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Abstract:

Millennial-scale climate fluctuations of the last deglaciation have been tied to abrupt
changes in the Atlantic Meridional Overturning Circulation (MOC). A key to
understanding mechanisms of MOC collapse and recovery is the documentation of upper
ocean hydrographic changes in the vicinity of North Atlantic deep convection sites. Here
we present new high-resolution ocean temperature and &0, records spanning the last
deglaciation from an eastern subpolar North Atlantic site that lies along the flow path of
the North Atlantic Current, approaching deep convection sites in the Labrador and
Greenland-Iceland-Norwegian (GIN) Seas. High-resolution temperature and 82Oy
records from subpolar Site 980 help track the movement of the subpolar/subtropical front
associated with temperature and Atlantic MOC changes throughout the last deglaciation.
Distinct 80, minima during Heinrich-1 (H1) and the Younger Dryas (YD) correspond
with peaks in ice-rafted debris and periods of reduced Atlantic MOC, indicating the
presence of melt water in this region that could have contributed to MOC reductions
during these intervals. Increased tropical and subtropical 8**0s, during these periods of
apparent freshening in the subpolar North Atlantic suggest a buildup of salt at low
latitudes that served as a negative feedback on reduced Atlantic MOC.
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1. Introduction

The Atlantic meridional overturning circulation (MOC) is strongly dependent on the
densification of surface waters that occurs as warm, salty subtropical waters feeding the
North Atlantic Current give up heat as they flow eastward across the Atlantic Basin north
of 45°N (Fig. 1). The surface ocean circulation pattern in the subpolar North Atlantic
distributes these dense waters to the Labrador and Greenland-Iceland-Norwegian (GIN)
Seas where North Atlantic Deep Water (NADW), a critical component of the MOC, is
formed. Changes in the North Atlantic freshwater budget due to melting continental ice
sheets and icebergs may have disrupted the MOC (Stocker et al., 1992; Manabe and
Stouffer, 1997). Widespread paleoclimatic evidence suggests that the last deglaciation
was marked by large, abrupt changes in temperature and Atlantic MOC (Boyle and
Keigwin, 1987; Vidal et al., 1997; McManus et al., 2004; Robinson et al., 2005).
Mechanisms underlying Atlantic MOC recovery throughout climate history remain
unclear, particularly the rapid recovery at the onset of the Bglling. Recent
paleoceanographic studies (Schmidt et al., 2004; Carlson et al., 2008; Schmidt et al.,
2006) describe a self-sustaining negative feedback mechanism by which the slowdown of
MOC causes a gradual buildup of salt in the tropical/subtropical Atlantic that gradually
preconditions the North Atlantic for an increase in surface water density and subsequent
MOC recovery. This occurs via advection of salt into the GIN and Labrador Seas until
threshold density is reached, hence the abrupt return to “on” mode. Model simulations
have also shown evidence of another mechanism for low latitude salt buildup involving a

feedback between Atlantic MOC and Intertropical Convergence Zone (ITCZ) dynamics



(Vellinga and Wood, 2002; Dahl et al., 2005; Zhang and Delworth, 2005). Recent studies
(Thornalley et al., 2009; Thornalley et al., 2010) support an alternative negative feedback
based on the hypothesis of Clark et al. (2001), whereby during periods of enhanced melt
water release into the subpolar North Atlantic (and associated reductions in Atlantic
MOC and cooling), the expansion of the Laurentide Ice Sheet cuts off melt water
discharge routes, causing the inflow to deep convection sites via the subpolar gyre to
become more saline and eventually restore deep convection.

Previous North Atlantic reconstructions based on pairing §'%0. (oxygen isotope
composition of foraminiferal calcite relative to the standard Vienna Pee Dee Belemnite,
or VPDB) and transfer function temperatures have shown evidence of reduced upper
ocean salinity during glacial (Cortijo et al., 1997) and deglacial (Duplessy et al., 1992)
ice rafting events. More recent multi-species 50, and Mg/Ca temperature
reconstructions spanning the last deglaciation from the northeastern Atlantic (Peck et al.,
2008) and just south of Iceland (Thornalley et al., 2010) also show evidence of melt
water influence on surface hydrography that likely contributed to deglacial Atlantic MOC
disruptions (McManus et al., 2004).

Here, we present new high-resolution planktonic foraminiferal temperature and
804w (oxygen isotope composition of seawater relative to Standard Mean Ocean Water,
or SMOW) reconstructions with accompanying ice-rafted debris (IRD) (McManus et al.,
1999) spanning the last deglaciation. These records document millennial-scale variability

of upper ocean temperature, salinity, and iceberg activity in the northeastern Atlantic,



providing further insight into links between North Atlantic upper ocean salinity, iceberg

melt water, and abrupt MOC changes of the last deglaciation.

