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Abstract (Short Version)

Minor and trace element records from planktic and benthic foraminifera from
Atlantic sediment cores, as well as output from a coupled OA-GCM, were used to investigate
the magnitude and distribution of the oceanic response to abrupt climate events of the past
20,000 years. The study addressed three major questions: 1) What is the magnitude of
high-latitude sea surface temperature and salinity variability during abrupt climate events?
2) Does intermediate depth ventilation change in conjunction with high-latitude climate
variability? 3) Are the paleoclimate data consistent with the response of a coupled OA-
GCM to a freshwater perturbation? To address these questions, analytical methods were
implemented for the simultaneous measurement of Mg/Ca, Zn/Ca, Cd/Ca, Mn/Ca and Al/
Ca in foraminiferal samples using inductively-coupled plasma mass spectrometry.

Paired records of planktic foraminiferal 8180 and Mg/Ca from the subpolar North
Atlantic reveal trends of increasing temperatures (-3°C) and salinities over the course of
the Holocene. The records provide the first evidence of open-ocean cooling (nearly 2°C)
and freshening during the 8.2 kyr event, and suggest similar conditions at 9.3 ka.

Benthic foraminiferal Cd/Ca results from an intermediate depth, western South
Atlantic core (1,268 m) are consistent with reduced export into the South Atlantic of North
Atlantic Intermediate Water during the Younger Dryas.

Paired records of benthic foraminiferal Mg/Ca and 810 from two intermediate
depth low latitude western Atlantic sites - one from the Florida Current (751 m) and one
from the Little Bahama Bank (1,057 m) - provide insights into the spatial distribution of
intermediate depth temperature and salinity variability during the Younger Dryas. The
intermediate depth paleoceanographic temperature and salinity data are consistent with
the results of a GFDL R30 freshwater forced model simulation, suggesting that freshwater
forcing is a possible driver or amplifier for Bolling-Allerod to Younger Dryas climate
variability.

Benthic foraminiferal Cd/Ca results from an intermediate depth Florida Current
core (751 m) are consistent with a decrease in the northward penetration of southern source
waters within the return flow of the Atlantic meridional overturning circulation (MOC)
and an increase in the influence of intermediate depth northern source waters during the
Younger Dryas.
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Abstract (Full Version)

Minor and trace element records of planktic and benthic foraminifera from Atlantic
sediment cores, as well as output from a coupled OAGCM, were used to investigate the
magnitude and distribution of the oceanic response to abrupt climate events of the past
20 kyr. The study addressed three major questions: 1) What is the magnitude of high-
latitude sea surface temperature and salinity variability during abrupt climate events?
2) Does intermediate depth ventilation change in conjunction with high-latitude climate
variability? 3) Are the paleoclimate data consistent with the response of a coupled
OAGCM to a freshwater perturbation? To address these questions, analytical methods
were implemented for the simultaneous measurement of Mg/Ca, Zn/Ca, Cd/Ca, Mn/Ca and
Al/Ca in foraminiferal samples using inductively-coupled plasma mass spectrometry.

Paired records of planktic foraminiferal 6180 and Mg/Ca from the subpolar North
Atlantic reveal trends of increasing temperatures (-3'C) and salinities over the course of
the Holocene, which were punctuated by abrupt events. The variability does not appear
to be periodic, but tends to recur within a broad millennial band. The records provide the
first evidence of open-ocean cooling (nearly 2"C) and freshening during the 8.2 kyr event,
and suggest similar conditions at 9.3 ka. However, the two largest temperature oscillations
(-2°C) occurred during the last 4,000 years, suggesting a recent increase in temperature
variability relative to the mid-Holocene.

Benthic foraminiferal Cd/Ca from an intermediate depth, western South Atlantic
core provides insights into changes in the southward penetration of North Atlantic
Intermediate Water (NAIW). Cd seawater estimates (Cdw) for the last glacial are consistent
with the production of NAIW and its export into the South Atlantic. At ~14.5 ka, the
NAIW contribution to the South Atlantic began to decrease, marking a transition from a
glacial subsurface geometry to a Younger Dryas geometry, which occurred concurrently
with the onset of the Bolling-Allerod to Younger Dryas cooling. High Cdw in both the
deep North Atlantic and the intermediate South Atlantic imply reduced export of deep
and intermediate water during the Younger Dryas, and a major decrease in northward heat
transport. Modern subsurface geometry was established at -9 ka, concurrently with the
establishment of Holocene warmth in the North Atlantic region, further supporting a close
linkage between subsurface circulation and North Atlantic climate.

Paired benthic foraminiferal Mg/Ca and 6180 data from two intermediate depth low
latitude western Atlantic sites - one from the Florida Current and one from the Little Bahama
Bank - provide insights into the spatial distribution of intermediate depth temperature and
salinity variability during the Younger Dryas. The Florida site lies within the deeper portion
of the Florida Current; the Little Bahama Bank site lies within the deeper, unventilated
portion of the North Atlantic subtropical gyre. During the Younger Dryas, temperatures
increased at the Florida Current site and temperatures decreased at the Little Bahama Bank
site. The temperature increase within the Florida Current is consistent with the reduced
northward heat transport associated with a reduction in the Atlantic meridional overturning
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circulation (MOC); the temperature decrease at Little Bahama Bank is consistent with a
cooling of high latitude surface waters.

To test the possibility that a freshening of the surface North Atlantic caused the
terrestrial and oceanographic changes during the Younger Dryas, the GFDL R30 coupled
ocean-atmosphere general circulation model was forced using a North Atlantic freshwater
perturbation of 0.1 Sv for a period of 100 years. The freshwater flux causes an overall
reduction in the Atlantic overturning from 25 Sv to 13 Sv. However, at -1,100 meters water
depth, ventilation increases, causing decreases in both temperature and salinity throughout
much of the intermediate depth North Atlantic. In the open North Atlantic, intermediate
depth temperatures decrease by approximately VC; at the eastern side, intermediate depth
temperatures decrease by less than O.4°C. Intermediate depth temperatures at the western
boundary, however, increase due to a reduction in northward heat transport, and also due to
a shift in the location of the Intertropical Convergence Zone, which causes a reduction in
surface salinity and a decrease in the upwelling of colder, deeper waters.

Benthic foraminiferal Cd/Ca from an intermediate depth Florida Current core
documents the history of the northward penetration of southern source waters within
the return flow of the Atlantic meridional overturning circulation (MOC). Cd seawater
estimates (Cdw) for the last glacial are consistent with the reduced influence of southern
source waters at this location relative to the present. At -18.5 ka, the southern source
contribution to the Florida Current began to increase significantly, marking the onset of a
transition from a glacial circulation pattern to a deglacial pattern, which lasted from -17
ka to ~14 ka. At -12.5 ka, following the onset of the Younger Dryas cooling in the North
Atlantic and the reduction in North Atlantic Deep Water (NADW) production, the influence
of southern source waters within the Florida Current decreased abruptly. A renewed
influence of southern source waters occurred at ~9 ka, concurrent with the establishment of
Holocene warmth in the North Atlantic region.
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Chapter 1. Introduction

Background

Millennial scale fluctuations in North Atlantic climate have been observed in many

paleoceanographic and terrestrial climate proxies. Greenland ice cores, in particular,

provide evidence of large amplitude, very rapid climate change during the last glacial, and

also during the last deglaciation [Grootes et al., 1993]. The large amplitude changes of the

last glacial have received a great deal of attention within the paleoceanographic community,

and until just recently, the smaller amplitude variability of the Holocene Epoch was largely

ignored. However, in light of the increasing awareness within society of the potential for

anthropogenic climate impact, it is critical that the scientific community develop a more

thorough picture of the forcing mechanisms and climatic responses that are possible on

millennial timescales, particularly during interglacial conditions, like today.

Recent paleoceanographic studies [Bianchi and McCave, 1999; Bond et al.,

1997; Keigwin, 1996; O'Brien et al., 1995] suggest that considerable changes may have

occurred in North Atlantic climate over the course of the current interglacial. For example,

measurements of sea salt and terrestrial dust trapped in Greenland snow suggest significant

fluctuations in atmospheric circulation over Summit Greenland [O'Brien et al., 1995];

ice-rafted debris in North Atlantic sediments provide evidence of large ice-rafting events

[Bond et al., 1997]; and sedimentary sortable silt suggests changes in deep oceanic current

speeds [Bianchi and McCave, 1999]. Taken together, these discoveries suggest significant

millennial scale variability in the ocean-atmosphere system during the Holocene, yet the

causes and potential global impacts of these events are largely unknown.

It has been suggested for some time that a large meltwater perturbation in the

high latitude North Atlantic could disrupt the Atlantic meridional overturning circulation

(MOC), and cause millennial scale variability in North Atlantic climate [Broecker et al.,

1985]. Numerical simulations have shown that even a small freshwater perturbation could

cause convective instabilities that weaken or even shut down the production of deep water

in the North Atlantic [Manabe and Stouffer, 1988, 1995; Rahmstorf, 1994]. A reduction

in overturning could have significant implications in the northern hemisphere due to the

reduction in northward heat transport via the surface return flow of the MOC. Furthermore,

such a reduction may have global implications due to changes in global heat distributions

and sea surface temperature gradients.
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Benthic and planktic foraminiferal tests from oceanic sediment cores provide a unique

opportunity to document changes in ocean properties over the course of time. Foraminiferal

chemistry provides evidence of changes in sea surface and subsurface temperature, salinity

and water mass origin. This evidence can then be used to make inferences about climatic

forcing mechanisms and the possible amplification and propagation of climate signals

throughout the ocean-atmosphere system.

Coupled ocean-atmosphere climate models can be powerful tools for enhancing our

understanding of the fundamental mechanisms of the climate system. Climate models allow

us to observe the response of the ocean-atmosphere system to either real or hypothesized

perturbations. The results of modeling studies are especially important in the study of

paleoclimate, where our understanding of the past is incredibly data limited. One useful

method of utilizing climate models is to hypothesize a particular perturbation and observe

the system's response. The model response can then be compared to actual paleoclimate

data in order to test the validity of the hypothesis.

Paleoceanographic Questions

In the following chapters, I focus on two known North Atlantic millennial scale

climate events. The first is the 8.2 kyr event, which was a brief Holocene cooling event

recorded in the oxygen isotopic composition of Greenland ice. The second is the Younger

Dryas cooling event, which was much larger than the 8.2 kyr event in both magnitude and

duration. The Younger Dryas was not a Holocene event; it occurred on the last deglacial

transition. However, it was chosen for study because its magnitude and duration make it

easier to document in sediment cores. The questions I address include:

"* Was there a high latitude surface freshening associated with the 8.2 kyr

event? And what was the sea surface temperature response in the open-

ocean, high latitude North Atlantic?

"* Was there a change in the overall meridional overturning circulation

associated with the Younger Dryas event?

"* Was there a change in intermediate depth overturning associated with the

Younger Dryas?
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* Could a North Atlantic freshwater forcing scenario explain the documented

climate responses of the Younger Dryas?

A Dual-Faceted Approach

I employ a dual-faceted approach of multi-element foraminiferal analyses combined

with the results of a climate model simulation. The cores used in this study were taken

from geographic locations that may be particularly sensitive to climatic forcings and/or

responses. Among the analytical techniques employed are nutrient tracers, and tracers of

sea surface and deep ocean temperature and salinity. I then compare the paleoclimate data

to the results of a freshwater forced model simulation.

In Chapter 2, I present paired planktic foraminiferal Mg/Ca and 6180 data from

Site 984 in the high latitude North Atlantic in order to document changes in high latitude

sea surface temperatures and salinities over the past 10,000 years. Site 984 is located in

a sensitive region of the North Atlantic, where a surface freshwater perturbation could be

associated with significant climate change.

In Chapter 3, I present foraminiferal Cd/Ca and 813C data from an intermediate depth

South Atlantic core in order to document the history of southern vs. northern source waters

at this location over the last 20,000 years. The results provide insights about intermediate

depth ocean circulation and heat transport during the Younger Dryas.

In Chapter 4, I present paired, benthic foraminiferal Mg/Ca and 6810 data from

two intermediate depth, low latitude North Atlantic sites in order to document changes

in subsurface temperatures and salinities over the past 20,000 years. I then compare the

ocean's response to the response of a freshwater forced model simulation in an attempt to

determine whether a freshwater perturbation is an adequate explanation for the Younger

Dryas event.

In Chapter 5, 1 present paired benthic foraminiferal Cd/Ca and 813C data from a core

within the northward return flow of the MOC in order to document the history of southern

vs. northern source waters at this location over the last 20,000 years. This new paleo-

nutrient record provides insights into changes in the MOC during the Younger Dryas.
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Thesis Results

"* An open-ocean, sea surface freshening did occur during the 8.2 kyr event, concurrent
with the cooling already observed in the GISP2 ice core record.

"* The influence of North Atlantic Intermediate Water decreased at a South Atlantic

site during the Younger Dryas, consistent with a possible decrease in intermediate

depth overturning and an associated reduction in northward heat transport.

"* Intermediate depth temperatures and salinities during the Younger Dryas varied in

a manner consistent with a freshwater forced model simulation.

"* During the Younger Dryas, the influence of South Atlantic source waters decreased
within the northward return flow of the MOC, consistent with a possible decrease

in deep overturning and an associated reduction in northward heat transport.

Taken together, the results suggest an increase in intermediate depth ventilation

in the North Atlantic during the Younger Dryas relative to today, but with no associated

increase in the export of North Atlantic Intermediate Water into the South Atlantic (Figure

lc). A vigorous but shallow ventilation in the North Atlantic may have caused an increase

in the influence of North Atlantic source waters within the northward return flow of the

MOC and a decrease in the influence of North Atlantic Intermediate Water in the South

Atlantic during the Younger Dryas.

Figure 1. Holocene, Glacial and Younger Dryas subsurface geometries for
the western Atlantic Ocean. a.) distribution of 813C in the modem western
Atlantic [Kroopnick, 1985]; b.) glacial V3C [Curry and Oppo, 2005]; c.)
schematic of a possible Younger Dryas subsurface geometry based on the
trace and minor element data presented in the following chapters.
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Chapter 2. Amplitude and Timing of Salinity and Temperature
Variability in the High Latitude North Atlantic

Abstract
Paired records of planktic foraminiferal 6180 and Mg/Ca from the subpolar North

Atlantic reveal trends of increasing temperatures (~3'C) and salinities over the course of
the Holocene, which were punctuated by abrupt events. The variability does not appear
to be periodic, but tends to recur within a broad millennial band. The records provide the
first evidence of open-ocean cooling (nearly 2°C) and freshening during the 8.2 kyr event,
and suggest similar conditions at 9.3 ka. However, the two largest temperature oscillations
(-2°C) occurred during the last 4,000 years, suggesting a recent increase in temperature
variability relative to the mid-Holocene.

Introduction

The Holocene epoch is a time of relative climate stability when viewed within

the context of the large amplitude, millennial scale fluctuations observed in the colder

sections of the Greenland ice core records [Dansgaard et al., 1993; Grootes and Stuiver,

1997]. Recent studies, however, confirm an earlier work [Denton and Karlin, 1973]

suggesting that smaller, suborbital scale variability did occur throughout the last 10,000

years [Bianchi and McCave, 1999; Bond et al., 1997; deMenocal et al., 2000; O'Brien et

al., 1995]. At present, Holocene climate variability is poorly characterized and the forcing

mechanisms are not well constrained. It has been argued that the same mechanisms that

drive millennial scale variability during glacial periods also drive Holocene variability,

causing a pervasive 1,500-year cyclicity in sea surface temperature, sea surface salinity,

and subsurface processes [Bianchi and McCave, 1999; Bond et al., 1997]. It has also

been argued that solar forcing underlies the Holocene portion of the 1,500-year cycle,

causing surface hydrographic changes that may have affected North Atlantic Deep Water

formation, thereby amplifying the solar signal [Bond et al., 2001], although recent work

[Marchal, 2005] indicates that a solar forcing mechanism for millennial scale variability

is unlikely.

Of the Holocene climate events, the 8.2 kyr event has received the most attention

because it is the largest Holocene excursion in the GISP2 810 record [Alley et al., 1997].

Multiple proxies in Greenland ice reveal a pattern at 8.2 ka of reduced air temperatures,

drier conditions, stronger winds over the North Atlantic, and low atmospheric methane

[Alley et al., 1997]. Evidence of climatic excursions at 8.2 ka are also present in regional
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and global records, suggesting a widespread climatic event: European lake sediments [von

Grafenstein et al., 1998] and tree ring data [Klitgaard-Kristensen et al., 1998]; North Sea

foraminiferal abundances [Klitgaard-Kristensen et al., 1998]; African lake level records

[Gasse, 2000]; and Cariaco Basin sediments [Hughen et al., 1996]. The spatial pattern of

climate variability at -8.2 ka is similar to that of the Younger Dryas [Alley et al., 1997],

and is consistent with model responses to a reduction in the North Atlantic meridional

overturning circulation (MOC) [Manabe and Stouffer, 1988]. A reduction in MOC is often

attributed to an increase in freshwater supply to the sea surface in the high latitude North

Atlantic [Broecker et al., 1985], and a freshwater forcing hypothesis has been proposed for

the 8.2 kyr event [Barber et al., 1999].

Oxygen isotopes in planktic foraminifera are often used as a tracer of freshwater in

the surface North Atlantic [Bond et al., 2001; Keigwin et al., 2005]. One complication with

this approach, however, is that both seawater 6180 (8118Ow) and calcification temperature

influence the 680 of foraminifera, making it difficult to disentangle the temperature and

salinity signals. For example, oxygen isotopic variability in subpolar North Atlantic

planktic foraminifera may not be robust indicators of surface variability because the effects

of cooling and freshening could cancel each other out in the foraminiferal 6180 [Bond et

al., 1997]. Both temperature and salinity can be estimated by obtaining paired Mg/Ca

and 6180 measurements in planktic foraminifera [Mashiotta et al., 1999]. An exponential

relationship exists between calcification temperature and the Mg/Ca of planktic foraminifera

[Niirnberg et al., 1996], so Mg/Ca can be used to determine temperature independently of

6180. Using Mg/Ca-derived temperatures, the foraminiferal 6180, and a correction for ice

volume, the 1 0w can be calculated, and salinity can be estimated using a regional 6'80-

salinity relationship.

In this study, we present the first open-ocean, subpolar North Atlantic record of near

surface temperature and salinity variability during the Holocene using this method. We

measured Mg/Ca and 6180 in the tests of the planktic foraminifer N. pachyderma (d.), which

calcifies throughout the year, and at a depth of 30 to 40 meters [Ostermann et al., 2001].

Our records were generated using sediment from Ocean Drilling Project Site 984, located

on the Bjorn Drift, on the eastern flank of the Reykjanes Ridge (61°N, 25°W, 1,648 m). A

near constant elevated sedimentation rate of -29 cm/kyr in this core during the last 10 kyr

makes it ideal for the study of suborbital climate variability (see supplementary material).

Today, surface waters at Site 984 are dominated by the warm salty North Atlantic Current;

however, colder fresher water may enter the study area from the northwest, making it
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Figure 1. Map of the North Atlantic showing ODP Site 984 (610N, 250 W,
1,648 m).

an ideal location to study variability in surface temperatures and salinities that may be

associated with changes in the vigor of the MOC. Seasonal temperatures at 30 meters

depth range from 7.3°C to 11.2'C, and salinities are nearly constant at 35.1 to 35.2 p.s.u.

[Levitus and Boyer, 1994]. Modern thermocline 6'8O.w in this region of the North Atlantic

lie between 0 and 0.3%o [Schmidt et al., 1999], in agreement with core top calculations. A

conservative estimate using available near surface data [Schmidt et al., 1999] indicates that

today a change of 0.1%o in 1j8Ow is equivalent to ,-0.2 p.s.u. salinity change. However,

the presence of glacial meltwater would cause a different relationship: a change of 0.1 %0 in

618OSW would be equivalent to ,-0.1 p.s.u. salinity change.

Results and Discussion

The Site 984 Mg/Ca and 6180 records reveal trends of increasing temperatures

(-3 0 C) and increasing 8180, (-1.0%r/o) from the early Holocene to 4 ka (Figure 2b-d).

Superimposed on the Holocene trend are suborbital scale oscillations. At 9.3 ka, Mg/Ca-

derived near surface temperatures decreased by 1-2°C, and 6180SW decreased by -03.3%o.

