.
68.5 20,494 0.772 1.1663 M. barl.
715 20,632 1.385 2.2093 C. lobt.
78.5 20,955 1.518 3.2403 C. lobt.
78.5 20,955 1.123 3.9019 M. barl.
203.5 29,245 1.149 0.3798 C. lobt.
203.5 29,245 1.135 3.9794 M. barl.
205.5 29,351 1.241 46312 M. barl.
209.5 29,563 1.109 3.8103 M. barl.
213.5 29,775 1.056 3.4528 M. barl.
221.5 30,199 1.086 3.6573 M. barl.
2335 30,835 1.842 6.511 C. spp.
235.5 30,941 1.69 5.7281 C. spp.
245.5 31,789 1.076 3.5898 M. barl.
249.5 32,232 1.613 5.3041 C. spp.
249.5 32,232 1.179 4.2571 M. barl.
255.5 32,897 1.055 3.4459 M. barl.
256 32,952 1.93 7.8545 M. barl.
257.5 33,118 1.013 3.1494 M. barl.
259.5 33,340 1.203 4.4042 M. barl.
261.5 33,561 1.175 4.2323 M. barl.
263.5 33,783 1.065 3.5148 M. barl.
265.5 34,004 1.05 3.4112 M. barl.
271.5 34,669 1.061 3.4873 M. barl.
277.5 35,333 0.963 2.7799 M. barl.
279.5 35,555 1.009 3.1205 M. barl.
280 35,610 1.17 4.2011 M. barl.
285.5 36,219 0.894 2.2372 M. barl.
325.5 40,649 1.89 6.0976 C. lobt.
327.5 40,871 1.194 0.7044 C. lobt.
328 40,926 1.36 1.9907 C. lobt.
335.5 41,757 1.258 1.2003 C. lobt.
351.5 44,694 1.462 2.7811 C. lobt.
357.5 45,810 1.951 7.0337 C. spp.
359.5 46,182 1.503 3.0988 C. lobt.
363.5 46,925 1.339 1.828 C. lobt.
377.5 49,529 1.555 3.5017 C. lobt.
381.5 50,272 1.387 2.1999 C. lobt.
383.5 50,644 1.602 3.8659 C. lobt.
391.5 52,132 1.598 3.8349 C. lobt.
392 52,225 1.66 43154 C. lobt.
393.5 52,504 1.557 4.9829 C. spp.
395.5 52,876 1.375 3.8529 C. spp.
399.5 53,619 1.521 3.2383 C. lobt.
402.5 54,177 1.356 3.7264 C. spp.
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Depth, cm