2. Regional Setting

Sediments for this study were recovered from Ocean Drilling Program (ODP) Site
980 (55°29°N, 14°42’W, 2179 m) located on the Feni Drift in the eastern subpolar North
Atlantic (Fig. 1). Warm, salty subtropical waters feed the North Atlantic Current, which
moves eastward across the Atlantic Basin north of 45°N, giving up its heat along the way
and delivering dense (cold, salty) water to deep convection sites of the polar North
Atlantic. Surface waters at Site 980 lie directly in the path of the North Atlantic Current
at the boundary between warm, salty subtropical and cold subpolar waters, just to the
north of a major North American iceberg trajectory driven by a cyclonic surface gyre,
and are thus highly sensitive to regional climate changes (McManus et al., 1999).
Sediments from Site 980 contain ice-rafted detritus (IRD) from eastern North America,
Greenland, and Iceland (Bond et al., 1997). Although the majority of 980 IRD is thought
to originate from the Laurentide, Greenland, and Iceland ice sheets, this site’s proximity
to the British ice sheet might also make it sensitive to NW European ice sheet instabilities

during the last deglaciation (Peck et al., 2006).

3. Materials and Methods
Sedimentation rates spanning the interval of interest (~10-22 ka) average 23 cm ky ',

and sampling at 1-4 cm intervals provides centennial- to millennial-scale resolution. The



chronology is based on 35 calibrated '*C ages (Table 1). Paired geochemical
measurements of two planktonic foraminifer species, Neogloboquadrina pachyderma
(dextral (d), or right-coiling) and Neogloboquadrina pachyderma (sinistral (s), or left-
coiling), constrain changes in upper ocean temperature and salinity and their relationship
to global climate and deep ocean circulation. The oxygen isotope composition of
foraminiferal calcite (SISOC) reflects both ambient calcification temperature and seawater
isotopic composition (8" 0g). Independent estimates of calcification temperature from
Mg/Ca measurements differentiate temperature and 8'*Oy, influences on 8'*O..
Although both the left- and right-coiling varieties are observed in subpolar North
Atlantic waters, N. pachyderma (s) geochemistry typically reflects colder temperatures
than N. pachyderma (d). In ice-free areas, N. pachyderma is typically found at depths of
100 m or below (Bé, 1977), whereas under conditions of cooling and increased ice cover,
its habitat may shift to shallower depths (Carstens et al., 1997). A recent data set from
the Norwegian Sea (Nyland et al., 2006) suggests that during summer months, N.
pachyderma (d) calcifies in the thermocline at ~50 m, whereas N. pachyderma (s)
calcifies at depths of 100 m and deeper. At Site 980, temperatures at 100 m and deeper
are not highly variable throughout the year, whereas mixed layer warming and
stratification during summer months produces seasonal variations in the upper ~50-75 m

(Boyer et al., 2009).



3.1 Stable Isotopes

Isotope measurements were made at 1-3 cm intervals in ODP 980. Specimens of N.
pachyderma (d) and N. pachyderma (s) were picked from the 150-250 um size fraction. 7
(s) to 10 (d) specimens were loaded for each stable isotope measurement. In preparation
for stable isotope analysis, samples were cracked and sonicated in methanol and dried at
70°C. Samples were analyzed at Woods Hole Oceanographic Institution on a Finnigan-
MAT 253 stable isotope ratio mass spectrometer coupled to a Kiel III carbonate device.
Samples were reacted at 70°C in phosphoric acid. Standard deviation of National Bureau

of Standards (NBS) carbonate standard NBS-19 is 0.07 permil and 0.03 permil for §'*0

and 8"°C, respectively. Data were calibrated to Pee Dee Belemnite (PDB) using the NBS-

19 standard.

3.2 Mg/Ca

Mg/Ca ratios were measured on N. pachyderma (d) and N. pachyderma (s) (average
starting sample sizes of ~500-600 g when available). Samples were delicately cracked
open between two glass slides and cleaned using published trace metal techniques (Boyle
and Keigwin, 1985/1986) with a reversal of the oxidative and reductive cleaning steps
(Rosenthal et al., 1995). Samples were dissolved in 5% HNOj; (trace metal-grade), and
Mg/Ca ratios were measured on a Thermo-Finnigan Element 2 sector field single
collector ICP-MS (Rosenthal et al., 1999). Mn/Ca and Al/Ca measurements served as
monitors of contamination from diagenetic and detrital sources, respectively. An external

50-ppm Ca standard was used to convert ICP-MS intensity ratios to elemental ratios. We



corrected for matrix effects by running a series of samples with the same Mg/Ca but
varying [Ca]. Analytical precision was calculated from three consistency standards
(measured as samples twice during the course of each run) of varying Mg/Ca (1.7-5.0
mmol mol™"). Calcification temperature was calculated from Mg/Ca using species-
specific calibration equations for N. pachyderma (d) (Eq. 1, von Langen et al., 2005) and
N. pachyderma (s) (Eq. 2, Elderfield and Ganssen, 2000). BISOSW was calculated from a
N. pachyderma paleotemperature equation (Eq. 3, von Langen et al., 2000; Bemis et al.,
2002).

Equation 1. Mg/Ca = 0.51 * exp ™'V TP (N7 pachyderma (dextral))

Equation 2. Mg/Ca = 0.52 * exp®!"TemPer) (N7 pachyderma (sinistral))

Equation 3. T (°C) = 17.3 — 6.07 * ("0, — 8'*0y,) (N. pachyderma)

3.3 MAT

For each faunal sample, we generated quantitative warm and cold season surface
temperature (SST) estimates from planktonic foraminiferal assemblage changes using the
Modern Analog Technique (MAT) (Prell, 1985) and the Brown University core-top
database (Prell et al., 1999). Sediment samples were dry-sieved at 150 um and then split
to give approximately 300 planktonic foraminifera for census counts. Forty-one species
of planktonic foraminifera were identified, if present. The actual number of planktonic
foraminifera counted in a sample ranged from 235 to 695 specimens with an average of
394 specimens during the deglacial interval. For the MAT SST estimates, we used the

average temperature of the best ten analogs from the North Atlantic Ocean.