Similarly, at 8.2 ka, near surface temperatures decreased by -2'C, and 86O.w decreased by

-40.3%o. The records do not reveal significant suborbital variability from 8 to 4 ka, but they

do reveal variability in the later Holocene. After 4 ka, two 2°C temperature oscillations
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Figure 2. Planktic data from ODP Site 984 (61 0N, 25°W, 1,648 m). a.) GISP2
6'80 (purple) [Grootes et al., 1993]. b.) Average Mg/Ca-derived temperature
estimates (blue), with a 3-point running mean (black). Mg/Ca converted
to temperature using the Elderfield and Ganssen [2000] relationship. c.)
Average 6180 (red), with a 3-point running mean (black). d.) Seawater
6180 (black), calculated using 3-point smoothed Mg/Ca temperatures, 3-
point smoothed foraminiferal 6180, an ice volume correction [Waelbroeck
et al., 2002], and the 85180 temperature equation for N. pachyderma (d.) [von
Langen, 2001]. AMS radiocarbon dates converted to calendar age (green)
using CALIB 5.01 [Stuiver and Reimer, 1993] and the calibration dataset
[Hughen et al., 2004]. Yellow shading denotes suborbital oscillations
discussed in text.
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occurred, with cold events at 3.7, 1.8, and 0.9 ka, and relative warming at 3 and 1.5 ka. The

late Holocene oscillations are also present in the foraminiferal 8180, suggesting relatively

little change in 8180s, after 3.7 ka.

The overall warming trend observed in the Mg/Ca data from Site 984 is consistent

with the Holocene trend observed in high latitude North Atlantic foraminiferal-based

proxies such as modem analogue technique [Marchal et al., 2002; Risebrobakken et al.,

2003], but contradicts alkenone- and diatom-based proxies [Keigwin et al., 2005; Koý and

Jansen, 1994; Marchal et al., 2002; Moros et al., 2004], which reveal a cooling trend. This

discrepancy can be explained by differences in depth habitat [Moros et al., 2004]. Diatoms

and alkenones record summer temperatures in the shallow euphotic zone. Foraminifera,

living deeper in the water column, record thermocline temperatures, which are set

by ventilation during the winter months. Thus, alkenones and diatoms may record the

oceanographic response to changes in summer insolation, which decreased over the course

of the Holocene, while foraminifera may record the oceanographic response to changes in

winter insolation, which increased over the course of the Holocene. This interpretation is

supported by model simulations [Liu et al., 2003], which predict a Holocene cooling trend

in the surface North Atlantic and a warming trend in the subsurface due to the decreasing

summer insolation and increasing winter insolation.

The 818OSW record suggests that wintertime salinities increased steadily at Site 984

from a minimum value at 8.2 ka to a maximum at 4 ka. The low salinities in the earlier part

of the Holocene may partially reflect the presence of light deglacial surface waters. The

subsequent gradual increase in salinity must reflect either a trend of increasing advection

of high salinity waters relative to fresher polar waters, or a change in evaporation minus

precipitation, since deglaciation was largely over by 8 ka. A change in the Atlantic-Pacific

freshwater contrast, which may accompany a southward migration of the Intertropical

Convergence Zone [Haug et al., 2001], is one possible explanation for increasing salinities

over the course of the Holocene. Alternatively, a gradual redistribution of freshwater

within the Atlantic, as has occurred in recent decades [Curry et al., 2003], may have led

to increasing salinities at high latitudes and associated freshening at low latitudes. Such

a redistribution may have been associated with intensification in the MOC, which would

lead to a greater influence at Site 984 of warm salty surface waters from the south relative

to the cold fresh waters from the north. After 4 ka, the 8180ýw suggests that salinities

rapidly decreased by as much as 0.8 p.s.u., and remained at or near modem values for the

remainder of the record.
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The Mg/Ca-derived temperature data also reveal very well defined suborbital

variability. At 8.2 ka, temperatures decreased by ~2°C, coincident with the cooling recorded

in the GISP2 ice core. Concurrently with that cooling, there was no significant change in

the planktic foraminiferal 6180, suggesting a 0.3%o 61O,0 decrease. (Using our modem

estimate, a decrease of 0.3%o equals a freshening of -0.6 p.s.u.; using a glacial meltwater

estimate, a decrease of 0.3%o equals a freshening of -0.3 p.s.u.) The data strongly suggest

the presence of freshwater along with the 2°C cooling at 8.2 ka, although we cannot rule out

the possibility of a change in the P80 of precipitation source waters. A freshwater induced

reduction in MOC has been proposed as a mechanism of high latitude cooling during the

8.2 kyr event. Barber et al. [1999] suggest that a catastrophic drainage of Laurentide

lakes caused a surface ocean stability in the Labrador Sea that disrupted the formation of

Labrador Sea Water (LSW), and caused the cooling over central Greenland [Barber et al.,

1999]. While planktic foraminiferal 8'80 records from the active convection region of the

Labrador Sea do not suggest a freshening during this interval [Hillaire-Marcel et al., 1994],

a record from the Laurentian Fan, located south of the Labrador Sea, does show a significant

freshening at 8.2 ka [Keigwin et al., 2005]. The lack of a surface freshening signal in the

central Labrador Sea, and the existence of this signal at the Laurentian Fan may suggest an

alternate freshwater drainage route, or it may suggest that the pulse of freshwater stayed

close to the coast without influencing the 8180 signal in the central Labrador Sea [Keigwin

et al., 2005]. In either case, the freshwater may have mixed with waters of the North

Atlantic Current, carrying the freshwater signal to the high latitudes. Alternatively, the

freshwater signal may have arrived at Site 984 from the north, associated with a decrease

in MOC.

Similar temperature and salinity decreases occurred at 9.3 ka, although the magnitude

of the temperature change was smaller (1-2°C), and the existence of the excursion in

the GISP2 6180 record is less evident. However, the cooling and freshening occurred

concurrently with an excursion in the GISP2 terrestrial dust concentration, indicating

increased windiness over Greenland [O'Brien et al., 1995], and is consistent with detrital

evidence of an ice rafting event in the North Atlantic at 9.3 ka [Bond et al., 2001].

Suborbital variability also occurred in the later Holocene. The ~2°C temperature

oscillations recorded in the most recent 4,000 years of the record occurred without large

episodic increases and decreases in freshwater; only at 8.2 and 9.3 ka were temperature

oscillations associated with large changes in local salinity. However, the temperature

minima and maxima of the last 4,000 years may have coincided with neoglacial advances
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and retreats. Maximum advances on Baffin Island at approximately 1,000, 1,900, and

3,000 14C years BP [Davis, 1985], or at approximately 0.9, 1.8, and 3.2 kyr BP, roughly

correspond to the temperature minima in the most recent 4,000 years of our record,

suggesting the possibility that these temperature changes reflect regional high latitude

North Atlantic climate variations.

Bond et al. [ 1997] suggest that synchronous surface cooling and freshening events

occurred throughout the Holocene with a cyclicity of 1.5 kyr. Our records do not confirm
a persistent 1.5 kyr cyclicity throughout the Holocene. Instead, they suggest suborbital

variability in the early Holocene, relative stability in the mid-Holocene, and renewed

variability in the late Holocene. Furthermore, multi-taper spectral analysis of our Mg/

Ca temperatures does not yield a peak at 1.5 kyr. Rather, it suggests variance in a broad

millennial band spanning frequencies from approximately 1/0.5 kyr to 1/1.5 kyr, indicating
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a preference for millennial variability. We also generated multi-taper coherence estimates

using our Mg/Ca data set and the atmospheric A'4C data set of Stuiver et al. [Stuiver et al.,

1998] in order to assess the influence of solar variability (see supplementary material).

However, the results are inconclusive because the coherence changes significantly when

age control points are altered within the 20 range of calibrated radiocarbon ages.

Summary

In summary, our new Mg/Ca and 5'80 records from Site 984 reveal long-term

Holocene trends of increasing temperatures and salinities. Further investigations at lower

latitudes are necessary in order to determine whether there has been an overall shift in the

Atlantic-Pacific freshwater contrast, or whether there has been a redistribution of freshwater

within the Atlantic. In addition, our records do not confirm a 1.5 kyr cyclicity during the

Holocene, but do suggest a preference for millennial variability. The new records provide

the first open ocean confirmation of temperature and salinity decreases during the 8.2 kyr

event, consistent with the hypothesis of a reduced MOC. However, the 8.2 kyr event is

not the only large temperature event of the Holocene; our new records reveal temperature

excursions during the last 4,000 years that are the largest oscillations of the Holocene,

underscoring the need to better understand the forcing mechanisms for millennial climate

change.
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Supplementary Material

Methods

The age model for Site 984 is based on linear interpolation between 11 G. bulloides

accelerator mass spectrometer radiocarbon dates which were converted to calendar age

using CALIB 5.01 [Stuiver and Reimer, 1993], the Marine04 calibration dataset [Hughen et

al., 2004], and a reservoir correction of 400 years (Table I and Figure S- I a). The converted

ages reveal a near constant elevated sedimentation rate of approximately 29 cm/kyr, making

it an ideal core for the study of suborbital climate variability.

Mg/Ca and 8,l8O were measured in the tests of the planktic foraminiferN.pachyderma

(d.), which were picked from the narrow size fraction of 150-212 microns. Each Mg/Ca

sample consisted of approximately 50 individuals, which were crushed and cleaned using

the full trace metal method, with a reversal of the oxidative and reductive steps [Boyle and

Keigwin, 1985/6; Boyle and Rosenthal, 1996]. Each stable isotope sample consisted of 7-

10 individuals.

Mg/Ca data were generated using a Thermo-Finnigan Element2 sector field single

collector ICP-MS, following the protocol of Rosenthal et al. [1999]. In order to assess the

precision of measurements on the ICP-MS, three consistency standards were treated as

samples in each of 9 runs (including the two runs in which the data were generated). Mean

Mg/Ca for the three consistency standards were 1.7 mmol mol-1, 3.3 mmol mol' and 5.0

mrmol moP'. Standard deviations were ±0.02 mmol moP' (n=9), ±0.03 mmol moP' (n=9),

and ±0.04 mmol mol- (n=9), respectively. Average Mg/Ca in our samples range from 0.91

to 2.31 mmol mol-1. Using the Mg/Ca-temperature relationship [Mg/Ca] = 0.52 exp 0.10 T

[Elderfield and Ganssen, 2000], the resulting temperature errors range from ±0.2°C at our

highest Mg/Ca values, to ±0.4°C at our lowest values. Stable isotope data were generated

using a Finnegan-MAT 253. Calibration to the VPDB scale was made using NBS-19 (8110

= -2.20%o). Long-term reproducibility (lo; n=461) of NBS-19 for this mass spectrometer

is _+0.08%o.

Very good agreement exists between most replicate analyses, especially at the

interval around 150 cm, which corresponds to the 8.2 kyr event (Figure S-lb). Post-

depositional dissolution is a potential problem [Brown and Elderfield, 1996] because Mg is

preferentially removed from carbonates [Lorens et al., 1977; Rosenthal and Boyle, 1993].

To monitor dissolution, we weighed each sample of 50 individual foraminiferal tests and

obtained average foraminiferal weights (Figure S-lc). Low foraminiferal weights do not
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Figure S-2. Multi-taper coherence for Mg/Ca-derived temperatures and
atmospheric A'4C. a.) 554-10,423 years BP. Atmospheric A 4C linearly
de-trended. Mean time step = 107.3 years, with linear interpolation of
temperature and atmospheric A'4C data. Time-bandwidth product = 3.
Dashed line denotes the 95% confidence interval.

coincide with low Mg/Ca values, making it unlikely that carbonate dissolution drives the

Mg/Ca variability at this site. Since we do not believe that dissolution is a significant

problem at this site, we chose the conservative approach of not applying a dissolution

correction based on foraminiferal weights [Rosenthal and Lohmann, 2002], which would

only exaggerate the Mg/Ca-derived temperature signal.

Coherence Estimates

In order to assess the influence of solar variability, we generated coherence

estimates for our Mg/Ca temperature data and the atmospheric A 4̀C data of Stuiver et

al. [1998]. While coherence within a broad millennial band does exist between Mg/Ca-
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Figure S-2b.) Same as in a.), except using a different age model for the Mg/
Ca time series, which was based on randomly selected age control points
from within the 23 range of calibrated radiocarbon dates. Matlab code
courtesy of Peter Huybers.

derived temperatures and atmospheric A'C, it lies well below the 95% confidence limits

(Figure S-2a). In addition, we generated several age models for Site 984, using randomly

selected age control points from within the 2o range of calibrated radiocarbon dates, and a

linear interpolation between those control points. The different age models yield radically

different coherence estimates, making it difficult to draw conclusions about the influence

of solar variability on the temperatures at our site (Figure S-2b).
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Tables

Table 1. AMS dates and calendar ages*.
Age Age

Depth MCD NOSAMS AMS AMS 1 or 2 Lower Upper Age

(cm) (cm) Species ID Date Error a (yrs BP) (yrs BP) (yrs BP)

ODP Site 984C 1H-OI(A)
0-2 1 G. bulloides OS-19325 805 40 1 415 489 446

2 333 506
30-32 31 G. bulloides OS-36742 1,440 35 1 940 1,029 985

2 906 1,072
58-60 59 G. bulloides OS-36743 2,200 40 1 1,743 1,854 1,798

2 1,689 1,900
94-96 95 G. bulloides OS-19326 3,690 40 1 3,550 3,667 3,604

2 3,470 3,716
122-124 123 G. bulloides OS-36744 4,380 40 1 4,441 4,576 4,524

2 4,406 4,655

ODP Site 984C 1H-02(A)
12-14 163 G. bulloides OS-36745 5,670 45 1 6,009 6,148 6,075

2 5,942 6,190
44-46 195 G. bulloides OS-19322 6,830 65 1 7,293 7,412 7,350

2 7,228 7,471
64-66 215 G. bulloides OS-36746 7,390 50 1 7,808 7,919 7,857

2 7,733 7,956
103-104 253.5 G. bulloides OS-22738 8,730 55 1 9,354 9,473 9,408

2 9,276 9,508
123-124 273.5 G. bulloides OS-22943 9,360 45 1 10,161 10,237 10,204

2 10,116 10,326
133-134 283.5 G. bulloides OS-22740 9,410 55 1 10,187 10,319 10,259

2 10,152 10,407
* AMS radiocarbon dates were converted to calendar age using CALIB 5.01 [Stuiver and Reimer, 1993],
the Marine04 dataset [Hughen et al., 2004], and a reservoir correction of 400 years.
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Table 2. ODP Site 984 N. pachyderma (d.) Mg/Ca data.
Depth Composite Age Mean Test [Ca] Mg/Ca Mean Mg/Ca Temperature
(cm) Depth (cm) (yrs BP) Weight (Rg) ppm (mmol mor') (mmol maolr) (OC; EG*)

984C 1H-O1(A)
7 7 554 4.5 38 1.28 1.28 9.0
9 10 608 4.4 31 1.04 1.04 6.9
11 11 626 5.7 29 1.18 1.18 8.2
17 17 733 5.9 44 1.09 1.17 8.1
17 17 733 5.9 33 1.26
19 19 769 5.2 49 1.00 1.00 6.6
31 31 985 5.6 42 1.00 1.00 6.6
33 33 1,043 5.3 37 1.18 1.18 8.2
37 37 1,159 6.3 53 1.13 1.13 7.7
39 39 1,217 6.3 51 1.18 1.18 8.2
47 47 1,450 6.0 55 1.33 1.52 10.7
47 47 1,450 6.0 37 1.71
49 49 1,508 6.0 36 1.27 1.27 9.0
51 51 1,566 5.2 42 1.51 1.51 10.7
53 53 1,624 5.5 37 0.95 0.95 6.0
57 57 1,740 4.7 38 1.10 1.10 7.5
59 59 1,798 6.1 43 1.14 1.13 7.7
59 59 1,798 6.1 68 1.11
67 67 2,199 4.0 56 1.12 1.12 7.6
69 69 2,300 4.0 63 1.17 1.17 8.1
71 71 2,400 3.8 54 1.18 1.18 8.2
73 73 2,500 4.1 56 1.18 1.18 8.2
77 77 2,701 4.0 34 1.23 1.23 8.6
79 79 2,801 4.8 29 1.39 1.39 9.9
87 87 3,203 3.9 40 1.31 1.31 9.3
89 89 3,303 3.0 44 1.10 1.08 7.3
89 89 3,303 3.0 34 1.06
91 91 3,403 4.7 37 1.31 1.30 9.2
91 91 3,403 4.7 30 1.30
93 93 3,504 5.2 41 1.05 1.05 7.0
97 97 3,670 4.9 33 1.00 1.00 6.6
99 99 3,735 5.8 40 1.22 1.22 8.5

103 103 3,867 5.4 45 1.26 1.26 8.8
107 107 3,998 5.4 46 1.26 1.26 8.8
109 109 4,064 7.2 61 1.46 1.51 10.7
109 109 4,064 7.2 36 1.56
111 111 4,130 5.6 32 1.41 1.41 10.0
113 113 4,195 6.4 58 1.24 1.17 8.1
113 113 4,195 6.4 32 1.10
115 115 4,261 5.9 56 1.40 1.50 10.6
115 115 4,261 5.9 28 1.60
119 119 4,393 5.6 33 1.26 1.26 8.9
123 123 4,524 5.0 46 1.22 1.32 9.3
123 123 4,524 5.0 34 1.42
127 127 4,679 5.6 40 1.22 1.20 8.4
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Table 2 (cont.).
Depth Composite Age Mean Test [Ca] Mg/Ca Mean Mg/Ca Temperature
(cm) Depth (cm) (yrs BP) Weight (iRg) ppm (mmol mol') (mmol mol') (°C; EG*)

984C 1H-OI(A)
127 127 4,679 5.6 41 1.18
129 129 4,757 5.6 43 1.26 1.26 8.8
131 131 4,834 6.4 36 1.25 1.25 8.7
133 133 4,912 5.9 36 1.36 1.36 9.6
137 137 5,067 6.2 37 1.30 1.30 9.2
139 139 5,144 4.5 36 1.24 1.24 8.7
145 145 5,377 6.9 36 1.19 1.36 9.6
145 145 5,377 6.9 50 1.52
147 147 5,455 4.9 70 1.08 1.09 7.4
147 147 5,455 4.9 50 1.11
149 149 5,532 5.7 57 1.21 1.21 8.4

984C 1H-02(A)
1 151 5,610 6.2 68 1.18 1.31 9.2
1 151 5,610 6.2 30 1.43
3 153 5,687 6.0 36 1.09 1.09 7.4
5 155 5,765 5.7 29 1.28 1.28 9.0
7 157 5,842 5.6 27 1.19 1.19 8.2
9 159 5,920 5.7 54 1.18 1.18 8.2

13 163 6,075 40 1.29 1.29 9.1
15 165 6,155 5.9 39 1.26 1.26 8.8
17 167 6,234 5.6 41 1.30 1.30 9.2
19 169 6,314 6.0 29 1.22 1.22 8.5
23 173 6,473 5.6 59 1.16 1.16 8.0
25 175 6,553 5.8 47 1.17 1.17 8.1
25 175 6,553 5.8 62 1.17
27 177 6,633 5.8 64 1.22 1.22 8.5
29 179 6,713 5.6 44 1.15 1.15 7.9
33 183 6,872 6.0 55 1.20 1.20 8.4
35 185 6,952 5.5 55 1.25 1.25 8.7
37 187 7,031 5.1 31 1.10 1.10 7.5
39 189 7,111 5.2 44 1.07 1.07 7.2
43 193 7,270 5.9 44 1.16 1.16 8.0
45 195 7,350 5.5 30 1.07 1.07 7.2
49 199 7,451 5.4 55 1.01 1.01 6.6
53 203 7,553 6.2 55 1.25 1.25 8.8
57 207 7,654 5.4 44 1.23 1.23 8.6
61 211 7,756 6.1 26 1.17 1.17 8.1
63 213 7,806 6.4 28 1.25 1.17 8.1
63 213 7,806 65 1.10
65 215 7,857 5.8 62 1.19 1.10 7.5
65 215 7,857 5.8 32 1.02
67 217 7,938 6.1 43 1.10 1.10 7.5
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Table 2 (cont.).
Depth Composite Age Mean Test [Ca] Mg/Ca Mean Mg/Ca Temperature
(cm) Depth (cm) (yrs BP) Weight (jig) ppm (mmol morl) (mmol mol") (°C; EG*)