Midpoint Age, y Mg/Ca BWT, °C Species
405.5 54,735 2.307 9.3289 C. lobt.
405.5 54,735 1.791 5.3566 C. lobt.
405.5 54,735 1.082 3.6304 M. barl.
409.5 55,273 1.467 2.8198 C. lobt.
415.5 55,566 1.645 4.1991 C. lobt.
415.5 55,566 1.0175 3.1817 M. barl.
419.5 55,762 1.7 4.6253 C. lobt.
4235 55,957 1.458 2.7501 C. lobt.
424 55,982 1.45 2.6881 C. lobt.
429.5 56,251 0.816 1.5709 M. barl.
435.5 56,544 0.895 2.2454 M. barl.
441.5 56,837 1.218 0.8904 C. lobt.
441.5 56,837 1.076 3.5898 M. barl.
445.5 57,032 1.446 2.6571 C. lobt
451.5 57,326 1.335 1.797 C. lobt.
451.5 57,326 0.875 2.0804 M. barl.
459.5 57,716 0.951 2.6884 M. barl.
463.5 57,912 0.883 2.1469 M. barl.
467.5 58,107 1.079 3.6101 M. barl.
493.5 59,378 1.766 5.1368 C. lobt.
497.5 59,953 1.777 5.222 C. lobt.
501.5 61,161 2.223 8.678 C. lobt.
503.5 61,766 1.902 6.1906 C. lobt.
507.5 62,974 2.016 7.074 C. lobt.
511.5 64,182 1.685 4.5091 C. lobt.
513.5 64,786 1.838 5.6947 C. lobt.
515.5 65,391 1.88 6.0201 C. lobt.
517.5 65,995 1.94 6.4851 C. lobt.
523.5 67,807 1.65 4.2379 C. lobt.
525.5 68,411 1.354 5.2673 M. barl.
531.5 70,224 1.012 3.1422 M. barl.
533.5 70,828 1.915 6.3178 C. lobt.
533.5 70,828 1.976 8.0265 M. barl.
535.5 71,432 1.336 5.1696 M. barl.
537.5 72,036 1.145 4.0435 M. barl.
539.5 72,641 1.514 6.0825 M. barl.
541.5 73,245 1.107 3.7971 M. barl.
543.5 73,849 1.609 3.9457 C. lobt
543.5 73,849 1.295 4.9421 M. barl
545.5 74,453 1.551 3.4961 C. lobt
545.5 74,453 1.159 4.1322 M. barl.
547.5 75,057 1.289 1.4651 C. lobt
547.5 75,057 1.1 3.8169 M. barl.
549.5 75,662 2.085 7.6357 C. lobt.
549.5 75,662 1.603 6.4995 M. barl

Subsampling for Mg/Ca measurements was done in centimeter

intervals.
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Table S2. Data for core MD95-2010

Depth, cm
Midpoint Age, y Mg/Ca Species BWT, °C Notes
54.5 12,549 — — — calibrated 'C age
123.5 14,236 1.22 M. barl. 4.505
129.5 14,382 1.549 M. barl. 6.249
133.5 14,479 1.128 M. barl. 3.934
134.5 14,504 1.149 M. barl. 4.069
134.5 14,504 1.62 C. lobt. 4.031
136.5 14,540 — — — calibrated '*C age
146.5 15,242 1.96 C. spp. 7.075
156.5 15,911 2.758 C. lobt. 12.853
159 16,079 2.828 M. barl. 10.643  sample interval: 158-160 cm
161.5 16,246 2.95 C. lobt. 14.341
173.5 17,015 — — — calibrated 'C age
192.5 17,841 2.457 M. barl. 9.617
197.5 18,032 — — — calibrated '*C age
199.5 18,063 1.726 M. barl. 7.039
202.5 18,100 1.684 M. barl. 6.859
204.5 18,125 1.54 M. barl. 6.207
206.5 18,150 1.557 M. barl. 6.287
209 18,181 1.535 M. barl. 6.183  sample interval: 208-210 cm
213 18,231 1.787 M. barl. 7.293 sample interval: 212-214 cm
226.5 18,399 3.673 C. lobt. suspect value; not included
227 18,405 1.922 M. barl. 7.824  sample interval: 226-228 cm
233 18,479 1.419 M. barl. 5.61 sample interval: 232-234 cm
246 18,641 1.814 M. barl. 7.402 sample interval: 245-247 cm
251 18,703 1.725 M. barl. 7.035 sample interval: 250-252 cm
300.5 19,312 — — — calibrated '*C age
Subsampling for Mg/Ca measurements was done in centimeter intervals except where
indicated.
Table S3. Age-depth data for EW9302-2JPC
Depth,cm  'CAge,y Error, 16  Calibrated '*C Age,y  Error Notes
16 10,300 100 12,226 257 Vedde Ash
32 13,770 130 16,882 125
64 17,090 120 20,286 161
161 20,780 150 24,760 205
200 24,280 240 29,059 306
240 26,710 240 31,180 123
336 36,950 700 41,812 505
408 — — 55,200 — Ash Il
496 — — 59,500 — H6 Tie Point
544 — — 74,000 — Stage 5/4
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