3.4 Sea Level Correction

Coral-based records of changing global sea level provide reasonable corrections for
the component of 8" 0y change caused by global ice volume variations. We applied an
ice volume correction to our §'%0s, records using the coral-based sea level reconstruction
of Clark and Mix (2002), assuming a 8'®0s,-sealevel scaling of 0.0075 %. m™ decrease in

relative sea level (RSL) (Schrag et al., 2002).

3.5 Chronology

The chronology for ODP Site 980 is based on 35 monospecific foraminifera
accelerator mass spectrometry (AMS) **C dates (G. bulloides, N. pachyderma (d), N.
pachyderma (s)) spanning from the LGM to the late Holocene (Table 1). The Calib
(Stuiver and Reimer, 1993) program (version 6.0, Marine09 calibration data set of
Reimer et al., 2009) was used to convert '*C ages to calendar ages. The resulting age
model suggests an average sedimentation rate of ~23 cm ky™' throughout the deglacial
interval. Calendar age differences between N. pachyderma (s) and N. pachyderma (d) at
the same depths (Table 1) are mostly on the order of 100-200 years, except for a ~900-
year difference just prior to the onset of the BA, which may reflect age differences in
polar vs. subpolar water masses. These age discrepancies are taken into account by
applying slightly different age models for N. pachyderma (s) vs. N. pachyderma (d)

records (based on dual ages obtained at the four depth intervals listed in Table 1).



We assumed a reservoir age of 400 years, except for the YD, H1, and post-H1
intervals, which were identified by the 980 IRD record. We applied reservoir ages of 800
years (Bard et al., 1994; Austin et al., 1995) for the YD interval and 1,500-2,000 years
(Peck et al., 2006) across the H1/post-H1 interval. Peck et al. (2006) report reservoir ages
of ~1,500 years at the height of H1 and 2,000 years immediately following H1 during the
period of reduced Atlantic MOC (McManus et al., 2004). We identified this period of
reduced MOC at Site 980 using the benthic s3C record, which is low in resolution but
provides a reasonable constraint on the recovery of the Atlantic MOC prior to the onset
of the Bglling warm period. Peck et al. (2006) provide one of the few estimates of
H1/post-HI reservoir ages for the North Atlantic, and their site is close to Site 980, so we

are confident that these represent reasonable reservoir ages for these intervals.

3.6 Error Analysis

Analytical precision of 820, based on replicate analyses of NBS-19 is +0.07 %o.
Analytical precision for Mg/Ca based on replicate analyses of three consistency standards
of varying Mg/Ca (1.7-5.0 mmol mol™) is 0.04 mmol/mol. This translates to an average
temperature error of 0.4°C over the observed temperature ranges shown by N.
pachyderma (d and s) in this study. The error introduced by the Mg/Ca-temperature
calibration equations is 0.6°C for N. pachyderma (s) (Elderfield and Ganssen, 2000) and
1.0°C for N. pachyderma (d) (von Langen et al., 2005). The combined analytical and

calibration error for Mg/Ca is 0.7°C for N. pachyderma (s) and 1.1°C for N. pachyderma



(d), so we apply an average total Mg/Ca error of 0.9°C here. Based on these errors for
Mg/Ca temperature and &0, and assuming a 1o normal distribution in Mg/Ca and
880, the compounded 50y, error is +0.22 %o. It is important to note that the
calibration range for the paleotemperature equation (Eq. 3, von Langen et al., 2000;
Bemis et al., 2002) is based on a calibration temperature range of 9-19°C. The full range
of estimated deglacial temperatures at Site 980 from both N. pachyderma (d) and N.
pachyderma (s) is significantly larger than that, which may represent an additional source

of error.

4. Results
4.1 8"°O.acite Results

The N. pachyderma (d) and N. pachyderma (s) 8'*O. records show similar patterns of
variability over the last 22 ky. 8'*0. maxima occur during the LGM followed by a ~1.5-
2.0 permil deglacial decrease (Fig. 2). The §'°0, values of the two species overlapped
during the LGM, which could suggest reduced seasonality or a less stratified water
column. Peck et al. (2008) observe a similar 8'*0, overlap between G. bulloides and N.
pachyderma (s) during this interval that suggests a less stratified water column.
Alternatively, the LGM convergence of N. pachyderma (d) and N. pachyderma (s) §'*O.
may suggest that the N. pachyderma (d) specimens from this interval are actually right-
coiling variants of N. pachyderma (s), as observed in modern specimens from polar

regions with a low relative abundance of N. pachyderma (d) (Bauch et al., 2003). During
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the deglaciation, lower 5'*0. of N. pachyderma (d) relative to N. pachyderma (s) likely
reflects warmer temperature preferences related to depth habitat or seasonality.