984C 1H-02(A)
67 217 7,938 6.1 45 1.11
69 219 8,018 6.2 51 1.01 1.02 6.7
69 219 8,018 6.2 37 1.02
73 223 8,179 7.0 52 1.00 0.95 6.0
73 223 8,179 7.0 50 0.90
75 225 8,260 6.1 56 0.94 0.91 5.6
75 225 8,260 6.1 44 0.88
77 227 8,340 6.6 51 1.00 1.00 6.6
77 227 8,340 6.6 34 1.00
79 229 8,421 5.9 57 1.15 1.15 7.9
81 231 8,502 6.7 43 1.09 1.10 7.5
81 231 8,502 6.7 38 1.12
83 233 8,582 7.3 49 1.16 1.09 7.4
83 233 8,582 7.3 51 1.02
85 235 8,663 54 1.14 1.11 7.6
85 235 8,663 52 1.08
87 237 8,743 6.1 61 1.00 1.03 6.8
87 237 8,743 6.1 46 1.07
89 239 8,824 6.6 63 1.04 1.12 7.7
89 239 8,824 6.6 52 1.20
93 243 8,985 6.5 51 1.08 1.18 8.2
93 243 8,985 6.5 45 1.28
95 245 9,066 6.4 48 1.11 1.11 7.6
97 247 9,146 6.2 43 1.03 1.03 6.8
99 249 9,227 6.1 53 0.94 0.94 6.0
101 251 9,307 7.5 65 0.93 0.93 5.9
103 253 9,388 7.6 50 0.98 0.98 6.3
105 255 9,468 74 1.08 1.08 7.3
107 257 9,547 8.0 52 0.94 0.94 5.9
109 259 9,627 8.3 64 1.01 1.01 6.6
113 263 9,786 7.4 65 1.04 1.16 8.0
113 263 9,786 7.4 36 1.28
117 267 9,945 7.6 44 0.96 0.96 6.1
119 269 10,025 7.8 52 1.30 1.07 7.3
119 269 10,025 7.8 65 0.85
123 273 10,184 7.1 60 1.04 1.04 7.0
127 277 10,343 7.8 60 1.05 1.05 7.0
129 279 10,423 8.4 63 1.09 1.09 7.4

* Temperatures were calculated using the equation of Elderfield and Ganssen [2000].
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Table 3. ODP Site 984 N. pachyderma (d.) 81`0 data.
Depth Composite Age 6100 Mean 8`0O
(cm) Depth (cm) (yrs BP) (0/6) (%0)

984C 1H-O1(A)
1 1 446 1.55 1.55
5 5 518 1.81 1.81
6 6 536 1.60 1.60
7 7 554 1.58 1.58
9 9 590 1.69 1.69
11 11 626 1.58 1.58
13 13 662 1.73 1.73
15 15 698 1.48 1.48
17 17 733 1.50 1.50
19 19 769 1.57 1.57
21 21 805 1.54 1.54
25 25 877 1.36 1.36
27 27 913 1.80 1.80
29 29 949 1.79 1.79
31 31 985 1.61 1.61
33 33 1,043 1.52 1.52
35 35 1,101 1.81
35 35 1,101 1.72 1.76
36 36 1,130 1.44 1.44
37 37 1,159 1.52 1.52
41 41 1,275 1.24 1.24
45 45 1,392 1.54 1.54
49 49 1,508 1.48 1.48
51 51 1,566 1.53 1.53
55 55 1,682 1.56 1.56
57 57 1,740 1.50 1.50
59 59 1,798 1.66 1.66
61 61 1,898 1.54 1.54
64 64 2,049 1.81 1.81
65 65 2,099 1.73 1.73
66 66 2,149 1.70 1.70
67 67 2,199 1.55 1.55
69 69 2,300 1.65 1.65
75 75 2,601 1.54 1.54
77 77 2,701 1.51 1.51
79 79 2,801 1.58 1.58
81 81 2,902 1.26 1.26
85 85 3,102 1.27 1.27
87 87 3,203 1.45 1.45
89 89 3,303 1.67 1.67
91 91 3,403 1.59 1.59
93 93 3,504 1.70 1.70
95 95 3,604 1.77
95 95 3,604 1.65 1.71
96 96 3,637 1.68 1.68
97 97 3,670 1.61
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Table 3 (cont.).
Depth Composite Age bluO Mean 8"0
(cm) Depth (cm) (yrs BP) (%0) (0o)

984C 1H-01(A)
97 97 3,670 1.71 1.66
99 99 3,735 1.52 1.52
101 101 3,801 1.49 1.49
103 103 3,867 1.56 1.56
105 105 3,933 1.50 1.50
107 107 3,998 1.64 1.64
109 109 4,064 1.83
109 109 4,064 1.59 1.71
111 111 4,130 1.55 1.55
113 113 4,195 1.64 1.64
115 115 4,261 1.32 1.32
117 117 4,327 1.64 1.64
119 119 4,393 1.64 1.64
121 121 4,458 1.57 1.57
123 123 4,524 1.68 1.68
125 125 4,602 1.43 1.43
127 127 4,679 1.59 1.59
129 129 4,757 1.60 1.60
131 131 4,834 0.47 0.47
133 133 4,912 1.61 1.61
135 135 4,989 1.65
135 135 4,989 1.73 1.69
136 136 5,028 1.72 1.72
139 139 5,144 1.57 1.57
141 141 5,222 1.64 1.64
145 145 5,377 1.31 1.31
147 147 5,455 1.54 1.54
149 149 5,532 1.58 1.58

984C IH-02(A)
1 151 5,610 1.63 1.63

3.5 153.5 5,707 2.12 2.12
5 155 5,765 1.64 1.64
6 156 5,804 1.60 1.60
7 157 5,842 1.58 1.58
9 159 5,920 1.60 1.60

13 163 6,075 1.57 1.57
15 165 6,155 1.63 1.63
16 166 6,195 1.48 1.48
17 167 6,234 1.54 1.54
21 171 6,394 1.53 1.53
23 173 6,473 1.52 1.52
25 175 6,553 1.44
25 175 6,553 1.40 1.42
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Table 3 (cont.).
Depth Composite Age 615O Mean 81"0
(cm) Depth (cm) (yrs BP) (%N) (0/6)

984C 1H-02(A)
27 177 6,633 1.45 1.45
29 179 6,713 1.44 1.44
33 183 6,872 1.50 1.50
35 185 6,952 1.29 1.29
37 187 7,031 1.47 1.47
39 189 7,111 1.57 1.57
41 191 7,191 1.63 1.63
43 193 7,270 1.34 1.34
45 195 7,350 2.31
45 195 7,350 1.61 1.96
46 196 7,375 1.34 1.34
47 197 7,401 1.44 1.44
49 199 7,451 1.66 1.66
53 203 7,553 1.43 1.43
55 205 7,604 1.68 1.68
57 207 7,654 1.51 1.51
59 209 7,705 1.53 1.53
61 211 7,756 1.34 1.34
63 213 7,806 1.21 1.21
65 215 7,857 1.49 1.49
67 217 7,938 1.53 1.53
69 219 8,018 1.52 1.52
73 223 8,179 1.58 1.58
75 225 8,260 1.43 1.43
76 226 8,300 1.47 1.47
77 227 8,340 1.56 1.56
79 229 8,421 1.50 1.50
81 231 8,502 1.47 1.47
83 233 8,582 1.58 1.58
85 235 8,663 1.72 1.72
87 237 8,743 1.63 1.63
89 239 8,824 1.52 1.52
93 243 8,985 1.59 1.59
95 245 9,066 1.61 1.61
97 247 9,146 1.60 1.60
99 249 9,227 1.56 1.56
101 251 9,307 1.57 1.57
103 253 9,388 1.57 1.57

103.5 253.5 9,408 1.84 1.84
105 255 9,468 1.65 1.65
106 256 9,508 1.69 1.69
107 257 9,547 1.61 1.61
109 259 9,627 1.63 1.63
113 263 9,786 1.72 1.72
115 265 9,866 1.78 1.78
117 267 9,945 1.80 1.80
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Table 3 (cont.).
Depth Composite Age 80 Mean 8730
(cm) Depth (cm) (yrs BP) (%M) (%O)

984C IH-02(A)
119 269 10,025 1.71 1.71
121 271 10,105 1.77
121 271 10,105 1.70 1.74
123 273 10,184 1.95 1.95

123.5 273.5 10,204 2.01 2.01
125 275 10,264 1.68 1.68
129 279 10,423 1.68 1.68

133.5 283.5 10,602 1.65 1.65
135 285 10,662 1.78 1.78
141 291 10,901 1.77 1.77

143.5 293.5 11,000 2.16 2.16
146 296 11,100 1.66 1 66
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Table 4. ODP Site 984 residual seawater 8180.
Composite Smoothed Smoothed 8'°Oc Ice Volume Smoothed 8Oc 8"Osw**

Depth Age Temp Uncorrected Correction* Corrected Corrected
(cm) (yrs BP) (0C) (O0/) (%0/) (0/6) (%o)

984C IH-O1(A)
1 446
5 518 1.65 -0.01 1.66
6 536 1.66 -0.01 1.67
7 554 1.62 -0.01 1.63
9 590 1.62 -0.01 1.63
10 608 8.0
11 626 7.7 1.67 -0.01 1.68 0.11
13 662 1.60 -0.01 1.61
15 698 1.57 -0.01 1.59
17 733 7.6 1.52 -0.02 1.53 -0.06
19 769 7.1 1.54 -0.02 1.55 -0.13
21 805 1.49 -0.02 1.50
25 877 1.57 -0.02 1.58
27 913 1.65 -0.02 1.67
29 949 1.73 -0.02 1.75
31 985 7.1 1.64 -0.02 1.66 -0.02
33 1,043 7.5 1.63 -0.02 1.65 0.03
35 1,101 1.57 -0.02 1.59
36 1,130 1.57 -0.02 1.59
37 1,159 8.0 1.40 -0.02 1.42 -0.11
39 1,217 8.9
41 1,275 1.43 -0.02 1.45
45 1,392 1.42 -0.02 1.44
47 1,450 9.3
49 1,508 10.1 1.52 -0.02 1.53 0.35
51 1,566 8.5 1.53 -0.02 1.54 0.10
53 1,624 8.0
55 1,682 1.53 -0.01 1.54
57 1,740 7.1 1.57 -0.01 1.59 -0.10
59 1,798 7.6 1.56 -0.01 1.58 -0.02
61 1,898 1.67 -0.01 1.68
64 2,049 1.69 -0.01 1.70
65 2,099 1.75 -0.01 1.75
66 2,149 1.66 -0.01 1.67
67 2,199 7.8 1.63 -0.01 1.64 0.08
69 2,300 8.0 1.58 -0.01 1.59 0.05
71 2,400 8.2
73 2,500 8.3
75 2,601 1.57 0.00 1.57
77 2,701 8.9 1.54 0.00 1.54 0.15
79 2,801 9.2 1.45 0.00 1.45 0.12
81 2,902 1.37 0.01 1.36
85 3,102 1.33 0.01 1.32
87 3,203 8.8 1.46 0.01 1.45 0.05
89 3,303 8.6 1.57 0.01 1.56 0.12
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Table 4 (cont.).
Composite Smoothed Smoothed blUOc Ice Volume Smoothed 8"Oc 8'Osw**

Depth Age Temp Uncorrected Correction* Corrected Corrected
(cm) (yrs BP) (°C) (00) (%0) (0) (0)

984C 1H-O1(A)
91 3,403 7.8 1.65 0.01 1.64 0.08
93 3,504 7.6 1.67 0.01 1.66 0.06
95 3,604 1.70 0.01 1.69
96 3,637 1.68 0.01 1.67
97 3,670 7.4 1.62 0.01 1.61 -0.02
99 3,735 8.0 1.56 0.01 1.55 0.01
101 3,801 1.52 0.01 1.51
103 3,867 8.7 1.52 0.01 1.51 0.10
105 3,933 1.57 0.01 1.56
107 3,998 9.5 1.62 0.01 1.61 0.31
109 4,064 9.8 1.63 0.01 1.62 0.39
111 4,130 9.6 1.63 0.01 1.62 0.35
113 4,195 9.6 1.50 0.01 1.49 0.21
115 4,261 9.2 1.54 0.02 1.52 0.18
117 4,327 1.54 0.02 1.52
119 4,393 9.6 1.62 0.02 1.59 0.32
121 4,458 1.63 0.03 1.60
123 4,524 8.8 1.56 0.03 1.53 0.14
125 4,602 1.57 0.03 1.54
127 4,679 8.8 1.54 0.03 1.51 0.11
129 4,757 8.6 1.60 0.03 1.57 0.14
131 4,834 9.1
133 4,912 9.2 1.63 0.04 1.59 0.25
135 4,989 1.67 0.04 1.63
136 5,028 1.66 0.05 1.61
137 5,067 9.2
139 5,144 9.2 1.64 0.05 1.59 0.25
141 5,222 1.50 0.06 1.45
145 5,377 8.6 1.49 0.07 1.43 -0.01
147 5,455 8.5 1.48 0.07 1.41 -0.05
149 5,532 8.4 1.58 0.07 1.51 0.04

984C 1H-02(A)
151 5,610 8.4 1.62 0.08 1.54 0.07
153 5,687 8.6
155 5,765 8.2 1.62 0.09 1.54 0.04
156 5,804 1.61 0.09 1.52
157 5,842 8.5 1.59 0.09 1.50 0.05
159 5,920 8.5 1.58 0.09 1.49 0.04
163 6,075 8.7 1.60 0.10 1.50 0.08
165 6,155 9.0 1.56 0.11 1.45 0.09
166 6,195 1.55 0.11 1.44
167 6,234 8.8 1.52 0.11 1.40 0.01
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Table 4 (cont.).
Composite Smoothed Smoothed 81"Oc Ice Volume Smoothed 81Oc 81UOsw*

Depth Age Temp Uncorrected Correction* Corrected Corrected
(cm) (yrs BP) (*C) (%M) (%0) (M0) (Vy)

984C 1H-02(A)
169 6,314 8.6
171 6,394 1.53 0.13 1.40
173 6,473 8.2 1.49 0.13 1.36 -0.14
175 6,553 8.2 1.46 0.14 1.33 -0.17
177 6,633 8.2 1.44 0.14 1.30 -0.21
179 6,713 8.3 1.47 0.15 1.32 -0.17
183 6,872 8.3 1.41 0.16 1.26 -0.22
185 6,952 8.2 1.42 0.16 1.26 -0.24
187 7,031 7.8 1.44 0.17 1.27 -0.29
189 7,111 7.6 1.56 0.18 1.38 -0.22
191 7,191 1.51 0.19 1.32
193 7,270 7.5 1.53 0.20 1.33 -0.28
195 7,350 7.3 1.43 0.20 1.23 -0.42
196 7,375 1.46 0.21 1.26
197 7,401 1.48 0.21 1.27
199 7,451 7.5 1.51 0.21 1.30 -0.31
203 7,553 8.0 1.59 0.22 1.37 -0.16
205 7,604 1.54 0.22 1.32
207 7,654 8.5 1.57 0.23 1.34 -0.11
209 7,705 1.46 0.24 1.22
211 7,756 8.3 1.36 0.24 1.12 -0.36
213 7,806 7.9 1.35 0.25 1.10 -0.44
215 7,857 7.7 1.41 0.25 1.16 -0.42
217 7,938 7.3 1.51 0.26 1.26 -0.40
219 8,018 6.8 1.54 0.26 1.28 -0.46
223 8,179 6.1 1.51 0.28 1.24 -0.61
225 8,260 6.1 1.50 0.28 1.22 -0.64
226 8,300 1.49 0.28 1.21
227 8,340 6.7 1.51 0.29 1.22 -0.52
229 8,421 7.3 1.51 0.29 1.22 -0.42
231 8,502 7.6 1.52 0.29 1.23 -0.37
233 8,582 7.5 1.59 0.30 1.30 -0.32
235 8,663 7.3 1.64 0.30 1.34 -0.31
237 8,743 7.4 1.62 0.31 1.32 -0.32
239 8,824 7.6 1.58 0.31 1.27 -0.33
243 8,985 7.8 1.57 0.32 1.26 -0.31
245 9,066 7.5 1.60 0.32 1.28 -0.33
247 9,146 6.8 1.59 0.32 1.27 -0.46
249 9,227 6.2 1.58 0.33 1.25 -0.58
251 9,307 6.0 1.57 0.33 1.24 -0.62
253 9,388 6.5 1.66 0.34 1.33 -0.45

253.5 9,408 1.69 0.34 1.35
255 9,468 6.5 1.73 0.34 1.39 -0.38
256 9,508 1.65 0.34 1.31
257 9,547 6.6 1.64 0.35 1.30 -0.46
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Table 4 (cont.).
Composite Smoothed Smoothed 86 'Oc Ice Volume Smoothed 8"Oc 8bOsw**

Depth Age Temp Uncorrected Correction* Corrected Corrected
(cm) (yrs BP) (°C) (%o) (%M) (0/6) (M0)

984C IH-02(A)
259 9,627 6.9 1.65 0.35 1.30 -0.42
263 9,786 6.9 1.71 0.36 1.35 -0.36
265 9,866 1.77 0.36 1.41
267 9,945 7.1 1.76 0.37 1.40 -0.28
269 10,025 6.8 1.75 0.37 1.38 -0.35
271 10,105 1.80 0.37 1.43
273 10,184 7.1 1.90 0.38 1.52 -0.16

273.5 10,204 1.88 0.38 1.50
275 10,264 1.82 0.38 1.44
277 10,343 7.1 1.71 0.38 1.33 -0.35
279 10,423 1.70 0.38 1.32

* Ice volume correction is from Waelbroeck et al. [2002].
** Seawater 8`O was calculated using the equation of von Langen [2001].
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Chapter 3. Atlantic Ocean circulation during the Younger
Dryas: Insights from a new Cd/Ca record from the western
subtropical South Atlantic
(Reprinted with permission from Paleoceanography)

Rosemarie E. Came
Massachusetts Institute of Technology/Woods Hole Oceanographic Institution Joint
Program in Oceanography, Woods Hole, Massachusetts

Delia W. Oppo, and William B. Curry
Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods
Hole, Massachusetts

Abstract
Benthic foraminiferal Cd/Ca from an intermediate depth, western South Atlantic

core documents the history of southward penetration of North Atlantic Intermediate Water
(NAIW). Cd seawater estimates (Cdw) for the last glacial are consistent with the production
of NAIW and its export into the South Atlantic. At ~14.5 kyr, the NAIW contribution to
the South Atlantic began to decrease, marking a transition from a glacial circulation pattern
to a Younger Dryas circulation, which occurred concurrently with the onset of the Bolling-
Allerod to Younger Dryas cooling. High Cdw in both the deep North Atlantic and the
intermediate South Atlantic imply reduced export of deep and intermediate water during
the Younger Dryas, and a significant decrease in northward oceanic heat transport. A
modern circulation was reached at -9 kyr, concurrently with the establishment of Holocene
warmth in the North Atlantic region, further supporting a close linkage between deepwater
variability and North Atlantic climate.
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[t] Benthic foraminiferal Cd/Ca from an intermediate depth, western South Atlantic core documents the history
of southward penetration of North Atlantic Intermediate Water (NAIW). Cd seawater estimates (Cdw) for the last
glacial are consistent with the production of NAIW and its export into the South Atlantic. At -14.5 ka
concurrently with the onset of the Bolling-Allerod to Younger Dryas cooling, the NAIW contribution to the
South Atlantic began to decrease, marking the transition from a glacial circulation pattern to a Younger Dryas
circulation. High Cdw in both the deep North Atlantic and the intermediate South Atlantic imply reduced export
of deep and intermediate water during the Younger Dryas and a significant decrease in northward oceanic
heat transport. A modem circulation was achieved at ,-9 ka, concurrently with the establishment of Holocene
warmth in the North Atlantic region, further supporting a close linkage between deepwater variability and North
Atlantic climate. INDEX TERMS: 4267 Oceanography: General: Paleoceanography; 4875 Oceanography: Biological and Chemical:
Trace elements; 4870 Oceanography: Biological and Chemical: Stable isotopes; KEYWORDS: Cd/Ca, 613

C, Younger Dryas, intermediate
water, foraminifera

Citation: Came, R. E., D. W. Oppo, and W. B. Curry, Atlantic Ocean circulation during the Younger Dryas: Insights from a new
Cd/Ca record from the western subtropical South Atlantic, Paleoceanography, 18(4), 1086, doi:10.1029/2003PA000888, 2003.

1. Introduction derived temperature estimates from the tropics suggest that

[2] A large body of evidence suggests that several such a warming did occur during the Younger Dryas, with
sea surface temperatures increasing by 1 .20 C [Riuhtemann et

abrupt millennial-scale climate changes occurred during al., 1999]. However, recent modeling studies [Manabe and

the last deglaciation [Dansgaard et al., 1993; Bond et al., St oe, 199]. H ar, et aling sudies that and

1993; Lehman and Keigwin, 1992]. The most notable of Stouffer, 1997; Mat-chat et at., 1999] suggest that only1993 Le man nd eig w n, 992 . Th mo t no abl of dram atic reductions in M O C could cause tropical w arm ing.

these deglacial climate events was the Younger Dryas, a Thus a very large reduction in MOC would be consistent

brief return to near-glacial temperatures in the North Th t vence sugtin a w of te topis
Atlnti tht bgan-13000yeas ao ad lste -100 with the evidence suggesting a warming of the tropics

Atlantic that began 13,000 years ago and lasted 1500the Younger Dryas.
years. The Younger Dryas cooling has been observed in d4]nguthe Youner mry bt.manyNorh Alanic limte poxis, ncldin oxgen [4] Nutrient proxies may be used to trace changes in
many North Atlantic climate proxies, including oxygen ocean water mass geometry. In the modem ocean, North
isotopes in Greenland ice cores [Dansgaard, 1984] and the Atlantic Deep Water (NADW) forms in the northern
faunal assemblages of planktonic foraminifera in the North Atlantic Ocean when surface water loses heat, becomes
Atlantic [Ruddiman and McIntyre, 1981]. extremely dense, and sinks to great depths. Because surface

[3] Major changes in the Atlantic Ocean's meridional water is relatively nutrient depleted, the NADW that
overturning cell (MOC) may amplify millennial-scale originates from it is also nutrient depleted, causing a
climate variations in the North Atlantic. A decrease in the southward penetrating tongue of nutrient-depleted deep
strength of the MOC would cause a reduction in the amount water. By contrast, Circumpolar Deep Water forms in the
of heat transported by the upper ocean to the North Atlantic Southern Ocean from relatively nutrient enriched waters
and therefore would cool the northern high latitudes that upwell from great depth [e.g., Broecker et al., 1985b].
dBroecker et al., 1985a]. Models predict that a large Thus the pattern of nutrient distributions in the Atlantic
decrease in the strength of the MOC also warms the surface Ocean reflects deepwater circulation patterns.
and thermoclineoof the lower latitudes as a result of the [5] Cd and 61 C are two nutrient proxies used to trace
reduced northward export of heat [Manabe and Stouffer, deepwater circulation [Boyle and Keigwin, 1982; Curry and
1997; Rahmstorf, 1994; Marchal et al., 1999]. Alkenone- Lohman, 1982; Boyle, 1988; Curry et al., 1988; Duplessy et

Copyright 2003 by the American Geophysical Union. al., 1988]. Cd is a trace metal incorporated into organisms
0883-8305/03/2003PA000888$12.00 proportionately to other nutrients, resulting in a positive

50



10 - 2 CAME ET AL.: OCEAN CIRCULATION DURING THE YOUNGER DRYAS

correlation between Cd seawater (Cdw) concentrations and data from a South Atlantic core to determine the response of
oceanic P0 4 concentrations. Benthic foraminifera incorpo- North Atlantic Intermediate Water during the Younger
rate Cd into their CaCO3 tests in direct proportion to the Cd Dryas.
concentration in the water in which they calcify. Thus the
Cd/Ca ratio of the tests can be used as an indicator of the 2. Study Area
concentration of Cd (and thus P0 4) in the water at the time
the foraminifera tests formed [Hester and Boyle, 1982). The [s] Sediment core KNRI59-5-36GGC (36GGC) was
W'3 C distribution is the result of the isotopic fractionation of taken from the Brazilian margin at 27'31'S and 46*28'W,
carbon associated with photosynthesis, which favors 12C 1268 m (Figure 1). Today, the core site lies within waters that

over 1
3C. The remineralization at depth of low-8' 3 C organic are a mixture of Upper Circumpolar Deep Water, Antarctic

material produces a negative correlation between the 613 C Intermediate Water (AAIW), and Labrador Sea Water [Oppo

of dissolved inorganic carbon (8 13 CDIc) and P0 4 [e.g., and Horowitz, 2000]. During the last glacial, water at this
Kroopnick, 1985]. Like Cdw, the oceanic 613 CD1c signal is location consisted of at least one-third GNAIW but may
recorded in the tests of benthic foraminifera. Thus benthic have been entirely GNAIW (aged) [Oppo and Horowitz,
foraminifera can be used to infer past water mass geometry: 2000]. This core is ideally situated: It is directly in the flow
Low Cd and high 613C are indicative of a nutrient-depleted path of GNATW if this water mass exits the North Atlantic.
northern source, while high Cd and low 813 C are indicative
of a nutrient-enriched southern source. 3. Methods

[6] The 813C distribution, however, is complicated by the
influence of the 8'13C air-sea exchange signature (813 CAs). [9] Cd, Mn, and Ca concentrations were measured in the

When ocean water has contact with the atmosphere, a shells of the benthic foraminifera Hoeglundina elegans.

temperature-dependent fractionation of the carbon isotopes This aragonitic species faithfully records bottom water Cd

in CO 2 occurs [Mook et al., 1974]. For a given atmospheric concentrations with a partition coefficient Dp = [(Cd/

61
3C, colder temperatures result in higher 8'

3
CDIc. However, Ca)form/(Cd/Ca)water] ; 1.0 [Boyle et al., 1995]. The

since different parcels of water spend varying amounts of partition coefficient of the aragonitic H. elegans is constant

time in contact with the atmosphere, the degree to which a with depth, unlike the partition coefficients of calcitic

parcel equilibrates with the atmosphere also varies. High foraminifera, which are depth dependent [Boyle, 1992]. A

wind speeds increase exchange rates, bringing the 613CDIc constant seawater Ca concentration of 0.01 mol kg-1 was

closer to equilibrium with the atmosphere [Liss andMerlivat, assumed to estimate Cd seawater concentrations.

1986; Broecker and Maier-Reimer, 1992]. [io] Each sample consisted of approximately five indi-

[7] Changes in Cd/Ca and 813C have been used to trace the viduals and was cleaned according to the methods of Boyle

past changes in the ocean's subsurface geometry. During the and Keigwin [1985] with a reversal of the oxidative and

last glacial, deep waters of the North Atlantic were nutrient reductive steps to improve the removal of authigenic Cd

enriched relative to the present, and intermediate waters deposits [Boyle and Rosenthal, 1996; Rosenthal, 1994;

were nutrient depleted, suggesting a reduction in NADW Rosenthal et al., 1995]. Measurements were made using a

formation and an increase in Glacial North Atlantic Inter- Hitachi Z8200 atomic absorption spectrophotometer (AAS)

mediate Water (GNAIW) formation [Boyle and Keigwin, tandem flame and graphite furnace. Cd and Mn were

1987]. Many studies have confirmed this glacial subsurface measured using graphite furnace AAS, and Ca was mea-

geometry of GNAIW overlying waters of southern origin sured using flame AAS. Mn/Ca ratios were measured when

[Duplessy et al., 1988; Oppo and Lehman, 1993; Marchitto possible in order to verify that manganese carbonate over-

et al., 2002]. There are conflicting interpretations for the growths are not a source of contamination at this site.

subsurface geometry during the Younger Dryas. It has been Manganese carbonate overgrowths are a potential source

suggested that deepwater formation decreased [Boyle and of contamination in many species of benthic foraminifera

Keigwin, 1987] and intermediate water formation increased, [Boyle, 1983]. However, the species H. elegans was chosen

signifying a glacial-like stratification for the Younger Dryas for this study because it does not suffer from the contam-

[Marchitto et al., 1998; Zahn and Stilber, 2002]. Alterna- ination caused by such overgrowths [Boyle et al., 1995].

lively, Sarnthein et al. [2001] have suggested that MOC [ii] In order to assess the precision of measurements on

during the early Younger Dryas was similar to the modem the AAS, three consistency standards were treated as

mode, with significant NADW formation and little NAIW samples in each of the six runs in which the data were

formation. They suggest that deepwater reduction occurred generated. Mean Cd/Ca values for the three consistency

late, near the end of the Younger Dryas. Because the standards were 0.037, 0.089, and 0.127 pmol mol-'. Stan-

production of NADW at high latitudes results in greater heat dard deviations were 0.005, 0.004, and 0.007 linol mot-',
loss to the atmosphere than the production of intermediate respectively. For H. elegans, which has a partition coeffi-

water at lower latitudes, the above interpretations predict cient of 1, the resulting Cdw errors range from 0.04 to

very different roles of the MOC in cooling the North Atlantic 0.07 nmol kg-1. Consistency standard data and sample data

during the Younger Dryas. Thus it is clear that a better are available electronically.i

understanding of changes in subsurface geometries is nec-essary in order to understand how oceanic heat transport ' Auxiiliary, consisiency siandard data and sample daita are available
electronicaltly at World Data Center-A for Paleoclimatology, NOAA/

changes on millennial timescales. In this study, we present a NGDC, 325 Broadway, Boulder, CO 80303, USA. (paleo@mail.ngdc.
new record of intermediate depth variability using Cd/Ca noaa.gov; URL: http://www.ngdc.noaa.gov/paleo)
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Figure 1. Map of the study area showing the location of core KNRI59-5-36GGC (27 0 3 I'S, 46°28'W;
1268 in).

[12] For 813C determinations, Oppo and Horowitz [2000] [14] Additional AMS radiocarbon dates were obtained for
used the species Cibicidoidespachydelrna and a species that deep North Atlantic core ENI20-GGCI (33°40'N, 57°37'W;
closely resembles C. wuellerstorfi. At one depth interval in 4450 m) and intermediate depth North Atlantic core OC205-
this core (4 cm), 613C values were determined for both C. 2-103GGC (26 004'N, 78 003'W; 965 m) (Table I). A new age
wuellerstorfi and the species that resembles it, and these model was developed for OC205-2-103GGC using the new
values were found to be the same [Oppo and Horowitz, and previously published dates [Marchitto et al., 1998; Curry
2000]. In the western subtropical Atlantic, C. pachyderma et al., 1999]. The ages at 99.5 and 100 cm were averaged for
and C. wuellerstorfi have the same b13 C values as well the age model calculation.
[Slowey and Curty, 1995]. Oppo and Horowitz [2000]
therefore concluded that the two species used for 61

3 C 4. Results and Discussion
measurements in this core are equivalent.

[13] Accelerator mass spectrometer (AMS) radiocarbon [15] Average Cdw values in core 36GGC range from a
dates were obtained for 17 samples of the planktonic fora- minimum value of 0.26 nmol kg- 1 at 160 cm (19.4 kyr) to a
minifer Globigerinoides ruber and 1 sample of the benthic maximum of 1.02 nmol kg- at 14 cm (2.9 kyr) (Figure 2).
foraminifer C. pachyderma. AMS radiocarbon dates were We have no explanation for the three anomalously high
converted to calendar age using the calibration program of values that occur in the upper portion of the core, and a lack
Stuiver and Reimer [1993] (Table I and Figure 2). Overall, of sufficient H. elegans in this portion prevents further
the data indicate a relatively constant sedimentation rate of analysis. If the anomalously high values are removed, a
slightly greater than 6 cm kyr-1 at this location, which is maximum value of 0.64 nmol kg-1 is observed at 25.5 cm
sufficient for resolution ofthe Younger Dryas. There is an age (4.3 kyr). Average glacial (0.40 nmol kg-1) and Holocene
reversal in the chronology at 148 cm, where the age of the (0.55 nimol kg-1) Cdw values determined using H. elegans
planktonic foraminifer G. ruberis 14kyr. However, the age are consistent with the previously published glacial
of the benthic foraminifer C. pachyderma from the same Uvigerina spp. estimate of 0.43 nmol kg- and the modern
sample (148 cm) is glacial, in close agreement with neigh- seawater estimate of 0.67 nmol kg-f [Oppo and Horowitz,
boring AMS dates. Benthic 618O and r C values at this core 2000].
depth are also typical of the last glacial and are distinctly [16] The Cdw data from Brazilian margin core 36GGC
different from those at -14 kyr age (-90 cm) (Figure 2). reveal an overall glacial-interglacial trend of increasing
Hence, while the benthic AMS date is not included in the Cdw values (Figures 2 and 3). The increase in Cdw values
determination of the age model, we proceed under the at this intermediate depth site is indicative of increased
assumption that the C. pachyderma date more closely approx- nutrient concentrations and thus an overall decrease in the
imates the age of the sediment at this core level. We also note relative influence of northern source waters since the last
that the age reversal does not affect the deglacial portion of glacial. These data are consistent with the work of Boyle
this core and hence our conclusions of the Younger Dryas. and Keigwin [1987], who suggested that intermediate
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Table I. Accelerator Mass Spectrometer (AMS) Dates and Calendar Ages

Depth, cm NOSAMS Number' AMS Date AMS Error Calendar Age B.P. Species Source
KNR159-5-36GGC

I OS-22674 1,740 30 1,283 G. ruber this study
16 OS-25478 3,170 60 2,946 G. ruber this study
28 OS-22675 4,450 40 4,606 G. ruber this study
28 OS-22681 4,480 55 4,647 G. ruber this study
40 OS-23216 6,000 35 6,402 G. ruber this study
56 OS-22676 8,510 50 8,965 G. ruber this study
60 OS-27350 9,450 50 10,262 G. ruber this study
64 OS-25479 10,750 90 12,047 G. ruber this study
68 OS-23210 10,600 45 11,683 G. ruber this study
80 OS-23211 11,400 50 12,945 G. ruber this study
88 OS-23212 12,200 50 13,674 G. rtuber this study
92 OS-22677 12,450 60 13,927 G. rtuber this study

104 OS-23318 13,550 60 15,691 G. ruber this study
112 OS-23317 13,650 60 15,808 G. ruber this study
141 OS-23213 14,850 120 17,192 G. ruber this study
148 OS-22678 12,350 65 13,832 G. ruber this study
148 OS-23214 16,050 65 18,573 C. pachyderma this study
200 OS-22679 19,300 95 22,313 G. ruber this study

ENI20-GGCI
93 OS-33623 9,040 50 9,694 G. ruber this study
107 OS-33624 10,850 60 12,212 G. ruber this study
115 OS-33625 11,250 60 12,874 G. ruber this study
115 OS-33626 11,200 65 12,838 G. ruber this study

0C205-2-103GGC
10 OS-10523 920 35 518 G. sacculifer Marchiuto et al. [1998]
28 OS-26154 2,970 50 2,739 G. sacculifer this study
42 OS-26155 3,850 35 3,815 G. sacculifer this study
61 OS-26785 5,280 45 5,622 G. sacculifer this study
62 OS-10524 5,290 45 5,636 G. sacculifer Marchitto er aL [1998]
73 OS-26786 6,500 45 6,988 G. sacculifer this study
88 OS-15376 7,630 45 8,073 G. sacculifer Curry et al. [1999]
90 OS-33629 7,890 45 8,350 G. ruber J. F. McManus, unpublished data, 2003

95.5 OS-33630 9,260 60 9,842 G. ruber J. F. McManus, unpublished data, 2003
99.5 OS-33631 9,800 60 10,456 G. ruber J. F. McManus, unpublished data, 2003
100 OS-26787 9,410 50 10,218 G. sacculifer this study

105.5 OS-33632 10,400 55 11,334 G. ruber J. F. McManus, unpublished data, 2003
113 OS-10526 11,000 50 12,472 G. sacculifer Marchitto et aL [1998]
121 OS-10525 12,200 55 13.674 G. sacculifer Marchitto et aL [1998]
134 OS-10527 17,100 100 19,781 G. sacculifer Marchitto et al. [19981

'NOSAMS is the National Ocean Sciences Accelerator Mass Spectrometer facility.

water formation was greater during the last glacial than it is [tS] Comparison of the new Cdw data with published data
today. from the intermediate depth North Atlantic [Marchitto et al.,

[17] Millennial-scale oscillations are superimposed on the 1998] and from a deep North Atlantic site [Boyle and

glacial-interglacial trend. At -14.5 ka, Cdw values began to Keigwin, 1987] provides additional insight into the evolu-

increase in concert with the gradual cooling observed in the tion of deep water since the last glacial. Figure 3 reveals
Greenland Ice Sheet Project 2 (GISP2) ice core record three separate water mass geometries. During the period
(Figure 3). At -12.8 ka a sharp depletion in the 818 0 of 14-20 ka both intermediate water sites were lower in Cdw
Greenland ice marks the rapid Northern Hemisphere cool- (and hence nutrients) than the deep North Atlantic, consist-
ing of the Younger Dryas. Concurrently, a more gradual ent with the interpretation of decreased NADW formation
increase is seen in the Cdw concentration recorded in core and increased GNAIW formation during the last glacial

36GGC, culminating in peak values of 0.55 nmol kg-1 [Boyle and Keigwin, 1987]. At "14 ka the deep North
during the Younger Dryas, almost as high as interglacial Atlantic became more nutrient depleted than the intermedi-
values. These high values suggest an increase in nutrient ate depth South Atlantic, marking an important transition

concentrations at this intermediate depth site during the between glacial and interglacial circulation. From -9 to
Younger Dryas, consistent with a decrease in the influence 14 ka, highest Cdw values occurred in the intermediate

of northern source waters. Following the Younger Dryas, depth South Atlantic, intermediate values occurred in the
one lower Cdw value at 36GGC suggests a possible deep North Atlantic, and the lowest values occurred in the
resumption of northern source ventilation. Cdw values soon intermediate depth North Atlantic. At -9 ka the modern

increased, indicating a Holocene-like circulation with the geometry was firmly established: The North Atlantic deep
contribution of nutrient-rich southern source waters, and intermediate sites were both nutrient depleted, while the
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Figure 2. Data from core KNRI59-5-36GGC (27031'S, 46°28'W; 1268 m). At 148 cm a calendar age
was obtained using the benthic foraminifer C. pachyderma; the rejected ages are open symbols (see text).
Benthic foraminiferal '18 0 and 8

13C were obtained previously by Oppo and Horowitz [2000]. Benthic
foraminiferal Cd seawater (Cdw) estimates were obtained using the benthic foraminifer H. elegans.
Rejected Cdw values are open symbols.

intermediate South Atlantic remained high in nutrient con- depth North Atlantic site are consistent with this interpre-
centrations (like today). tation. However, lower Cdw values in the North Atlantic

[19] Both North Atlantic sites show Cdw increases at than in the South Atlantic indicate that NAIW continued to
-16.5 ka that may be associated with Heinrich event I, form, although it was less influential at the southern site.
an episode of massive iceberg discharge into the North The early reduction in NAIW may indicate that intermediate
Atlantic. This event is not clearly expressed in core 36GGC. waters are more sensitive to surface perturbation than deep
As noted above, nutrients began to increase in the interme- waters, which appear closely linked with the rapid Younger
diate depth South Atlantic synchronously with the depletion Dryas temperature decreases over Greenland.
in GISP2 8