Based on 8'°0 and Mg/Ca data from the Norwegian Sea, Nyland et al. (2006)
observed a disequilibrium offset in the oxygen isotope composition of both N.
pachyderma (s) and N. pachyderma (d) associated with post-gametogenic processes. In
Figs. 2-4 (see alternative scales), we show our BISOC and BISOSW records with a

disequilibrium offset of +0.6 permil (Nyland et al., 2006 and references within).

4.2 Mg/Ca and MAT Results

Although N. pachyderma (s) is present throughout the duration of the deglaciation, N.
pachyderma (d) abundance decreases prior to H1, so there were not enough specimens
available for Mg/Ca analysis. The N. pachyderma (d) and N. pachyderma (s) Mg/Ca
records yield quite different deglacial temperature patterns and amplitudes. The N.
pachyderma (d) temperatures exhibit a range of ~8°C and higher amplitude variability
(~3-4°C) than N. pachyderma (s) throughout the deglaciation. Neogloboquadrina
pachyderma (d) temperature trends are somewhat similar to those over Greenland
(Grootes and Stuiver, 1997), except for a slightly earlier (relative to GISP2) temperature
increase at 980 of ~3-4 °C just prior to the onset of the Bglling warm period, and a
slightly delayed (relative to GISP2) ~3°C temperature decrease at site 980 associated
with the YD.

The N. pachyderma (s) Mg/Ca record yields much lower amplitude (~1-2°C)

deglacial temperature variability. Both MAT and N. pachyderma (s) temperatures
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increase between the LGM and the Bglling-Allergd (BA) period, with continued warming
across the Heinrich-1 (H1) interval. Apart from the interval between 12-16 ky BP (N.
pachyderma (s)), both N. pachyderma (d and s) Mg/Ca temperature records fall within
reasonable range of independent, lower resolution Modern Analog Technique (MAT)-
derived summer and winter temperatures at Site 980 (Fig. 2). Apart from the onset of the
BA, the MAT summer temperatures are warmer than the Mg/Ca temperatures throughout
much of the record, consistent with N. pachyderma being less prevalent in the warm
seasonal assemblage.

The full range of deglacial MAT and Mg/Ca temperatures observed at Site 980 is ~0-
13°C (Fig. 2). The modern annual average temperature at Site 980 (50-100 m) is ~10-
11°C with a seasonal range of ~10-13°C (Boyer et al., 2009). The upper 200 m of the
water column is isothermal during winter months, and spring stratification develops at
~25-50 m, strengthening throughout the summer months and then weakening again in the
Fall. The modern seasonal temperature range is consistent with the observed range of
Mg/Ca temperature variability immediately following the YD period.

Previous culture studies (Lea et al., 1999; Nurnberg et al., 1996) indicate only a minor
effect of salinity (relative to temperature) on Mg/Ca. However, more recent studies
(Kisakirek et al., 2008; Ferguson et al., 2008) suggest that salinity effects on Mg/Ca
may be significant enough to incorporate into calibration equations, particularly in high
salinity regions. The modern annual average salinity at Site 980 at ~50-100 m is 35.40-
35.45 PSU with seasonal variability of <0.10 PSU, and measured Mg/Ca temperatures for

both N. pachyderma (d) and N. pachyderma (s) fall within reasonable range of
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independently derived MAT temperatures and in some cases are even lower, suggesting

that the Mg/Ca temperature proxy is not biased (to higher values) by high salinities.

4.3 §"®04y Results

Removal of local Mg/Ca temperature and global ice volume (Clark and Mix, 2002)
effects on N. pachyderma (d and s) 8'°O, yields an estimate of upper ocean 8" 0y (Fig.
3), which likely reflects local salinity and hydrological changes. Neogloboquadrina
pachyderma (s) Oy, increases toward the end of the LGM, interrupted by a ~1.0-permil
decrease at the onset of H1. Following H1, N. pachyderma (s) 8'®Og, gradually increases,
reaching ~0.7-0.8 permil during the BA, slightly lower than pre-H1 values. The N.
pachyderma (s) SISOSW remains constant across the BA, including Meltwater Pulse 1a
(MWP-1a, 13.7-14.2 ky BP, Stanford et al., 2006), and into the YD with only minor
variability during the second half of the YD.

Neogloboquadrina pachyderma (d) 8'*0g, minima occur in conjunction with the two
ice rafting events of the last deglaciation, H1 and YD. Following H1, the 8'*O,,, recovers
rapidly, approaching a maximum of ~0.9-1.0 permil at the onset of the BA. The N.
pachyderma (d) 8'*0y, shows variations of up to ~0.5 permil across the BA interval,
including MWP-1a. 8'*0, values decrease by almost 1.0 permil during the YD and then
recover to values observed during the BA, but with slightly larger (>0.5 permil)
variability. Though highly variable, BA and post-YD &'*0s, are comparable to modern

81805W at this location (LeGrande and Schmidt, 2006).
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It is difficult to quantify salinity changes due to uncertainties surrounding the 80y~
S relationship in the North Atlantic, which is unlikely to be stable through time. Based on
the modern regional 8**04y-S (LeGrande and Schmidt, 2006), which is dominated by
local hydrological conditions (E-P), the largest %05, changes correspond to salinity
changes of ~2.6 PSU for N. pachyderma (d) (H1 to BA) and ~1.8 PSU for N.
pachyderma (s) (end of LGM to H1). However, during deglaciation, the presence of
glacial melt water likely steepened the slope of the §'%0g,-S (Cortijo et al., 1997), thus
reducing the amplitudes of associated salinity variations. A doubling of the slope would

yield salinity changes that were approximately half of those listed above.