18O leading from the Bolling-Allerod into the [20] The reduction in both NAIW and NADW during the
Younger Dryas (Figure 3). A marked nutrient increase at the Younger Dryas suggests a stronger decrease in northward
deep North Atlantic site began later, after the onset of heat transport than would a reduction in NADW alone.
GISP2 depletion in 818o but synchronously with the abrupt Although the deep North Atlantic core did not penetrate
depletion in 818 O at the onset of the Younger Dryas. glacial sediments, data from IOS82 PC SO1 (42.38"N,
Maximum Cdw values were reached at both these sites 23.52'W; 3540 m) [Boyle, 1992] can be used to estimate
during the Younger Dryas, suggesting a dramatic reduction glacial values (Figure 3, blue bars). For the deep North
in southward penetration of both deep and intermediate Atlantic, glacial Cdw values are similar to Younger Dryas
northern source waters. Cdw data from the intermediate values. At both intermediate depth sites, Cdw values are
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Figure 3. Cdw and 813C data. Data shown are (1) GISP2 6"0 (pink) [Grootes el al., 1993]; (2) mean
Cdw from KNRI59-5-36GGC (27031'S, 460 28'W; 1268 m; red), OC205-2-103GGC (26'04'N, 78'03'W;
965 m; green) [Marchitto et al., 1998], and EN120-GGCI (33'40'N, 57°37'W; 4450 m; blue) [Boyle and
Keigwin, 1987]; (3) mean 813C 36GGC (red) [Oppo and Horowitz, 2000], 103GGC (green) [Slowey and
Curry, 1995; Marchitto et al., 1998; Curry et al., 1999], and ENI20-GGCI (blue) [Boyle and Keigwin,
1987]. Glacial Cdw and 613C estimates for the deep North Atlantic (blue bars) are based on data from
IOS82 PC SOI (42.380 N, 23.52°W; 3540 m) [Boyle, 1992]. Accelerator mass spectrometer (AMS)
radiocarbon dates for 103GGC were obtained in this study and previously [Marchitto et al., 1998; Curry
et al., 1999; J. F. McManus, unpublished data, 2003]. The age models for 103GGC and 36GGC are based
on AMS radiocarbon dates converted to calendar age (green triangles for 103GGC and red triangles for
36GGC) and linear interpolation between points. The age model for GGCI is based on cross correlation
with features that have been radiocarbon dated in nearby cores [Boyle and Keigwin, 1987]. Newly
obtained ages for GGC I (blue triangles) support the model of Boyle and Keigwin [1987]. Yellow shading
indicates the Younger Dryas interval. See color version of this figure at back of this issue.

higher during the Younger Dryas than during the glacial. [21] At the end of the Younger Dryas cold period, one low
These results suggest a weaker overall North Atlantic MOC Cdw value at the Brazilian margin site suggests a possible
during the Younger Dryas than during the last glacial, which increase in the influence of nutrient-depleted northern
may imply less northward heat transport during the Younger source water. By 9 ka, Cdw values at all sites reached
Dryas than during the Last Glacial Maximum. Holocene levels, suggesting that the modem deepwater
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configuration was finally established at this time. The [24] The increase in glacial 8t 3C values began at -17 ka,
GISP2 8180 record suggests that Holocene warmth was but it is not possible to separate the contributions of the
also reached at -9 ka, providing further evidence for a close increase in the mean ocean 6 13C value that resulted from
link between the MOC, heat transport, and North Atlantic the increase in the size of the terrestrial biosphere from the
temperatures. increase because of the changes in the 6' CAs exchange

[22] Glacial-interglacial circulation changes suggested by signature. These complicating effects may also explain why
the 613 C trends from ENI20-GGCI [Boyle and Keigwin, the Younger Dryas is not clearly expressed in the 8 3 C of the
1987], OC205-2-103GGC [Slowey and Curry, 1995; intermediate depth North Atlantic or the intermediate depth
Marchitto el al., 1998; Curry et al., 1999], and KNR159- South Atlantic.
5-36GGC [Oppo and Horowitz, 2000] are similar to those
suggested by the Cdw data (Figure 3). For the last glacial 5. Conclusion
the 813C data suggest that the deep North Atlantic was themost nutrient rich of the three sites and the intermediate [25] New Cdw data from an intermediate depth south-
depth North Atlantic was the most nutrient depleted, in western Atlantic core clarify the response of NAIW since the
agreement with the Cdw data. Similarly, the overall glacial- last glacial. During the last glacial, deep, nutrient-rich
inteemerglacia trendsof decrea.Siinglnutrients the deepll N - Southern Ocean water was overlain by nutrient-depleted
interglacial trends of decreasing nutrients in the deep North NAIW [Boyle and Keigwin, 1987], and NAIW penetrated
Atlantic and increasing nutrients in the intermediate depth farther into the South Atlantic than it does today [Oppo and
North Atlantic also agree with the Cdw data. However, t Horowitz, 2000]. The new data suggest a trend ofeecreasing
intermediate depth South Atlantic 81 C data obtained by southward penetration of NAe W that began with the gradual
Oppo and Horowitz [2000] exhibit an overall trend of cooling leading to the Younger Dryas and culminating
increasing 8 13 C since the last glacial. As discussed above, during the Yower D ryas in the min ate
the trend of increasing Cdw values at the South Atlantic during the event. Lower Cdw values in the intermediate
site indicates increasing nutrients on glacial-interglacial depth North Atlantic [Marchitto et al, 1998] than in the
timescales. Therefore the glacial-interglacial 8i3C trend intermediate depth South Atlantic, however, indicate that
was not driven by decreasing nutrients. Rather, increasing NAIW continued to form. Data from a previous study
8•1 3C in parallel with the Cdw increase suggests that the suggest that a dramatic reduction in NADW contribution
813CAs signature changed on glacial-interglacial timescales. to the deep North Atlantic occurred later and more abruptly,

[23] During the last glacial, water at the Brazilian margin synchronously with the rapid cooling that marked the

site had a low 8•3 CAs exchan e signature of 0-0.3 %o, while beginning of the Younger Dryas [Boyle and Keigwin,

today it has a very high 8 3CAs exchange signature of 1987]. The similar timing of surface cooling in the North

0.5% o ani the glacial the Atlantic region and changes in intermediate and deep circu-0.90o[ppo and Horowitz, 2000]. During taiohcnfr aclselikbewenlheMCtndNot

low- 1 CAS signature at the Brazilian margin site is similar lation confirm a close link between the MOC and North

to that of GNAIW, so waters at this site may be the result of Atlantic climate. This linkage is further bolstered by our

GNAIW aging along its flow path from the North Atlantic observation that deepwater geometry reached its modem

to the South Atlantic. Today, the very high 8'13CAs signature configuration at about the same time that deglacial warming

observed at this location could not result from aging of a of the North Atlantic was complete, -9 kyr.

1ow-_813 CAf3 exchange signature water mass like NAIW
since the 8 3CAs is a conservative property of a water mass. [26] Acknowledgments. We would like to thank L. Zou and
Instead, water at this location and depth is more influenced S. Trimarchi for their assistance with sample preparation and the members
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Figure 3. Cdw and 613C data. Data shown are (1) GISP2 6180 (pink) [Grootes et at., 1993]; (2) mean
Cdw from KNR159-5-36GGC (27 031'S, 46°28'W; 1268 m; red), OC205-2-103GGC (26'04'N, 78°03'W;
965 m; green) [Marchitto et al., 1998], and EN 120-GGC 1 (33'40'N, 57 037'W; 4450 m; blue) [Boyle and
Keigwin, 1987]; (3) mean 813C 36GGC (red) [Oppo and Horowitz, 2000], 103GGC (green) [Slowey and
Curry, 1995; Marchitto et al., 1998; Curry et al., 1999], and ENI20-GGCI (blue) [Boyle and Keigwin,
1987]. Glacial Cdw and 813C estimates for the deep North Atlantic (blue bars) are based on data from
1OS82 PC SO1 (42.38°N, 23.52°W; 3540 m) [Boyle, 1992]. Accelerator mass spectrometer (AMS)
radiocarbon dates for 103GGC were obtained in this study and previously [Marchitto et a., 1998; Curry
et at., 1999; J. F. McManus, unpublished data, 20031. The age models for 103GGC and 36GGC are based
on AMS radiocarbon dates converted to calendar age (green triangles for 103GGC and red triangles for
36GGC) and linear interpolation between points. The age model for GGCI is based on cross correlation
with features that have been radiocarbon dated in nearby cores [Boyle and Keigwin, 1987]. Newly
obtained ages for GGCI (blue triangles) support the model of Boyle and Keigwin [1987]. Yellow shading
indicates the Younger Dryas interval.
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Tables

Table 2. KNR159-5-36GGC H. elegans Cd/Ca data.
Depth CALIB 4 CALIB 5.01 Cd/Ca Mean Cd/Ca Cdw Mean Cdw
(cm) Age (yrs BP) Age (yrs BP) (ltmol mol') (l~mol mol') (nmol kg-') (nmol kg")

KNR 159-5-36GGC
0.5 642 645 (0.092) (0.92)
12 2,503 2,521 0.054 0.054 0.54 0.54
14 2,724 2,744 (0.102) (1.02)
16 2,946 2,968 0.049 0.049 0.49 0.49
23 3,926 3,951 0.045 0.045 0.45 0.45
24 4,066 4,091 0.054 0.054 0.54 0.54

25.5 4,276 4,302 0.064 0.064 0.64 0.64
28 4,627 4,653 0.033 0.033 0.33 0.33
31 5,070 5,092 0.058 0.058 0.58 0.58
32 5,218 5,239 0.062 0.062 0.62 0.62
36 5,810 5,826 0.048 0.052 0.48 0.52
36 5,810 5,826 0.055 0.55
40 6,402 6,412 0.042 0.050 0.42 0.50
40 6,402 6,412 0.058 0.58
44 7,043 7,094 0.057 0.051 0.57 0.51
44 7,043 7,094 0.045 0.45
44 7,043 7,094 (0.083) (0.83)
48 7,684 7,777 0.059 0.058 0.59 0.58
48 7,684 7,777 0.058 0.58
52 8,324 8,459 0.063 0.063 0.63 0.63
56 8,965 9,141 0.058 0.058 0.58 0.58
60 10,262 10,301 0.054 0.054 0.54 0.54
64 10,973 11,092 0.048 0.047 0.48 0.47
64 10,973 11,092 0.046 0.46
68 11,683 11,884 0.063 0.054 0.63 0.54
68 11,683 11,884 0.047 0.47
68 11,683 11,884 0.052 0.52
72 12,104 12,231 0.056 0.056 0.56 0.56
76 12,524 12,577 0.056 0.056 0.56 0.56
80 12,945 12,924 0.053 0.053 0.53 0.53
84 13,310 13,294 0.054 0.054 0.54 0.54
88 13,674 13,665 0.048 0.048 0.48 0.48
92 13,927 13,900 0.043 0.043 0.43 0.43
96 14,515 14,451 0.039 0.039 0.39 0.39
100 15,103 15,002 0.049 0.049 0.49 0.49
104 15,691 15,553 0.042 0.042 0.42 0.42
108 15,750 15,624 0.042 0.042 0.42 0.42
112 15,808 15,695 0.038 0.038 0.38 0.38
116 15,999 15,926 0.040 0.040 0.40 0.40
120 16,190 16,157 0.039 0.039 0.39 0.39
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Table 2 (cont.).
Depth CALIB 4 CALIB 5.01 Cd/Ca Mean Cd/Ca Cdw Mean Cdw
(cm) Age (yrs BP) Age (yrs BP) (l~mOl mol") (Rmol mor') (nmol kg-') (nmol kg-')

KNR 159-5-36GGC
124 16,381 16,389 0.040 0.040 0.40 0.40
128 16,572 16,620 0.039 0.039 0.39 0.39
132 16,762 16,851 0.040 0.040 0.40 0.40
136 16,953 17,082 0.038 0.038 0.38 0.38
141 17,192 17,371 0.036 0.036 0.36 0.36
144 17,452 17,628 0.039 0.039 0.39 0.39
148 17,800 17,970 0.041 0.041 0.41 0.41
152 18,147 18,312 0.038 0.038 0.38 0.38
156 18,494 18,654 0.042 0.042 0.42 0.42
160 18,841 18,996 0.026 0.026 0.26 0.26
164 19,188 19,338 0.032 0.032 0.32 0.32
168 19,536 19,680 0.046 0.046 0.46 0.46
172 19,883 20,022 0.037 0.037 0.37 0.37
176 20,230 20,364 0.047 0.047 0.47 0.47
180 20,577 20,706 0.043 0.043 0.43 0.43
184 20,924 21,048 0.048 0.048 0.48 0.48
188 21,271 21,390 0.037 0.037 0.37 0.37

Values in parentheses were omitted.
*Dp = 1 [Boyle et al., 1995].
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Chapter 4. North Atlantic Intermediate Depth Variability
During the Younger Dryas: Evidence from Benthic
Foraminiferal Mg/Ca and the GFDL R30 Coupled OA-GCM

Abstract
Benthic foraminiferal Mg/Ca data from two intermediate depth low-latitude

western Atlantic sites - one from the Florida Current and one from the Little Bahama Bank
- provide insights into the spatial distribution of intermediate depth temperature variability
during the Younger Dryas. The Florida site lies within the deeper portion of the Florida
Current; the Little Bahama Bank site lies within the deeper, unventilated portion of the
North Atlantic subtropical gyre. During the Younger Dryas, temperatures increased at
the Florida Current site and temperatures decreased at the Little Bahama Bank site. The
temperature increase within the Florida Current is consistent with the reduced northward
heat transport associated with a reduction in the Atlantic meridional overturning circulation
(MOC); the temperature decrease at Little Bahama Bank is consistent with a cooling of
high latitude surface waters.

To test the possibility that a freshening of the surface North Atlantic caused the
terrestrial and oceanographic changes during the Younger Dryas, the GFDL R30 coupled
ocean-atmosphere general circulation model was forced using a North Atlantic freshwater
perturbation of 0.1 Sv for a period of 100 years. The freshwater flux causes an overall
reduction in the Atlantic overturning from 25 Sv to 13 Sv. However, at -1,100 meters water
depth, ventilation increases, causing decreases in both temperature and salinity throughout
much of the intermediate depth North Atlantic. In the open North Atlantic, intermediate
depth temperatures decrease by approximately I °C; at the eastern side, intermediate depth
temperatures decrease by less than 0.4°C. Intermediate depth temperatures at the western
boundary, however, increase due to a reduction in northward heat transport, and also due to
a shift in the location of the Intertropical Convergence Zone, which causes a reduction in
surface salinity and a decrease in the upwelling of colder, deeper waters.

Introduction

The transition from the most recent glaciation to the Holocene interglacial was

punctuated by several millennial-scale climate oscillations [Bond et al., 1993; Dansgaard

et al., 1993; Lehman and Keigwin, 1992]. The most notable of these oscillations was the

Younger Dryas, a brief return to near-glacial temperatures in the North Atlantic that began

approximately 13,000 years ago and lasted about 1,500 years. The Younger Dryas cooling

event has been observed in many high latitude North Atlantic climate proxies, including

oxygen isotopes in Greenland ice cores [Dansgaard, 1984] and the faunal assemblages
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of planktic foraminifera in the North Atlantic [Ruddiman and McIntyre, 1981]. More

recently, however, the widespread nature of the event has been revealed in paleoclimate

records from around the globe, including sea surface temperatures in the Cariaco Basin

[Lea et al., 2003], Asian monsoon intensity recorded in speleothems from Hulu Cave,

eastern China [Wang et al., 2001 J], and high altitude temperatures recorded in Bolivian ice

cores [Thompson et al., 1998].

A freshwater induced reduction in the Atlantic meridional overturning circulation

is often invoked as a potential cause or amplifier of the high latitude cooling during the

Younger Dryas [Broecker et al., 1989; Keigwin et al., 1991; Tarasov and Peltier, 2005].

A decrease in the rate of North Atlantic Deep Water (NADW) formation could cause a

reduction in the amount of heat transported by the upper ocean to the North Atlantic, thereby

cooling the high northern latitudes [Broecker et al., 1985]. Model simulations predict

surface cooling in the high latitudes in response to freshwater forcing, and a warming of

the surface and thermocline at lower latitudes [Manabe and Stouffer, 1997; Marchal et al.,

1999; Rahmstorf, 1994; Riihlemann et al., 2004]. Alkenone-derived temperature estimates

from the open ocean, western tropical Atlantic suggest that a low latitude surface warming

did occur during the Younger Dryas, with sea surface temperatures increasing by 1.2°C

[Riihlemann et al., 1999]. However, Mg/Ca-derived sea surface temperatures from the

Cariaco Basin off Northern Venezuela suggest a tropical cooling of 3 to 40C [Lea et al.,

2003].

Nutrient evidence from the last glacial suggests that a decrease in NADW formation

was associated with a corresponding increase in North Atlantic intermediate water formation

(NAIW) [Boyle and Keigwin, 1987]. Nutrient evidence [Marchitto et al., 1998; Zahn and

Stfiber, 2002], benthic-planktic radiocarbon pairs [Keigwin, 2004], and freshwater forced

model simulations [Rahmstorf, 1994] suggest a glacial-like subsurface geometry for the

Younger Dryas as well. Alternatively, overturning during the early Younger Dryas may

have been similar to the modern mode, with significant NADW formation and little NAIW

formation [Sarnthein et al., 2001].

A problem with the North Atlantic freshwater forcing hypothesis is that documented

North Atlantic freshwater events do not coincide with the onset of the Younger Dryas

cooling, leading to investigations of Southern Ocean forcing mechanisms. Recent modeling

studies suggest that increased freshwater into the surface of the Southern Ocean intensifies

the transformation of dense Circumpolar Deep Water (CDW) into the lighter Antarctic

Intermediate Water (AAIW) [Saenko et al., 2003b], which then feeds the return flow of
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NADW formation [Gordon, 1986], and intensifies the MOC. It has been suggested that

meltwater pulse I a into the Southern Ocean caused this type of MOC intensification, and

led to the Bolling-Allerod warming in the North Atlantic [Weaver et al., 2003]. A Southern

Ocean forcing mechanism predicts a very different Atlantic subsurface geometry for abrupt

climate events like the Younger Dryas: in the "off" mode, NADW is less dense than AAJW,

creating a stagnant, poorly ventilated, upper North Atlantic Ocean [Keeling and Stephens,

2001; Saenko et al., 2003a]. An intermediate depth paleo-nutrient record from the high

latitude north Atlantic may support this interpretation for the Younger Dryas [Rickaby and

Elderfield, 2005], although previous paleoceanographic studies [Keigwin, 2004; Marchitto

et al., 1998; Zahn and Stiiber, 2002] suggest well-ventilated intermediate depths during

the YD.

Benthic foraminiferal oxygen isotopes have been used as a tracer of bottom water

temperatures (BWT) during the Younger Dryas, and the results compared with BWT

estimates from freshwater forcing simulations using zonally averaged models [Riihlemann

et al., 2004]. However, one complication with this approach is that both seawater 6810

(68Ow,) and calcification temperature influence the 6I80 of foraminifera, making the

interpretation of foraminiferal 81'0 as a BWT proxy uncertain. Another complication is

that zonally averaged models may not reveal the spatial complexity of the distribution

of BWT anomalies within the Atlantic basin, and a particular core location may not be

representative of a zonal average.

In this study, we present downcore records of paired benthic Mg/Ca and 8180 from

two cores, from which we determine both temperature and salinity. The two cores lie

in key locations for detecting changes in intermediate depth water properties during the

Younger Dryas: a core from the Little Bahama Bank monitors variability within the deeper,

unventilated portion of the North Atlantic subtropical gyre [Slowey and Curry, 1995]; and

a core from within the Florida Current monitors variability in the northward return flow of

the MOC [Lynch-Stieglitz et al., 1999].

In order to test the sensitivity of the oceanographic changes to a freshening of

the surface North Atlantic, the GFDL R30 coupled ocean-atmosphere general circulation

model was forced using a North Atlantic freshwater perturbation of 0.1 Sv for a period of

100 years. The purpose of this study is to assess the response of the ocean's subsurface

to the type of freshwater perturbation that may have caused the Younger Dryas. The

responses are then compared to actual oceanic paleoclimate evidence in an attempt to

determine whether a North Atlantic freshwater perturbation is an adequate explanation
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Figure 1. Map of the study area with mean annual temperatures at 1,000
m water depth [Levitus and Boyer, 1994] and the locations of OCE205-2-
100GGC (26°04'N, 78°02'W, 1,057 m) and KNR166-2-31JPC (24'13'N,
83'18'W, 751 m).

for the observed changes during the Younger Dryas. It should be noted, however, that the
GFDL R30 model is designed to simulate modern conditions, not those of the deglacial, so

the experiment should be viewed as a sensitivity study.