5. Discussion
5.1 Deglacial Changes in the North Atlantic: The Polar Front, Melt Water, and the
Atlantic MOC

The N. pachyderma (s) and N. pachyderma (d) Mg/Ca records yield very different
deglacial temperature patterns. Neogloboquadrina pachyderma (s) temperatures are
lowest during the LGM and increase gradually throughout the first half of the
deglaciation and then level out during the BA and YD intervals (Fig. 2), whereas N.
pachyderma (d) temperatures are more variable. Unlike SISOSW records, which are offset
during cold intervals (H1, YD) but overlap during warm intervals (BA), the Mg/Ca and
8'0, records for the two species remain offset throughout much of the deglaciation. As
suggested earlier, these geochemical offsets may reflect different seasonal preferences or

depth habitats. In the case of seasonal preferences, N. pachyderma (s) might represent
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winter conditions with muted variability associated with increased sea ice cover relative
to summer months when N. pachyderma (d) is more prevalent. Alternatively, if the
temperature offset between the two species reflects different depth habitats, the higher
and more variable N. pachyderma (d) temperatures are consistent with a shallower depth
habitat, whereas N. pachyderma (s) temperatures reflect the smaller temperature changes
expected in deeper waters (>100 m), which exhibit little to no seasonal temperature
variability today (Boyer et al., 2009). In this scenario, 8'°Oy, overlap between N.
pachyderma (d) and N. pachyderma (s) during warmer intervals (BA, post-YD) likely
indicates a greater influence of warm, salty subtropical water from the south associated
with a stronger Atlantic MOC, whereas 818OSW offsets between N. pachyderma (d) and N.
pachyderma (s) during cold ice rafting events (HI and YD) may indicate the presence of
a strong melt water-driven halocline. The warming that precedes both ice-rafting events
(N. pachyderma (s) from ~19.0-16.7 ky BP, N. pachyderma (d) at ~13.0-12.5 ky BP) sets
the stage for increased melt water input and subsequent halocline development.

The observed deglacial 5'%0,, differences between warm (BA) and cold (H1, YD)
intervals span a range of 0.6-1.5 permil, which is comparable to the subpolar-subtropical
8" 04y gradient in the modern North Atlantic (~1.0 permil) (LeGrande and Schmidt,
2006), supporting the idea that §'*Oy, variability at Site 980 (Figs. 2 and 3) was strongly
influenced by changes in the position of the subpolar/subtropical front. Co-occurrence of
planktonic foraminiferal 8**Og, minima with peaks in IRD during H1 and the YD (Fig. 3)
strongly supports local freshening associated with melt water at Site 980. Approximately

1-permil decreases in N. pachyderma (s) 8Osy across H1 and N. pachyderma (d) §®Ogy,
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across YD translate to salinity decreases of ~1.7 PSU based on the modern regional

8" 04y-S from LeGrande and Schmidt (2006). Consistent with its closer vicinity to the
coast (and British ice sheet), nearby site MD01-2461 shows a freshening of up to 2.6
PSU across HI (Peck et al., 2006). Cortijo et al. (1997) did not observe freshening north
of 50°N during glacial ice rafting events, which may reflect differences in the positioning
of the subpolar/subtropical front and associated variations in sea ice cover and surface
ocean circulation patterns between glacial and deglacial climate states (Sarnthein et al.,
1995).

The lack of IRD at Site 980 during MWP-1a rules out the presence of local iceberg
melt water in this region of the subpolar North Atlantic at that time (Fig. 3). The N.
pachyderma (s) Mg/Ca temperatures and SISOSW are stable across this interval, but N.
pachyderma (d) is more variable with millennial-scale shifts between warmer/saltier
(subtropical) and colder/fresher (subpolar) conditions, suggesting high-frequency changes
in the positioning of the subpolar/subtropical front. Despite the lack of IRD, this region
may have received minor local inputs of melt water from the British ice sheet during this
interval, perhaps only enough to impact shallower dwelling (or warm season-loving) N.
pachyderma (d). The large volume of continentally derived melt water associated with
the sea level rise that accompanied MWP-1a did not seem to strongly impact MOC
(McManus et al., 2004), suggesting that either the origin of melt water did not lie in the
northern hemisphere (Clark et al., 2002), or the location and depth distribution of
Laurentide ice sheet melt water injection may have a larger impact on MOC than melt

water volume (Stanford et al., 2006).

16



Decreases in benthic 8"°C at Site 980 and increases in **'Pa/>°Th in the deep (>3,000
m) western Atlantic (McManus et al., 2004) (Fig. 3), as well as the deep eastern Atlantic
(Gherardi et al., 2005), suggest reduced Atlantic MOC during cold intervals of the last
deglaciation (H1, YD) that were likely driven by melt water input and subsequently
reduced upper ocean densities at or near sites of deep convection. IRD maxima and
81SOSW minima at Site 980 during both H1 and YD correspond with the observed
decreases in Atlantic MOC, suggesting that melt water in this region could have
contributed to the freshening that slowed the MOC. Nearby site MDO01-2461 (Peck et al.,
2006) shows similar IRD peaks for H1 and H2, accompanied by reduced upper ocean
density and benthic §"°C.