Study Areas

Sediment core OCE205-2-100GGC (LBB) was taken from the flanks of the Little

Bahama Bank, within the Northwest Providence Channel, at 260 04' North, 780 02' West,

and 1,057 m (Figure 1). Waters of the Northwest Providence Channel flow westward

from the Sargasso Sea to the Straits of Florida [Slowey and Curry, 1995]. Today, depths

above 1,000 m are bathed by waters of the wind-driven North Atlantic subtropical gyre,

with the same temperature, salinity, and density structure of the western portion of the

gyre [Slowey and Curry, 1995]. Waters below 1,000 m are fed by the upper component

of North Atlantic Deep Water. These waters are poorly ventilated because they originate

in the subpolar gyre, where residence times are long and wind-driven upwelling occurs

[Jenkins, 1980; McCartney, 1982; Sarmiento et al., 1982]. Waters circulate within the
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subpolar gyre before entering the subtropical gyre at depth [Jenkins, 1980; Luyten et al.,

1983; McCartney, 1982; Sarmiento et al., 1982].

Sediment core KNR 166-2-31 JPC (FC) was taken from within the Florida Current,

just south of the Florida Keys, at 240 13' North, 830 18' West, and 751 m (Figure 1). Today,

waters of the Florida Current are a mixture of recirculated North Atlantic subtropical gyre

water (17 Sv) and AAJW (13 Sv) [Schmitz et al., 1993; Schmitz and Richardson, 1991].

At mid-depths (12-24°C temperature range), -5% of the Florida Current waters are of

South Atlantic origin, but below 400 m, -80% of the waters are of South Atlantic origin

[Schmitz and Richardson, 1991 ]. The intermediate depth southern source waters that feed

the Florida Current are observed in the South Atlantic as a northward moving salinity

minimum layer that originates near the Antarctic Polar Front [Lynch-Stieglitz et al., 1994].

As the waters move northward through the Florida Strait and toward the polar seas via the

North Atlantic Current, the salinity gradually increases [Tsuchiya, 1989] due to interaction

with Mediterranean Water [Reid, 1994] and the temperature gradually decreases.

Today, intermediate depths at these two geographic locations have very different

water properties. For example, mean annual temperatures at 1,000 m depth are about 1°C

warmer at the Little Bahama Bank than at the Florida Current [Levitus and Boyer, 1994].

However, since the Florida Current site is significantly shallower than the Little Bahama

Bank site, bottom water temperatures and salinities are very similar: approximately 5.35°C

and 35.05 p.s.u. at LBB [Slowey and Curry, 1995], and 5.78'C and 34.90 p.s.u. at FC

(measured during core collection, KNR 166-2).

Methods

Foraminiferal Analyses

For LBB, thirteen accelerator mass spectrometer (AMS) radiocarbon dates were

obtained using the planktic foraminifer G. sacculifer. For FC, three AMS dates were

obtained using G. sacculifer and one using the planktic foraminifer G. ruber [Lynch-

Stieglitz, unpublished data]. AMS radiocarbon dates were converted to calendar age using

the online calibration program [Stuiver and Reimer, 1993], the Marine04 calibration data

set [Hughen et al., 2004], and a reservoir correction of 400 years (Table 1). The results

indicate that the sedimentation rate for LBB is -6 cm/kyr, with higher sedimentation rates

in the more recent Holocene (-8 cm/kyr) and lower rates near the last glacial (-3 cm/kyr)

(Figure 2a). The average sedimentation rate for FC is slightly higher than 8 cm/kyr (Figure

3a).
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Figure 2. Benthic Mg/Ca and 8'10 data from OCE205-2-IOOGGC (26°04'N,
78°02'W, 1,057 m) vs. depth. a.) AMS radiocarbon dates converted to
calendar age using Calib 5.01 [Stuiver and Reimer, 1993], the calibration
data set of Hughen et al. [2004], and a reservoir correction of 400 years;
b.) all H. elegans Mg/Ca; c.) all previously acquired Cibicidoides spp. 6180
[Slowey and Curry, 1995] as well as newly acquired Cibicidoides spp. 6180
[this paper].

Mg/Ca ratios were measured in the tests of the benthic foraminifer H. elegans.

Each sample consisted of approximately 2-3 individuals, which were crushed and cleaned

according to the trace metal protocol [Boyle and Keigwin, 1985/6] with a reversal of the

oxidative and reductive steps [Boyle and Rosenthal, 1996; Rosenthal, 1994; Rosenthal
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Figure 3. Benthic Mg/Ca and 8180 data from KNR166-2-31JPC (24'13'N,
83'18'W, 751 m) vs. depth. a.) AMS radiocarbon dates [Lynch-Stieglitz,
unpublished data] converted to calendar age using Calib 5.01 [Stuiver
and Reimer, 1993], the calibration data set of Hughen et al. [2004], and a
reservoir correction of 400 years; b.) all H. elegans Mg/Ca; c) all previously
acquired Cibicidoidesfloridanus P' O [Lynch-Stieglitz, unpublished data].

et al., 1995]. Samples were dissolved in trace metal clean HNO 3 to obtain samples of

approximately 200 ppm Ca. Mg/Ca ratios were measured using a Thermo-Finnigan

Element2 sector field single collector ICP-MS following the method of Rosenthal et al.

[1999], with the addition of a Ca matrix correction. Mn/Ca and Al/Ca were also measured

in order to monitor contamination due to manganese carbonate overgrowths and terrestrial
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input. Manganese carbonate overgrowths are a potential source of contamination in many

species of benthic foraminifera [Boyle, 1983]. However, the species H. elegans was chosen

for this study because it does not suffer from the contamination caused by such overgrowths

[Boyle et al., 1995].

Converting ICP-MS intensity ratios to elemental ratios using an external standard

requires similar [Ca] in both the sample and the standard due to a calcium matrix effect. To

correct for samples with varying [Ca], we ran a series of standards with identical element to

Ca ratios, but with Ca concentrations that varied over the anticipated sample concentration

range. The resulting matrix effect was calculated and the sample ratios were corrected. The

corrections were less than ±0.03 mmol mo1-P Mg/Ca.

In order to assess the precision of measurements on the ICP-MS, three consistency

standards were treated as samples in each of the runs in which the data were generated.

Mean Mg/Ca values for the three consistency standards were 1.7 mmol mo1-1, 3.3 mmol

mo1-' and 5.0 mmol mol-1. Standard deviations were ±0.02 mmol mol1 (n=9), ±0.03 mmol

mol-1 (n=9), and ±0.04 mmol mol-P (n=9), respectively. Using the Mg/Ca-temperature

equation for H. elegans in supersaturated waters [Rosenthal et al., in press],

and a new temperature equation determined in this paper, the resulting temperature

measurement errors are ±1.2°C and ±0.9°C, respectively.

Oxygen isotopes were analyzed using the tests of the benthic foraminiferal species

Cibicidoides spp. at LBB [Slowey and Curry, 1995] and C. floridanus at FC [Lynch-

Stieglitz, unpublished data]. Mg/Ca-derived temperatures and foraminiferal oxygen isotopic

values were used to calculate 6810 of seawater (5810,) using the conversion equation for

Cibicidoides spp. [Lynch-Stieglitz et al., 1999]:

(1.) 818Ocib = [188Osw - 0.27] - 0.21*BWT + 3.38.

Seawater 8180 was not converted to salinity because the evolution of the 6'80-salinity

relationship over time is not well constrained. However, using the modern relationship, a
818OSW change of 0.1%o equals a salinity change of about 0.2 p.s.u. [Lynch-Stieglitz et al.,

1999].

Model Description

The GFDL R30 coupled climate model consists of an atmospheric general circulation

model coupled to an oceanic general circulation model. The R30 model is similar to previous
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GFDL models (the GFDL rH5, for example), but differs in that it contains higher spatial

resolution in both the atmospheric and ocean components. The entire model description is

presented in Delworth et al. [2002], but a brief summary follows.

The atmospheric component of the model solves the primitive equations on a

sphere using a spectral transform method. Fields of horizontal variables are represented

by a truncated series of spherical harmonics and grid point values, with zonal truncation

at wave number 30. The resolution is approximately 3.75' longitude by 2.250 latitude. In

the vertical, a finite difference scheme is used in conjunction with a sigma (a) coordinate

system, where c = p/p* is the vertical coordinate, and p* is the surface pressure. There are

14 unevenly spaced levels extending from a = 0.9965 near the surface to ci = 0.015.

The model has a seasonal cycle of insolation, but no diurnal cycle. Insolation

is prescribed at the top of the atmosphere, using a solar constant of 1365 W m-. The

calculation of radiation includes the effects of clouds, water vapor, ozone and carbon

dioxide. Clouds occur when the relative humidity of an air parcel exceeds a critical value,

which varies with height (from 100% at surface, to 90% in the upper atmosphere). Ozone

values are based upon observations and vary with latitude, height and season. The mixing

ratio of carbon dioxide is assumed to be constant throughout the atmosphere.

Precipitation occurs in the model whenever the simulated moisture content of an air

parcel exceeds saturation, with surface air temperature determining whether precipitation

is snow or rain. Each land grid box has the capacity to collect 15 cm of rain and snowmelt.

When the water content of the grid box exceeds 15 cm in height, the excess is treated as

surface runoff. Surface runoff instantly enters the ocean via a routing scheme that is based

upon observed drainage patterns. The model parameterizes moist convective processes

using a moist convective adjustment scheme [Manabe et al., 1965].

The ocean component of the model uses version 1.1 of the Modular Ocean Model.

Resolution in the ocean component is 1.875' longitude by 2.25' latitude, with 18 unevenly

spaced levels. The ocean model solves the equations of motion numerically using the

Boussinesq, rigid lid, and hydrostatic approximations.

The ocean model requires parameterization of sub grid scale momentum mixing

[Bryan and Lewis, 1979] and sub grid scale heat and salt mixing along isopycnal surfaces

[Redi, 1982]. Also, the model uses a horizontal background diffusivity for temperature

and salinity of 0.4 * 107cm 2s' and a horizontal viscosity of 1.2 * 109 cm 2s 1 . Mixing at the

grid scale occurs when neighboring grid boxes are statically unstable, at which point the

temperature and salinity of the two boxes are completely mixed.
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The ocean model includes a sea ice component. If sea ice is less than 4 meters thick,

it moves with ocean currents. The thickness of the ice changes by freezing and melting a

single ice layer. When sea ice freezes or melts, the model adjusts freshwater fluxes into the

ocean. The model also accounts for the latent heat exchanges associated with this freezing

and melting. It is assumed that sea ice has no sensible heat content. The albedo of sea ice

is dependent upon its surface temperature and thickness.

The two components of the GFDL R30 coupled model interact once per day through

fluxes of heat, water and momentum. Heat fluxes include latent heat, sensible heat and

radiative heat. Water fluxes include evaporation, precipitation, sublimation and runoff.

Runoff from land follows observed drainage patterns and enters the ocean at the grid box

closest to the mouth of the river. Runoff usually enters the upper grid box only. However,

to reduce numerical instabilities, large river inputs enter the top two grid levels and several

adjacent grid boxes. This influx of continental runoff changes ocean salinity and may

affect ocean circulation.

Initialization of the model involves an 80-year integration of the atmospheric

component using modem boundary conditions, and then a several thousand-year integration

of the oceanic component using surface forcings calculated from the atmospheric integration.

The oceanic component is integrated until drifts in deep ocean temperature and salinity

are acceptably small. Since the atmospheric and oceanic components are not perfectly

balanced, flux adjustments are used to prevent long-term drift. The flux adjustment terms

are completely fixed prior to coupling of the oceanic and atmospheric components, so they

are unlikely to systematically dampen or amplify anomalies.

The Freshwater Experiment

The current freshwater forcing experiment (the same experiment investigated by

Dahl et al. [2005]) uses the 3 0 0 1h year of the control integration as its initial condition.

During years 301-400, a freshwater perturbation of 0.1 Sv was input uniformly over

the North Atlantic from 500 north to 70' north. After year 400, the freshwater forcing

ceased and recovery began. In this experiment, it was assumed that the temperature of the

freshwater perturbation was identical to the local temperature of the mixed-layer. Thus, the

freshwater pulse directly affects surface water salinities, but does not directly affect surface

water temperatures. The control integration of the GFDL R30 coupled climate model is

designed to faithfully simulate modern conditions. A simulation using deglacial conditions

could yield very different results.
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128cm) from KNR166-2-31JPC (24'13'N, 83'18'W, 751 m). Samples span
a temperature range of 4.0°C to 10.8°C.

Benthic Foraminiferal Mg/Ca Results

Average coretop values for depths corresponding to the last 3 kyrs are 1.12

mmol mol' at LBB and 1.04 mmol mol-' at FC (Figures 2b and 3b). Using the Mg/Ca-

temperature relationship of Rosenthal et al. [in press], the calculated coretop temperature

at LBB (4.8°C) is consistent with the modem bottom water temperature of 5.350C [Slowey

and Curry, 1995]. However, the coretop temperature at FC (2.5°C) is significantly lower

than the modern bottom water temperature of 5.78°C. This discrepancy at the FC site most

likely signifies an inadequacy in the temperature calibration (as discussed below), not a

dissolution problem at FC.

Several of the lower-temperature H. elegans samples used in the Rosenthal et al. [in

press] Mg/Ca temperature calibration were obtained from Little Bahama Bank sediments,

which may contain a potentially contaminating Mg-rich carbonate phase [Lear et al.,

2002]. If the Mg-rich phase caused contamination in the lower-temperature portion of the

calibration data set, then the intercept of the Rosenthal et al. [in press] Mg/Ca-temperature

calibration line would shift to higher values, and the slope would decrease. Application

of this contamination-influenced calibration to coretop samples would yield bottom water

temperatures similar to the modem at the contaminated site (LBB), and lower than the
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modem bottom water temperature of 5.78'C.

modem at a non-contaminated site (FC), consistent with our data.

In order to obtain an appropriate calibration for our non-contaminated site,

simultaneous measurements of Mg/Ca and Sr/Ca were obtained for seven H. elegans

samples from FC core KNR166-2-31JPC. The samples (88cm, 96cm, 104cm, 108cm,

112cm, 124cm, 128cm), span a temperature range from 4.0'C to 10.8'C, and yield a good

correlation (r2 0.81) between the two temperature proxies (Figure 4). The relationship of

Sr/Ca to Mg/Ca obtained from the FC core (eqn. 2), and the Sr/Ca-temperature equation of

Rosenthal et at. [in press] (eqn. 3), were solved simultaneously to determine a new Mg/Ca-

temperature relationship (eqn. 4):

(2.) Sr/Ca H. elegans = 1.3 7O7 *MgICa H elegans + 0.369

(3.) Sr/Ca H. elegans = 0.060*BWT + 1.53

(4.) Mg/CaH elegans = 0.044*BWT + 0.85.

Application of the new calibration brings calculated coretop temperatures at FC into

agreement with modern bottom water temperatures (Figure 5). Therefore, we use the new
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calibration for estimating temperatures at FC. At LBB, however, we use the Rosenthal

et al. [in press] calibration because it yields temperatures that are more consistent with

the modern, although the shallow slope of this calibration line likely amplifies the actual

temperature variability at LBB, and the effect of the contaminating phase may not have

been constant through time. Further Sr/Ca analyses at both LBB and FC will be required

to confirm the temperature signals.

The benthic Mg/Ca data from the LBB site do not reveal a clear glacial-interglacial

trend (Figure 2b; Figure 6b). Instead, similar temperatures of 3.8°C and 4.7°C are observed

for the glacial (20.1 ka) and interglacial, respectively. However, pronounced sub-orbital

variability is present in the record. At -16 ka, Mg/Ca temperatures decreased by nearly

4°C, perhaps coincident with Heinrich event 1 (although sample resolution and insufficient

age control prevent conclusive identification of the event). At -14.5 ka, coincident with

the Bolling-Allerod warming in the high latitude North Atlantic, temperatures increased

by -4°C. At -13 ka, coincident with the Bolling-Allerod to Younger Dryas cooling,

temperatures decreased by -3.5°C. At 10.4 ka, temperatures returned to pre-Younger Dryas

values. By 8 ka, temperatures decreased to near modern values, where they remained for

the rest of the Holocene.

Like LBB, the benthic Mg/Ca data from FC do not reveal a clear glacial-interglacial

trend (Figure 3b; Figure 6b), but rather, similar temperatures of 5°C and 4.3°C for the

glacial (-18 ka) and interglacial, respectively. Pronounced sub-orbital variability is also

present in the FC record. At -16 ka, perhaps coincident with Heinrich event 1, temperatures

increased by 4.3°C (but again, sample resolution is a limitation). At -15 ka, coincident

with the Bolling-Allerod warming in the high latitudes, temperatures decreased -4°C. At

-14 ka, temperatures began to increase in concert with the gradual cooling observed in

the GISP2 ice core record. Maximum temperatures were achieved at -12 ka, suggesting

a Bolling-Allerod to Younger Dryas warming of as much as 5°C. By ~9 ka, temperatures

returned to Bolling-Allerod-like values, and temperatures remained close to modern values

for the remainder of the Holocene.

Comparison of the two intermediate depth records reveals similar temperatures

at LBB and FC throughout much of the last 20,000 years. In particular, BWTs were

comparable before the Younger Dryas and after 10.5 ka. During the Younger Dryas,

however, the temperatures at the two sites diverged significantly. Our data suggest an
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increased temperature gradient between the two sites, with BWTs 4°C warmer at FC than

at LBB. While not as well resolved, a similar response was possible during Heinrich

event 1. After the Younger Dryas event, the temperature difference between the two sites

remained Younger Dryas-like for -1 kyr after the end of the Younger Dryas event in the

North Atlantic. At -10.5 ka, temperatures at the two sites converged, and a gradient similar

to the modem was established. From -10.5 ka to 9 ka, temperatures at both sites declined

synchronously, with modem temperatures achieved at -8.5 or 9 ka, further supporting a

close linkage between intermediate depth variability and North Atlantic climate [Came et

al., 2003].

Benthic Foraminiferal 68O and 618O Results

Previously acquired [Slowey and Curry, 1995] and newly acquired [this paper]

benthic 6's0 results from LBB, and previously acquired benthic 8'10 results from FC [Lynch-

Stieglitz, unpublished data] are presented in Figures 2c, 3c and 6c. Glacial-interglacial

trends are present in the 8'10 records from both cores. At LBB, 6180 shifts from 4.1%0

during the last glacial to 2.4%o during the Holocene. At FC, 8"0 shifts from 3.7%0 to

2.2%o. Values at the two sites are offset from each other by about 0.5%0 during the glacial,

but converge at ~-11 ka, and remain very similar for the remainder of the record. Variability

during the Younger Dryas is not prominent in either 6810 record, but a light excursion of

0.6%o may be present in the FC record at -15.5 ka, and a heavy excursion of 0.4%0 may be

present in LBB at -17 ka. However, these older excursions are not well defined.

Seawater 8'10 was calculated using Eqn. (1) and is presented in Figure 6d. Coretop

values at both LBB and FC are consistent with modem values. At LBB, a glacial-interglacial

trend of decreasing 8180,s is present. Using the modern 6t8Osw-salinity relationship, the

0.9%o glacial-interglacial 610 w decrease suggests a freshening of 1.7 p.s.u. Superimposed

on the glacial-interglacial trend at LBB are two millennial-scale salinity excursions.

During Heinrich event 1, 6l80sw may have decreased by 0.7%o (1.3 p.s.u.) and during the

Younger Dryas, 6'10,w decreased by 0.4%o (0.8 p.s.u.). At FC, there are insufficient data

to conclusively determine a glacial-interglacial trend or to identify Heinrich event 1, but

during the Younger Dryas, 6l80sw increased by 0.8%o (1.5 p.s.u.). Overall, the 6'8Ow data

for the two locations suggest similar salinities during most of the record, but an increased

salinity gradient during the Younger Dryas, when salinities at FC were significantly higher

than at LBB. A similar salinity gradient was also present from -8.5 to 6.5 ka.
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Model Response

In response to a surface freshwater forcing of 0.1 Sv for a period of 100 years,

meridional overturning in the GFDL R30 model is greatly reduced from 25 Sv during the

control run to about 13 Sv during the experiment (Figure 7). The addition of freshwater

into the North Atlantic causes a large decrease in high latitude surface salinities (Figure 8a)

and surface temperatures (Figure 8b). As with previous freshwater forcing experiments

[ Manabe and Stouffer, 1997; Marchal et al., 1999; Rahmstorf, 1994], surface temperatures

in the lower latitudes increase as a result of the reduction in the northward transport of heat

via the upper limb of the Atlantic overturning cell.

The surface stability caused by the freshwater input reduces the strength of deep

water formation, but does not cause a cessation of overturning (Figure 9a and b). Instead,

convection continues to shallower depths, incorporating the cold, fresh surface waters

into the intermediate depth North Atlantic (Figure 10a and b). These cold, fresh waters

then deflect southwestward due to Coriolis forces, propagating the cooling and freshening

anomalies toward the southwestern side of the North Atlantic basin. The resulting decreases

in intermediate depth temperatures and salinities are significantly greater in the western
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open-ocean North Atlantic than in the eastern Atlantic (Figures 10a and b).

The influence of Mediterranean Outflow Water (MOW) enhances the differences

between the anomalies in the eastern and western sides of the basin. MOW is warmer,

saltier and denser than other Atlantic waters. When it enters the Atlantic Ocean, it sinks

until it reaches the isopycnal surface with the same density (to depths of -1,000 m in the

control run). It then spreads southwestward across the Atlantic along isopycnal surfaces.

In the GFDL R30 model, the amount of outflow water entering the Atlantic from the

Mediterranean Sea is fixed, but the properties of MOW (such as temperature and salinity)

are determined by the gradient between the two water bodies. Therefore, the fresher, colder,

intermediate depth Atlantic water creates a stronger gradient between the Atlantic and the

Mediterranean, causing a greater influx of salt and heat from the Mediterranean.

Figures 10a and 10b also reveal a striking contrast between the anomalies in the

open ocean Atlantic and those at the western boundary. Waters at the western boundary

are significantly warmer and saltier due to the reduced northward transport of heat via the

North Atlantic Current, and also due to a southward shift in the location of the Intertropical

Convergence Zone, which causes increased continental runoff from the Amazon River,

increased surface stabilities, and decreased upwelling of colder, deeper water.

The model results also show that the overall shoaling of the North Atlantic

overturning cell results in increased ventilation in certain parts of the intermediate depth

North Atlantic. The negative age anomaly at 1,142 m water depth shows this increased

ventilation (Figure 11). The age of a parcel of water is set at zero when that parcel has

contact with the surface, and it begins to "age" after it leaves the surface. During the last

20 years of the 100-year experiment, the negative age anomaly in the intermediate depth

open ocean North Atlantic is greater than 40 years, signifying a significant increase in

ventilation. In some parts of the eastern Atlantic, there is little change in water mass age,

and in others, waters are significantly older. Superimposed on the age anomaly in Figure II

are the velocity anomalies for this depth, which emphasize the propagation of temperature,

salinity and age anomalies to the western side of the Atlantic basin.

Model-Data Comparison

While different in magnitude, the Younger Dryas temperature estimates from the

LBB and FC sites are consistent with the results of the freshwater forcing experiment. The

model predicts intermediate depth cooling in the open ocean as a result of the incorporation

of cool high latitude surface waters into the subsurface, and core LBB, which records
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intermediate depth variability in the Sargasso Sea, suggests a cooling during the Younger

Dryas. The model also predicts warming in the Caribbean as a result of reduced upwelling

and a reduction in the northward transport of heat, and FC, which lies within the northward

moving limb of the MOC return flow, suggests a warming during the Younger Dryas.

However, the magnitudes of the temperature anomalies differ significantly: anomalies in

the model are on the order of a degree, whereas the data suggest anomalies on the order

of several degrees. This may, in part, be due to the duration of the freshwater forcing

experiment (100 years, versus the ~1,500 year duration of the Younger Dryas). An

experiment of longer duration might allow more cold, fresh surface water to propagate

into the subsurface. Another possible explanation for the discrepancy is that a freshwater

perturbation of the entire North Atlantic region from 50°N to 70'N may not be an appropriate

representation of actual forcing, which may have had a point source from the Arctic [Tarasov

and Peltier, 2005] or from glacial Lake Agassiz [Teller et al., 2002]. A third explanation

is that modern boundary conditions may not be an adequate representation of the Bolling-

Allerod, which was significantly more glaciated than today. Alternatively, the slope of

the Mg/Ca-temperature calibration may be inadequately defined - an increase in the slope

would decrease the temperature variability in the sediment records.

The Younger Dryas salinity data from LBB and FC are also consistent with the

model, but different in magnitude. The model predicts intermediate depth freshening in

the open ocean as a result of the incorporation of fresh, high latitude surface waters into

the subsurface, and core LBB suggests decreased salinities during the Younger Dryas. The

model also predicts increased salinities in the Caribbean as a result of reduced transport of

high salinity waters from the low latitudes to the high latitudes, and FC, which lies within the

northward moving limb of the MOC return flow, suggests a increased salinities during the

Younger Dryas. However, as with the temperature anomalies, the magnitude of the salinity

anomalies in the paleodata is significantly greater than in the model output: anomalies in the

model are on the order of 0.05 to 0.10 p.s.u., whereas the paleodata suggest Younger Dryas

salinity changes on the order of 1 to 1.5 p.s.u. Again, as with the temperature anomalies,

explanations for the discrepancy include the inadequacies associated with the experiment

duration, the geographic distribution of the modeled perturbation, and modern rather than

Bolling-Allerod boundary conditions.

Intermediate Depth Ventilation Results and Paleoclimate Evidence

The model results predict different intermediate depth ventilation responses
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in different regions of the North Atlantic: in the western subtropics the model predicts

increased ventilation, but in much of the eastern high latitudes the model predicts decreased

ventilation (Figure 11). Nutrient evidence from Little Bahama Bank [Marchitto et al.,

1998] and benthic-planktic radiocarbon pairs from the Blake Plateau [Keigwin, 2004] both

suggest increased intermediate depth ventilation during the Younger Dryas, consistent with

the model results for the western subtropical Atlantic. On the eastern side of the Atlantic,

nutrient evidence from the Portuguese margin suggests reduced intermediate depth

ventilation during Heinrich events [Zahn et al., 1997], but no significant change during the

Younger Dryas. For this region of the intermediate depth Atlantic, the model predicts only

very slightly reduced ventilation (perhaps an age anomaly of 10 years), consistent with

the Younger Dryas data, but not consistent with the Heinrich event data. It is conceivable,

however, that a freshwater forcing of a different magnitude could cause an increase in

the age anomaly at the Portuguese margin. In the high latitude North Atlantic, nutrient

evidence suggests significantly reduced ventilation during both the Younger Dryas and
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Heinrich event 1 [Rickaby and Elderfield, 2005], also consistent with the increased ages

predicted by the model for the high latitudes. Thus, the model results provide one possible

explanation for the apparent disagreement between the intermediate depth Younger Dryas

evidence from various regions of the North Atlantic.

Conclusions

Several zonally averaged models predict intermediate depth warming in response

to North Atlantic freshwater forcing, however, this is the first study to compare the spatial

distribution of simulated temperature and salinity anomalies at intermediate depth to

paleoclimate data. The model results suggest a more complex pattern of intermediate

depth anomalies than can be predicted with a zonally averaged representation. It reveals

cooling and freshening of the open ocean North Atlantic and warming and increased

salinities at the western boundary, consistent with our two new Younger Dryas temperature

and salinity records, and consistent with a previous intermediate depth temperature record

from the tropics [Riihlemann et al., 2004]. In addition, the model results are consistent

with other paleoclimate data suggesting increased intermediate depth ventilation during

the YD [Keigwin, 2004; Marchitto et al., 1998] and provide a possible explanation for the

apparent discrepancies between data from various regions of the North Atlantic, such as

reduced ventilation in the very high latitudes and in the eastern Atlantic during the Younger

Dryas and during Heinrich events [Rickaby and Elderfield, 2005; Zahn et al., 1997]. The

agreement between the model and the data suggests that freshwater forcing is a possible

driver or amplifier for Bolling-Allerod to Younger Dryas climate variability. The results

are consistent with the hypothesis of freshwater induced climate change, but do not rule out

the possibility of an alternative forcing mechanism that could create similar intermediate

depth anomalies. An examination of the paleodata in the context of a southern hemisphere

freshwater forcing experiment would help to clarify our understanding of the types of

forcing mechanisms that could be consistent with the paleoceanographic evidence.
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Tables

Table 1. AMS dates and calendar ages*.
Age Age

Depth NOSAMS AMS AMS I or 2 Lower Upper Age Source
(cm) Species ID Date Error o (yrs BP) (yrs BP) Prob (yrs BP)

OCE205-2-10OGGC
7 G. sacculifer OS-181 1,040 30 1 567 581 0.15 613 this study

1 594 648 0.85
2 544 663 1

17 G. sacculifer OS-27756 2,250 40 1 1,807 1,911 1 1,856 this study
2 1,737 1,964 1

31 G. sacculifer OS-27757 3,150 40 1 2,864 2,993 1 2,936 this study
2 2,810 3,070 1

63 G. sacculifer OS-27758 5,150 45 1 5,472 5,566 1 5,515 this study
2 5,402 5,611 1

73 G. sacculifer OS-27759 5,770 40 1 6,165 6,257 1 6,200 this study
2 6,085 6,285 1

80 G. sacculifer OS-27834 6,850 45 1 7,323 7,413 1 7,368 this study
2 7,268 7,450 1

80 G. sacculifer OS-180 6,470 55 1 6,884 7,049 1 6,970 this study
2 6,824 7,140 1

92 G. sacculifer OS-27835 8,440 85 1 8,959 9,197 1 9,059 this study
2 8,775 9,294 1

100 G. sacculifer OS-178 8,870 55 1 9,464 9,574 1 9,525 this study
2 9,427 9,668 1

109 G. sacculifer OS-27836 10,400 55 1 11,294 11,433 0.51 11,468 this study
1 11478 11624 0.49
2 11,243 11,707 1

116 G. sacculifer OS-27837 11,750 110 1 13,118 13,303 1 13,218 this study
2 13,020 13,415 1

120 G. sacculifer OS-176 12,000 45 1 13,347 13,483 1 13,427 this study
2 13,310 13,586 1

160 G. sacculifer OS-174 23,800 110 27,800 this study

KNR166-2-31JPC
0.5 G. sacculifer OS-39424 1,640 40 1 1,166 1,254 1 1,204 Lynch-Stieglitz [unpubl.]

2 1,100 1,283 1 1,204 Lynch-Stieglitz [unpubl.]
64 G. sacculifer OS-42460 7,310 50 1 7,708 7,831 1 7,773 Lynch-Stieglitz [unpubl.]

2 7,663 7,899 1 7,773 Lynch-Stieglitz [unpubl.]
112 G. sacculifer OS-42461 12,050 75 1 13,401 13,598 1 13,500 Lynch-Stieglitz [unpubl.]

2 13,322 13,684 1 13,500 Lynch-Stieglitz [unpubl.]
160 G. ruber OS-42462 16,650 160 1 19,198 19,537 1 19,397 Lynch-Stieglitz [unpubl.]

2 19,048 19,612 0.9 19,397 Lynch-Stieglitz [unpubl.]
2 19656 19806 0.1

AMS radiocarbon dates were converted to calendar age using CALIB 5.01 [Stuiver and Reimer, 1993],
the Marine04 dataset [Hughen et aL, 2004], and a reservoir correction of 400 years.
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Table 2. OCE205-2-1 OOGGC H. elegans Mg/Ca data.
Depth Age [Ca] AI/Ca Mg/Ca Mean Mg/Ca BWT*
(cm) (yrs BP) (ppm) (lmOl mor') (mmol mor') (mmol mor') (OC; RLOL**)

0CE205-2- I OOGGC
8 737 211 -0.17 1.15 1.15 5.6
13 1,359 191 6.12 1.11 1.07 3.2
13 1,359 216 0.68 1.03
16 1,732 259 0.61 1.09 1.09 3.9
18 1,933 277 0.72 1.13 1.13 5.0
19 2,010 296 0.98 1.09 1.09 3.9
21 2,165 200 3.89 1.16 1.16 5.8
22 2,242 229 0.83 1.16 1.16 5.8
24 2,396 188 3.26 1.13 1.13 5.1
25 2,473 284 0.70 1.09 1.09 3.8
26 2,550 258 0.57 1.06 1.06 2.8
27 2,627 259 0.55 1.08 1.07 3.3
27 2,627 246 1.07
28 2,705 228 1.03 1.11 1.11 4.5
29 2,782 281 0.87 1.20 1.20 7.1
29 2,782 206 1.20
30 2,859 241 0.52 1.18 1.18 6.6
32 3,017 299 1.10 1.10 4.2
33 3,097 265 3.23 1.10 1.10 4.0
35 3,258 246 -0.06 1.08 1.08 3.6
36 3,339 303 1.20 1.14 1.14 5.4
37 3,420 224 0.92 1.14 1.14 5.3
38 3,500 335 3.16 1.12 1.12 4.7
39 3,581 251 1.77 1.13 1.13 5.1
40 3,661 272 0.68 1.12 1.12 4.6
42 3,823 296 1.08 1.08 3.6
43 3,903 274 1.95 1.14 1.14 5.2
44 3,984 276 3.35 1.07 1.07 3.3
45 4,064 255 1.29 1.07 1.07 3.2
46 4,145 280 0.96 1.09 1.09 3.9
47 4,226 367 2.20 1.15 1.15 5.5
48 4,306 288 4.32 1.11 1.11 4.4
49 4,387 264 1.27 1.08 1.08 3.5
51 4,548 237 0.70 1.07 1.07 3.3
52 4,629 251 0.67 1.10 1.10 4.3
53 4,709 321 1.14 1.14 5.2
54 4,790 143 2.61 1.14 1.14 5.2
55 4,870 260 1.10 1.10 4.1
56 4,951 265 4.37 1.10 1.09 4.0
56 4,951 233 9.64 1.09
57 5,031 283 1.15 1.15 5.7
58 5,112 292 1.30 1.05 1.04 2.3
58 5,112 203 1.21 1.03
59 5,193 275 0.98 1.23 1.23 8.0
60 5,273 238 1.01 1.12 1.12 4.6
61 5,354 239 0.97 0.97 0.3
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Table 2 (cont.).
Depth Age [Ca] AI/Ca Mg/Ca Mean Mg/Ca BWT*
(cm) (yrs BP) (ppm) (.tmol mor') (mmol mor') (mmol mor') (°C; RLOL**)

0CE205-2-IOOGGC
62 5,434 305 0.98 1.10 1.10 4.2
63 5,515 263 1.13 1.13 5.0
64 5,584 269 1.11 1.11 4.3
66 5,721 277 1.79 1.20 1.20 7.2
67 5,789 255 17.98 1.11 1.11 4.5
68 5,858 284 1.21 1.16 5.8
68 5,858 253 2.45 1.10
70 5,995 320 -0.02 1.13 1.13 4.9
71 6,063 314 0.36 1.16 1.16 5.9
72 6,132 224 0.64 1.15 1.15 5.7
73 6,200 258 0.63 1.10 1.10 4.1
74 6,310 272 1.85 1.11 1.11 4.3
75 6,420 280 1.07' 1.07 3.3
76 6,530 311 5.65 1.12 1.13 4.9
76 6,530 254 0.06 1.14
77 6,640 206 0.85 1.17 1.13 5.1
77 6,640 293 0.24 1.09
78 6,750 269 3.56 1.12 1.12 4.7
79 6,860 241 0.77 1.06 1.06 3.0
80 6,970 280 0.65 1.14 1.14 5.4
81 7,144 232 0.38 1.13 1.13 5.0
82 7,318 294 2.00 1.11 1.11 4.3
83 7,492 246 1.11 1.11 4.3
85 7,840 266 0.54 1.12 1.12 4.8
86 8,015 211 0.80 1.12 1.12 4.6
87 8,189 188 1.23 1.05 1.05 2.7
88 8,363 288 1.38 1.14 1.14 5.4
89 8,537 249 0.43 1.16 1.16 5.9
90 8,711 253 1.15 1.15 5.7
91 8,885 279 0.25 1.25 1.19 6.8
91 8,885 289 0.11 1.13
92 9,059 237 1.22 1.18 1.18 6.6
93 9,117 290 0.78 1.13 1.13 5.1
95 9,234 298 0.45 1.16 1.16 5.9
96 9,292 107 1.51 1.19 1.19 6.7
98 9.409 128 1.19 1.17 1.17 6.1
99 9,467 278 0.75 1.18 1.18 6.5
100 9,525 278 0.49 1.22 1.22 7.6
101 9,741 302 0.28 1.14 1.14 5.2
102 9,957 183 0.82 1.17 1.17 6.2
103 10,173 188 0.36 1.21 1.21 7.4
104 10,389 216 0.52 1.24 1.24 8.1
105 10,604 389 0.38 1.15 1.16 5.8
105 10,604 311 1.17
106 10,820 84 0.77 1.11 1.11 4.4
108 11,252 112 0.67 1.13 1.13 5.1
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Table 2 (cont.).
Depth Age [Ca] Al/Ca Mg/Ca Mean Mg/Ca BWT*
(cm) (yrs BP) (ppm) (4Lmol mol') (mmol mol") (mmol mol") (°C; RLOL**

OCE205-2-1OOGGC
109 11,468 305 0.95 1.15 1.15 5.5
110 11,718 84 1.01 1.09 1.15 5.7
110 11,718 185 0.56 1.23
110 11,718 231 1.83 1.14
112 12,218 200 1.69 1.15 1.15 5.5
113 12,468 283 0.59 1.11 1.11 4.5
117 13,270 70 2.43 1.11 1.11 4.3
120 13,427 248 0.58 1.19 1.19 6.8
123 14,452 228 0.56 1.22 1.22 7.7
124 14,794 238 1.07 1.10 1.10 4.0
126 15,478 242 0.36 1.16 1.16 5.9
128 16,162 236 0.50 1.23 1.23 7.9
132 17,529 231 0.26 1.12 1.12 4.8
136 18,896 178 0.56 1.19 1.19 6.8
138 19,580 255 1.34 1.16 1.16 5.9
142 20,947 180 0.31 1.09 1.09 3.9
148 22,998 269 1.11 1.11 4.4
152 24,365 218 0.76 1.13 1.13 5.1
156 25,733 227 1.25 1.16 1.16 5.8
158 26,416 221 2.63 1.15 1.15 5.7
162 27,784 221 0.90 1.13 1.13 4.9

* BWT is bottom water temperature.
** Temperatures were calculated using the equation of Rosenthal et a/. [in press].
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Table 3. KNR166-2-31JPC H. elegans Mg/Ca and Sr/Ca data.
Mean BWT* BWT*

Depth Age [Ca] Al/Ca Sr/Ca Mg/Ca Mg/Ca RLOL** this study

(cm) (yrs BP) (ppm) (1.mol mol1 ) (mmol mol"1) (mmol mol1) (mmol mol') (oC) (oC)

KNR166-2-31JPC
0.5 1,204 61 2.91 1.02 1.02 1.7 3.9
4 1,566 192 0.54 1.01 1.01 1.4 3.7
8 1,980 268 0.55 1.09 1.09 3.8 5.5
12 2,394 51 3.41 1.06 1.06 3.1 5.0
16 2,808 284 0.63 1.04 1.04 2.4 4.5
20 3,221 271 1.05 1.02 1.02 1.8 4.0
24 3,635 188 1.01 1.01 1.4 3.7
28 4,049 262 2.53 1.02 1.02 1.7 3.9
32 4,463 210 1.05 1.05 2.8 4.7
36 4,876 85 3.14 1.04 1.01 1.5 3.8
36 4,876 257 0.53 0.98
40 5,290 268 1.06 1.06 2.8 4.8
44 5,704 243 3.12 1.14 1.14 5.2 6.6