A 8'"®0, increase immediately following H1 corresponds with an initial benthic 8"C
increase at Site 980 (2,179 m), suggesting a reduction in melt water input to the upper
ocean and the beginning of MOC recovery. However, the resumption of Atlantic MOC
registered by deep (>3,000 m) 21pa/*Th records in the western (McManus et al., 2004)
and eastern (Gherardi et al., 2005) Atlantic does not begin until ~1-2 ky later. A possible
explanation is that the post-H1 MOC recovery occurred in stages, with the earlier
initiation of a shallower overturning circulation (Robinson et al., 2005; Carlson et al.,
2008). A recent **'Pa/*°Th compilation from an Atlantic depth transect (Gherardi et al.,
2009) indicates that despite a reduction in deep overturning, a shallower intermediate
circulation (Glacial North Atlantic Intermediate Water (GNAIW)) persisted throughout
the LGM and the entire deglaciation. Although these data show reduced intermediate

depth circulation (2,000-3,000 m) during H1, it does not shut down.
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The average §'*0,, across the LGM (N. pachyderma (s)) is ~1.4 permil (with
disequilibrium offset of +0.6 permil applied), which is in good agreement with estimates
just south of Iceland (Thornalley et al., 2010). The modern regional 5'%0-S (LeGrande
and Schmidt, 2006) yields an average LGM salinity that is ~1.5 PSU higher than the
modern upper ocean (50-100 m), whereas a doubling of the LeGrande and Schmidt
(2006) 5'0-S slope (due to increased melt water influence, as suggested by LGM IRD
pulses) would yield LGM salinities that were ~1.0 PSU lower than those of today.
Slightly reduced salinities, in combination with the coldest temperatures in this

reconstruction, may have yielded waters dense enough to support GNAIW formation.

5.2 Links to the Tropics and Subtropics

A comparison of deglacial 5O, records from Site 980 with tropical and subtropical
8804 records (Fig. 4) provides preliminary insight into potential feedbacks between
high and low latitudes that may have contributed to deglacial Atlantic MOC and climate
changes. The upper ocean 820y, decrease at Site 980 occurs in conjunction with the
MOC collapse at the onset of the Oldest Dryas period ~18-19 ky BP, and is accompanied
by an increase in §'%0s, (Fig. 4) in the tropical Atlantic (Schmidt et al., 2004) and Pacific
(Benway et al., 2006) (Fig. 4), as well as the subtropical Atlantic (Carlson et al., 2008).
Between H1 and the BA onset, increasing %Oy, at Site 980 is accompanied by
decreasing tropical and subtropical 5O, (Fig. 4). While subpolar North Atlantic §*%Os,

is higher throughout the BA, tropical and subtropical 'Oy, are lower during this period.
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A decrease in N. pachyderma (d) 820, during the YD corresponds with increasing
tropical and subtropical 5'%0s,.

A gradual build-up of salt in the tropics and subtropics has been proposed as a self-
limiting negative feedback mechanism for restoring Atlantic MOC (Schmidt et al., 2004;
Carlson et al., 2008; Schmidt et al., 2006). During the Oldest Dryas interval when MOC
is hypothesized to have reduced dramatically (McManus et al., 2004), an active
overturning circulation at intermediate depths in the North Atlantic, as evidenced by
intermediate-depth coral e (Robinson et al., 2005) and sedimentary 21pa/>9Th data
(Hall et al., 2006; Gherardi et al., 2009), may have gradually increased the salt content of
North Atlantic surface waters at deep convection sites until a threshold salinity was
achieved, triggering the abrupt resumption of MOC at the onset of the BA warm period.

Alternatively, a low latitude feedback on Atlantic MOC involving Intertropical
Convergence Zone (ITCZ) dynamics has been simulated in numerous models, whereby
during periods of high-latitude cooling and reduced MOC, general circulation model
(GCM) simulations show a southward migration of the ITCZ (Vellinga and Wood, 2002;
Dahl et al., 2005; Zhang and Delworth, 2005), resulting in high net evaporation (E-P)
over the northern tropics. Enhanced evaporation promotes the build-up of salt in the
tropical and subtropical Atlantic. Stronger winds in the northern tropics that accompany a
southward displacement of the ITCZ may exacerbate Atlantic salt build-up by increasing
Atlantic-Pacific water vapor transport (Benway et al., 2006; Leduc et al., 2007).

The observed §'®0g, increases at tropical/subtropical sites relative to reduced

subpolar %0, (H1, YD) supports an increase in tropical/subtropical salinity during
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periods of reduced Atlantic MOC. However, the collective chronological uncertainties of
these records preclude any definitive statements regarding the relative timing of

millennial-scale low- vs. high-latitude changes.

6. Conclusions

A growing network of paleoceanographic records from the Atlantic basin confirms
the importance of Atlantic MOC in millennial-scale temperature and salinity variations of
the last deglaciation. High-resolution temperature and 8'°Ogy records from subpolar
North Atlantic Site 980 track the movement of the subpolar/subtropical front associated
with temperature and Atlantic MOC changes throughout the last deglaciation. The co-
occurrence of planktonic foraminiferal 5'80g, minima with peaks in IRD and % N.
pachyderma (s) during H1 and the YD (Figs. 2 and 3) strongly supports the presence of
melt water at Site 980 that likely came from ice bergs, the majority of which likely
originated from the Laurentide, Greenland, and Iceland ice sheets (Bond et al., 1997).
IRD maxima and 8'®0y, minima during H1 and YD correspond with decreases in benthic
§'3C at Site 980 and increases in *'Pa/**°Th in the deep (>3,000 m) Atlantic basin
(McManus et al., 2004; Gherardi et al., 2005), suggesting that melt water in this region
may have contributed to reduced MOC during these intervals. Increased
tropical/subtropical 'O, during periods of reduced subpolar §'®Og, during cold
intervals with reduced MOC (H1, YD) (Fig. 4) support two hypothesized mechanisms
involving low latitude salt buildup for restoring MOC at the onset of the BA, one

involving an internal negative feedback and one requiring a low latitude feedback.
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9. Table and Figure Legends

Figure 1. Map showing location of Site 980 (55° 29° N, 14° 42° W, 2179 m water
depth). Orange/yellow arrows indicate surface currents, and blue/green arrows indicate
deep currents (modified from McCartney et al., 1996). The northeastward-flowing path of
the North Atlantic Current represents the approximate position of the subpolar-
subtropical front today. During cold periods in climate history accompanied by periodic
surges of icebergs (e.g., H1, YD) and subsequently colder, fresher upper ocean conditions
and reduced Atlantic MOC, this boundary between warm subtropical and cold subpolar

waters likely shifted southward.
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Figure 2. Comparison of ODP Site 980 temperature proxy records with Greenland
temperature record. Panels from top to bottom: 1) Greenland air temperature
reconstruction from GISP2 §*20;. (Grootes and Stuiver, 1997); 2) Site 980 % cold-
loving species N. pachyderma (s); 3) Site 980 temperature estimates based on Mg/Ca
measurements of N. pachyderma (d) (black) and N. pachyderma (s) (grey) as compared
to foraminiferal transfer functions using the Modern Analog Technique (MAT) (average
summer and winter temperatures); Mg/Ca scale appears on the right axis; Mg/Ca
temperature error is 1.1°C for N. pachyderma (d) and 0.7° for N. pachyderma (s); the
modern seasonal temperature range (~10-13°C) at 50-100 m (Boyer et al., 2009) is
indicated; 4) "0, measurements of N. pachyderma (d) (black) and N. pachyderma (5)
(grey). Alternate scale reflects disequilibrium offset of +0.6 permil (Nyland et al., 2006).
Radiocarbon age control points are shown on the lower age axis (Table 1). YD =
Younger Dryas, BA = Bglling-Allerad, MWP-1a = Melt Water Pulse 1a, H1 = Heinrich

1, LGM = Last Glacial Maximum.

Figure 3. Comparison of ODP Site 980 §'%0s, (salinity proxy) and IRD records with
Greenland temperature and Atlantic MOC strength. Panels from top to bottom: 1)
Greenland air temperature reconstruction from GISP2 §'%0;c, (Grootes and Stuiver,
1997); 2) ODP Site 980 IRD record in lithics/gram (McManus et al., 1999); 3) §'%0y,
from N. pachyderma (d) and N. pachyderma (s). Alternate scale reflects disequilibrium
offset of +0.6 permil (Nyland et al., 2006). The compounded &0 error is 0.22 permil;

the modern subpolar/subtropical 8*°0sy gradient (~1.0 permil) is indicated; 4)
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Reconstruction of Atlantic MOC strength based on ?*'Pa/**°Th calculated from 2*U
activity (black) (McManus et al., 2004) and Site 980 benthic §"*C (grey). Radiocarbon
age control points are shown on the lower age axis (Table 1). YD = Younger Dryas, BA
= Bglling-Allerad, MWP-1a = Melt Water Pulse 1a, H1 = Heinrich 1, LGM = Last

Glacial Maximum.

Figure 4. Comparison of ODP Site 980 §*20y, and tropical '°Oy, records. 1)
Greenland air temperature reconstruction from GISP2 §'%0;c. (Grootes and Stuiver,
1997); 2) §'®0, from N. pachyderma (d) and N. pachyderma (s). Alternate scale reflects
disequilibrium offset of +0.6 permil (Nyland et al., 2006). 3) Deglacial Caribbean (grey)
(Schmidt et al., 2004) and eastern tropical Pacific (black) (Benway et al., 2006) 5%y,
records; 4) Reconstruction of Atlantic MOC strength based on %*'Pa/**Th calculated
from 23U activity (black) (McManus et al., 2004) and Site 980 benthic "3C (grey).
Radiocarbon age control points are shown on the lower age axis (Table 1). YD =
Younger Dryas, BA = Bglling-Allergd, MWP-1a = Melt Water Pulse 1a, H1 = Heinrich

1, LGM = Last Glacial Maximum.

Table 1. Chronology for Site 980. The chronology for ODP Site 980 is based on 35
monospecific foraminifera accelerator mass spectrometry (AMS) **C dates (G. bulloides,
N. pachyderma (d), N. pachyderma (s)) spanning from the LGM to the late Holocene.

The Calib (Stuiver and Reimer, 1993) program (version 6.0, Marine09 calibration data
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set of Reimer et al., 2009) was used to convert '*C ages to calendar ages. Calendar ages

represent the maximum probability of the 2-sigma range.

29






(gaadA nwuad) jesyo

7

(s) ewuapAyoed "N %%, 086 (lowyjoww) eg/6I puwaad 970 Y3m 904,Q 086
o S 3 m ] o o o
S - - pac ~ © <
f f f f | f

o o o o
o N < © 0
, , , ,

5 r
p.* - —
- > .WA / W
o .k
A VN/ % A
s 2
X /\x /xx
X \x\
| 7 ~
s Y
| Ve ~
—
- =
B h,nlvm
‘ £%
x-l
| o .=
© A
M‘ ®© ©
I< £ £
W m o D
= T T
I - .W..W.
© = QO ©
A sE 8 S
S %m . o
o 2=
L S:Ou o
C —
L ﬂe
i R
©
[l | L1 L1 L1 Mr, L i,i 7 7 7
@ o o o =)
© < o ™ <

(o,) "dway eo/BI 086 (aadA nwiad) 20,,Q 086

14 16 18 20 22
Age (ky BP)

12

10

Figure 2



980 5'*0Osw (permil VSMOW)

231 Pal230Th

MWP-1a LGM
= ] |
I YD BA H1
S~oSg S FER 3‘.“.’5‘.‘;:"%-” ] 0
® @ b :‘E s \‘; ol
» S o ) by | 400 E
& U] R o X (=)
O 9 (o]
Q &d P 3 (<2}
5 1 o - 800
Modern subpolar- 120
| subtropical gradient =
1.2 £
116 @
Q.
0.8 ©
o
- 1.2 <
04 3
N. pachyderma (dextral) - 0.8 =
0.0 N. pachyderma (sinistral) §
104 ©
(=]
-0.4 >
- 0.0
0.06 /\
0.07 JKJ&‘@W/ ?@g ﬁy
0.08 i
0.09 ﬁ i
0.10L 90— 0@ waee e o e
10 12 14 16 18 20 22
Age (ky BP)

Figure 3

(lithics/gram)

offset (permil VSMOW)



(MOISA 'uuad) jasyo
wiad 90 Yum MsQg,Q 086

-10.6

(MOWSA 1lwuad)
MSQg,Q Jl}I0ed

<
o

N
o

2
o

N
)
1

|

<

S
1
,

Q © N © <
N - - o o
, , , I
¢
= o .S
o S a
~ © ©
T ©
S >
L L o
o O
B © ©
Q Q
I 22
| ™
X
a‘
)
o<
W-B
=
=
- >

>4

(MOWSA nwuad) msQg,Q 086

0.10 —e0—

14 16 18 20 22
Age (ky BP)

12

10

Figure 4



Table 1

ODP 980
Depth
(mcd)
0.005
0.010
0.360
0.660
0.745
0.860
1.045
1.160
1.360
1.615
1.710
1.960
2.310
2.495
2.960
3010
3.160
3.160
3315
3315
3410
3.460
3.560
3.560
3.660
3.660
3.810
4.020
4.120
4275
4.320
4.420
4.520
4.720
4.920

Species

G. bulloides

N. pachyderma (dex)
N. pachyderma (dex)
N. pachyderma (dex)
G. bulloides

N. pachyderma (dex)
G. bulloides

G. bulloides

N. pachyderma (dex)
G. bulloides

N. pachyderma (dex)
G. bulloides

N. pachyderma (dex)
G. bulloides

G. bulloides

N. pachyderma (sin)
N. pachyderma (sin)
N. pachyderma (dex)
N. pachyderma (sin)
N. pachyderma (dex)
N. pachyderma (sin)
N. pachyderma (sin)
N. pachyderma (sin)
N. pachyderma (dex)
N. pachyderma (sin)
N. pachyderma (dex)
. pachyderma (sin)
. pachyderma (sin)
. pachyderma (sin)
. pachyderma (sin)
. pachyderma (sin)
. pachyderma (sin)
. pachyderma (sin)
. pachyderma (sin)
. pachyderma (sin)

Z2zz2z22Z22zZZ

“C Age
(Yrs BP)
1060
1190
1710
2910
3290
3670
4490
4880
6240
7230
7580
8830
9620
9780
10900
11050
12050
12100
12200
12450
12550
12800
13100
12700
13250
13050
15300
15350
15450
16000
16450
16650
17200
17750
18500

*Recalibrated "“C dates from Oppo et al. (2003)

14C Error

25
35
55
35
35
40
25
50
65
70
50
45
50
70
55
50
75
60
55
60
50
70
55
90
55
100
80
80
55
75
75
95
85
80
65

Calendar Age (Yrs
BP)
636*
720*
1270*
2705*
3140*
3575*
4700*
5225*
6675*
7680*
8010*
9490*
10500*
10600*
11700*
11960
13560
13450
13890
13680
13980
14400
15050
14130
15200
15000
16500
18080
18150
18750
19360
19430
20080
20470
21510
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