48 6,118 49 2.25 1.00 1.04 2.3 4.4
48 6,118 298 0.75 1.07
52 6,532 109 0.77 1.07 1.07 3.1 5.0
56 6,945 319 0.37 1.13 1.13 5.1 6.5
60 7,359 182 0.95 1.05 1.05 2.7 4.7
64 7,773 272 1.07 1.07 3.4 5.2
68 8,250 150 1.09 1.09 3.9 5.6
72 8,728 130 1.05 1.05 2.6 4.6
76 9,205 71 5.60 1.12 1.12 4.8 6.3
80 9,682 238 0.60 1.16 1.16 5.8 7.1
84 10,159 168 1.07 1.10 4.1 5.7
84 10,159 214 1.12
88 10,636 52 0.31 1.14 1.21 7.3 8.3
88 10,636 147 1.24 2.11 1.28
92 11,114 217 0.17 1.21 1.18 6.5 7.6
92 11,114 81 1.98 1.15
96 11,591 204 1.20 1.20 7.0 8.0
96 11,591 151 1.00 2.09 1.20
100 12,068 135 0.58 1.27 1.27 9.2 9.7
104 12,546 217 0.36 1.07 1.17 6.0 7.3
104 12,546 189 3.67 1.16
104 12,546 130 1.66 2.18 1.27
108 13,023 141 1.15 1.25 1.14 5.4 6.8
108 13,023 266 0.38 1.12
108 13,023 162 2.54 1.77 1.07
112 13,500 153 0.37 1.13 1.15 5.7 7.0
112 13,500 138 4.79 2.04 1.18
116 13,991 181 1.10 1.15 5.5 6.8
116 13,991 187 1.19
120 14,483 44 8.49 1.00 1.05 2.7 4.7
120 14,483 314 0.15 1.16
120 14,483 200 1.01
124 14,974 158 6.05 1.17 1.15 5.7 7.0
124 14,974 217 1.20
124 14,974 224 5.07 1.85 1.10
128 15,465 309 0.76 1.12 1.22 7.7 8.5
128 15,465 252 0.74 1.20
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Table 3 (cont.).
Mean BWT* BWT*

Depth Age [Ca] AIICa SrICa Mg/Ca MgICa RLOL** this study

(cm) (yrs BP) (ppm) (Rmol mo"1) (mmol mool 1 ) (mmol mol1 ) (mmol mol"') (oC) (0C)

KNR166-2-31JPC
128 15,465 196 1.83 2.10 1.33
132 15,957 177 1.14 1.14 5.3 6.7
140 16,940 255 1.03 1.03 2.1 4.2
144 17,431 260 1.15 1.23 1.26 9.0 9.5
144 17,431 171 1.30
148 17,923 272 0.30 0.98 0.98 0.7 3.1
152 18,414 265 2.43 1.07 1.07 3.1 5.0
168 20,382 273 1.11 1.11 4.4 6.0
220 26,778 650 1.11 1.11 4.3 5.9
228 27,762 276 1.08 1.08 3.7 5.4
244 29,730 284 1.13 1.13 5.1 6.5
260 31,698 227 0.37 1.14 1.14 5.2 6.6
264 32,190 209 1.15 1.15 5.6 7.0
268 32,682 268 1.21 1.21 7.4 8.3

* BWT is bottom water temperature.
** Temperatures were calculated using the equation of Rosenthal et al. [in press].
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Table 4. OCE205-2-100GGC Cibicidoides spp. 8'0 data*.
Depth Age 810 Mean 8`50
(cm) (yrs BP) (0/) (0/)

OCE205-2-IOOGGC
7 613 2.35 2.35
10 986 2.66 2.66
13 1,359 2.04 2.23
13 1,359 2.24
13 1,359 2.41
14 1,483 2.14 2.23
14 1,483 2.20
14 1,483 2.22
14 1,483 2.36
15 1,607 2.16 2.06
15 1,607 1.95
16 1,732 2.14 2.20
16 1,732 2.26
17 1,856 2.50 2.44
17 1,856 2.37
19 2,010 2.34 2.37
19 2,010 2.40
20 2,087 2.45 2.35
20 2,087 2.24
22 2,242 2.22 2.38
22 2,242 2.45
22 2,242 2.48
23 2,319 2.25 2.24
23 2,319 2.27
23 2,319 2.19
24 2,396 2.27 2.19
24 2,396 2.08
24 2,396 2.25
24 2,396 2.17
25 2,473 2.18 2.18
27 2,627 1.70 1.84
27 2,627 1.97
29 2,782 2.29 2.34
29 2,782 2.37
29 2,782 2.36
30 2,859 2.26 2.16
30 2,859 2.16
30 2,859 2.19
30 2,859 2.12
30 2,859 2.07
31 2,936 2.36 2.35
31 2,936 2.34
32 3,017 2.27 2.28
32 3,017 2.29
32 3,017 2.35
33 3,097 2.07 2.12
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Table 4 (cont.)
Depth Age 8100 Mean 8'0O
(cm) (yrs BP) (/6) (%o)

OCE205-2-1OOGGC
33 3,097 2.17
34 3,178 2.16 2.20
34 3,178 2.23
35 3,258 2.11 2.22
35 3,258 2.15
35 3,258 2.40
36 3,339 2.23 2.32
36 3,339 2.29
36 3,339 2.33
36 3,339 2.42
40 3,661 2.39 2.32
40 3,661 2.24
45 4,064 2.25 2.27
45 4,064 2.26
45 4,064 2.30
46 4,145 2.28 2.17
46 4,145 2.13
46 4,145 2.11
48 4,306 2.37 2.24
48 4,306 2.10
49 4,387 2.00 2.07
49 4,387 2.14
50 4,467 2.11 2.27
50 4,467 2.48
50 4,467 2.21
51 4,548 2.08 2.19
51 4,548 2.30
52 4,629 2.17 2.25
52 4,629 2.34
52 4,629 2.23
53 4,709 1.70 2.10
53 4,709 2.40
53 4,709 2.12
53 4,709 2.19
54 4,790 2.28 2.33
54 4,790 2.35
54 4,790 2.40
54 4,790 2.30
55 4,870 2.26 2.21
55 4,870 2.13
55 4,870 2.25
56 4,951 2.24 2.26
56 4,951 2.14
56 4,951 2.41
57 5,031 2.18 2.08
57 5,031 1.98
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Table 4 (cont.).
Depth Age 80 Mean 81`O
(cm) (yrs BP) (%/) (%o)

OCE205-2-IOOGGC
58 5,112 2.25 2.24
58 5,112 2.22
60 5,273 1.89 2.24
60 5,273 2.30
60 5,273 2.29
60 5,273 2.23
60 5,273 2.21
60 5,273 2.33
60 5,273 2.41
61 5,354 2.10 2.22
61 5,354 2.34
61 5,354 2.20
61 5,354 2.24
62 5,434 2.23 2.26
62 5,434 2.25
62 5,434 2.26
62 5,434 2.29
63 5,515 2.35 2.33
63 5,515 2.31
64 5,584 2.26 2.20
64 5,584 2.27
64 5,584 2.15
64 5,584 2.10
65 5,652 2.09 2.23
65 5,652 2.31
65 5,652 2.29
66 5,721 2.22 2.20
66 5,721 2.18
67 5,789 2.44 2.28
67 5,789 2.21
67 5,789 2.19
69 5,926 2.23 2.27
69 5,926 2.30
70 5,995 2.19 2.19
70 5,995 2.10
70 5,995 2.29
71 6,063 2.16 2.07
71 6,063 1.85
71 6,063 2.20
72 6,132 2.14 2.20
72 6,132 2.25
73 6,200 2.35 2.18
73 6,200 1.72
73 6,200 2.48
74 6,310 2.45 2.36
74 6,310 2.26
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Table 4 (cont.).
Depth Age 615O Mean 86"O
(cm) (yrs BP) (%0) (%)

OCE205-2-IOOGGC
75 6,420 2.28 2.32
75 6,420 2.35
76 6,530 2.30 2.24
76 6,530 2.22
76 6,530 2.21
77 6,640 2.41 2.35
77 6,640 2.28
77 6,640 2.29
77 6,640 2.40
78 6,750 2.24 2.29
78 6,750 2.35
78 6,750 2.28
79 6,860 2.24 2.31
79 6,860 2.31
79 6,860 2.38
80 6,970 2.27 2.30
80 6,970 2.33
81 7,144 1.45 1.64
81 7,144 2.18
81 7,144 1.28
82 7,318 2.28 2.26
82 7,318 2.25
82 7,318 2.13
82 7,318 2.36
83 7,492 2.39 2.51
83 7,492 2.57
83 7,492 2.57
84 7,666 2.36 2.30
84 7,666 2.24
85 7,840 1.92 2.09
85 7,840 2.18
85 7,840 2.23
85 7,840 2.04
86 8,015 2.41 2.42
86 8,015 2.48
86 8,015 2.49
86 8,015 2.29
87 8,189 2.32 2.28
87 8,189 2.23
87 8,189 2.29
87 8,189 2.29
88 8,363 2.15 2.01
88 8,363 2.50
88 8,363 1.39
89 8,537 2.29 2.34
89 8,537 2.21
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Table 4 (cont.).
Depth Age 8100 Mean 61"0
(cm) (yrs BP) (06) (06)

OCE205-2- 1 OOGGC
89 8,537 2.25
89 8,537 2.39
89 8,537 2.55
90 8,711 2.39 2.38
90 8,711 2.47
90 8,711 2.28
91 8,885 2.22 2.24
91 8,885 2.39
91 8,885 2.12
92 9,059 2.07 2.22
92 9,059 2.08
92 9,059 2.75
92 9,059 2.37
92 9,059 2.27
92 9,059 2.40
92 9,059 1.59
93 9,117 2.27 2.05
93 9,117 2.32
93 9,117 1.55
94 9,176 2.40 2.31
94 9,176 2.47
94 9,176 2.29
94 9,176 2.06
95 9,234 2.25 2.41
95 9,234 2.42
95 9,234 2.32
95 9,234 2.64
96 9,292 2.20 2.37
96 9,292 2.47
96 9,292 2.36
96 9,292 2.43
97 9,350 2.34 2.44
97 9,350 2.31
97 9,350 2.57
97 9,350 2.52
98 9,409 2.43 2.49
98 9,409 2.44
98 9,409 2.51
98 9,409 2.58
99 9,467 2.37 2.46
99 9,467 2.43
99 9,467 2.57
99 9,467 2.46
100 9,525 2.33 2.37
100 9,525 2.40
100 9,525 2.40
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Table 4 (cont.).
Depth Age 8100 Mean 8-6
(cm) (yrs BP) (/6) (%)

OCE205-2-1OOGGC
100 9,525 2.39
100 9,525 2.35
100 9,525 2.34
101 9,741 2.39 2.45
101 9,741 2.53
101 9,741 2.42
101 9,741 2.45
102 9,957 2.57 2.49
102 9,957 2.41
103 10,173 2.42 2.32
103 10,173 2.15
103 10,173 2.39
104 10,389 2.49 2.48
104 10,389 2.47
105 10,604 2.33 2.28
105 10,604 2.31
105 10,604 2.20
106 10,820 2.12 2.39
106 10,820 2.51
106 10,820 2.52
106 10,820 2.41
107 11,036 2.31 2.68
107 11,036 3.04
108 11,252 2.56 2.71
108 11,252 2.50
108 11,252 2.61
108 11,252 3.17
109 11,468 2.18 2.43
109 11,468 2.48
109 11,468 2.64
110 11,718 2.48 2.61
110 11,718 2.47
110 11,718 2.59
110 11,718 2.37
110 11,718 2.46
110 11,718 2.54
110 11,718 3.29
110 11,718 2.69
111 11,968 2.44 2.60
111 11,968 2.47
111 11,968 2.58
111 11,968 2.92
112 12,218 2.81 3.00
112 12,218 3.11
112 12,218 3.08
113 12,468 2.45 2.71
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Table 4 (cont.).
Depth Age 8100 Mean 6V0
(cm) (yrs BP) (%/6) (0/6)

OCE205-2-1OOGGC
113 12,468 2.75
113 12,468 2.92
116 13,218 2.51 2.99
116 13,218 3.25
116 13,218 2.66
116 13,218 3.30
116 13,218 3.12
116 13,218 2.90
116 13,218 3.19
117 13,270 2.61 3.03
117 13,270 2.94
117 13,270 3.08
117 13,270 2.83
117 13,270 3.08
117 13,270 3.05
117 13,270 3.61
118 13,322 2.62 2.85
118 13,322 2.68
118 13,322 2.93
118 13,322 3.16
119 13,375 2.88 3.04
119 13,375 3.19
120 13,427 3.32 3.15
120 13,427 2.98
120 13,427 3.14
120 13,427 2.78
123 14,548 2.72 2.92
123 14,548 3.28
123 14,548 2.77
127 15,905 3.05 3.15
127 15,905 3.25
130 16,923 3.98 4.03
130 16,923 4.07
133 17,940 3.58 3.67
133 17,940 3.76
137 19,297 4.14 4.14
137 19,297 4.05
137 19,297 4.24
140 20,315 3.90 4.03
140 20,315 4.07
140 20,315 4.11
150 23,708 4.11 3.89
150 23,708 3.67
153 24,725 3.40 3.80
153 24,725 3.93
153 24,725 4.08
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Table 4 (cont.).
Depth Age 81•O Mean 0'aO
(cm) (yrs BP) (0) (%)

OCE205-2-10OGGC
157 26,082 3.48 3.75
157 26,082 3.87
157 26,082 3.67
157 26,082 3.98
160 27,100 3.71 3.79
160 27,100 4.01
160 27,100 3.74
160 27,100 3.68

* Both previously published data [Slowey and Curry, 19951
and newly acquired data [this study].
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Table 5. OCE205-2-1 OOGGC residual seawater 8"'O.
Smoothed Smoothed 8'00c Ice Volume Smoothed 8"Oc 8'uOsw**

Depth Age Temp Uncorrected Correction* Corrected Corrected
(cm) (yrs BP) (OC) (%0) (0/) (0/) (/)

OCE205-2-1OOGGC
7 613
8 737
10 986 2.41 -0.02 2.43
13 1,359 4.2 2.37 -0.02 2.39 0.17
14 1,483 2.17 -0.02 2.19
15 1,607 2.16 -0.02 2.18
16 1,732 4.0 2.23 -0.01 2.24 -0.02
17 1,856 2.34 -0.01 2.35
18 1,933 4.2
19 2,010 4.9 2.38 -0.01 2.39 0.31
20 2,087 2.37 -0.01 2.37
21 2,165 5.1
22 2,242 5.6 2.32 -0.01 2.33 0.38
23 2,319 2.27 0.00 2.27
24 2,396 4.9 2.20 0.00 2.21 0.12
25 2,473 3.9 2.07 0.00 2.07 -0.22
26 2,550 3.3
27 2,627 3.6 2.12 0.00 2.12 -0.24
28 2,705 5.0
29 2,782 6.1 2.11 0.01 2.11 0.28
30 2,859 6.0 2.28 0.01 2.28 0.43
31 2,936 2.26 0.01 2.25
32 3,017 5.0 2.25 0.01 2.24 0.17
33 3,097 3.9 2.20 0.01 2.19 -0.09
34 3,178 2.18 0.01 2.17
35 3,258 4.3 2.24 0.01 2.23 0.03
36 3,339 4.7 2.28 0.01 2.27 0.16
37 3,420 5.1
38 3,500 5.0
39 3,581 4.8
40 3,661 4.4 2.30 0.01 2.29 0.11
42 3,823 4.5
43 3,903 4.0
44 3,984 3.9
45 4,064 3.5 2.25 0.01 2.24 -0.14
46 4,145 4.2 2.23 0.02 2.21 -0.02
47 4,226 4.6
48 4,306 4.4 2.16 0.02 2.14 -0.04
49 4,387 3.7 2.19 0.03 2.16 -0.16
50 4,467 2.18 0.03 2.15
51 4,548 3.7 2.23 0.03 2.20 -0.13
52 4,629 4.3 2.18 0.03 2.15 -0.07
53 4,709 4.9 2.23 0.04 2.19 0.11
54 4,790 4.8 2.22 0.04 2.17 0.08
55 4,870 4.4 2.27 0.05 2.22 0.04
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Table 5 (cont.).
Smoothed Smoothed 8 ""Oc Ice Volume Smoothed 6"'Oc 615Osw**

Depth Age Temp Uncorrected Correction* Corrected Corrected
(cm) (yrs BP) (°C) (%0) (%0) (%0) (%0)

OCE205-2-1OOGGC
56 4,951 4.6 2.19 0.05 2.14 -0.01
57 5,031 4.0 2.19 0.05 2.14 -0.13
58 5,112 5.3 2.18 0.06 2.13 0.14
59 5,193 5.0
60 5,273 4.3 2.23 0.07 2.17 -0.04
61 5,354 3.0 2.24 0.07 2.17 -0.30
62 5,434 3.2 2.27 0.07 2.20 -0.24
63 5,515 4.5 2.26 0.08 2.19 0.02
64 5,584 5.5 2.25 0.08 2.17 0.21
65 5,652 2.21 0.08 2.13
66 5,721 5.3 2.24 0.09 2.15 0.16
67 5,789 5.8 2.25 0.09 2.16 0.28
68 5,858 5.1
69 5,926 2.25 0.10 2.15
70 5,995 5.5 2.18 0.10 2.08 0.13
71 6,063 5.5 2.15 0.10 2.05 0.09
72 6,132 5.2 2.15 0.11 2.04 0.03
73 6,200 4.7 2.24 0.11 2.13 0.01
74 6,310 3.9 2.28 0.12 2.16 -0.12
75 6,420 4.2 2.30 0.13 2.18 -0.06
76 6,530 4.4 2.30 0.14 2.17 -0.01
77 6,640 4.9 2.29 0.15 2.15 0.06
78 6,750 4.3 2.32 0.15 2.16 -0.05
79 6,860 4.3 2.30 0.16 2.14 -0.06
80 6,970 4.5 2.08 0.17 1.91 -0.26
81 7,144 4.9 2.06 0.19 1.88 -0.20
82 7,318 4.5 2.13 0.30 1.83 -0.32
83 7,492 4.5 2.36 0.22 2.14 -0.04
84 7,666 2.30 0.24 2.06
85 7,840 4.6 2.27 0.26 2.02 -0.14
86 8,015 4.0 2.26 0.27 1.99 -0.27
87 8,189 4.2 2.24 0.28 1.96 -0.27
88 8,363 4.7 2.21 0.29 1.92 -0.21
89 8,537 5.7 2.24 0.30 1.95 0.03
90 8,711 6.1 2.32 0.31 2.02 0.19
91 8,885 6.4 2.28 0.32 1.97 0.19
92 9,059 6.2 2.17 0.32 1.85 0.03
93 9,117 5.9 2.19 0.33 1.87 -0.01
94 9,176 2.25 0.33 1.92
95 9,234 5.9 2.36 0.33 2.03 0.16
96 9,292 6.3 2.40 0.34 2.07 0.27
97 9,350 2.43 0.34 2.09
98 9,409 6.4 2.46 0.34 2.12 0.36
99 9,467 6.8 2.44 0.35 2.09 0.40
100 9,525 6.4 2.42 0.35 2.08 0.32
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Table 5 (cont.).
Smoothed Smoothed 8 0 c Ice Volume Smoothed 0 O

Depth Age Temp Uncorrected Correction* Corrected Corrected
(cm) (yrs BP) (OC) (%o) (%/o) (%o) (%/6)

OCE205-2-1OOGGC
101 9,741 6.3 2.44 0.36 2.08 0.30
102 9,957 6.2 2.42 0.37 2.05 0.25
103 10,173 7.2 2.43 0.38 2.05 0.46
104 10,389 7.1 2.36 0.39 1.97 0.35
105 10,604 6.1 2.38 0.40 1.98 0.16
106 10,820 5.1 2.45 0.41 2.04 0.01
107 11,036 2.59 0.42 2.17
108 11,252 5.0 2.61 0.44 2.17 0.11
109 11,468 5.4 2.58 0.45 2.13 0.17
110 11,718 5.6 2.55 0.46 2.09 0.15
111 11,968 2.74 0.48 2.26
112 12,218 5.2 2.77 0.48 2.29 0.28
113 12,468 4.8 2.90 0.48 2.42 0.31
116 13,218 2.91 0.52 2.39
117 13,270 5.2 2.96 0.60 2.36 0.33
118 13,322 2.97 0.60 2.37
119 13,375 3.01 0.64 2.37
120 13,427 6.3 3.04 0.64 2.40 0.60
123 14,548 6.2 3.07 0.89 2.18 0.36
124 14,794 5.9
126 15,478 5.9
127 15,905 3.37 1.02 2.34
128 16,162 6.2
130 16,923 3.62 1.02 2.60
132 17,529 6.5
133 17,940 3.95 0.95 3.00
136 18,896 5.8
137 19,297 3.95 0.96 2.98
138 19,580 5.5
140 20,315 4.02 1.01 3.01
142 20,947 4.7
148 22,998 4.5
150 23,708 3.91 0.73 3.18
152 24,365 5.1
153 24,725 3.81
156 25,733 5.5
157 26,082 3.78
158 26,416 5.5

* Ice volume correction is from Waelbroeck et al. [2002].
** Seawater 8"O was calculated using the equation of Lynch-Stieglitz [1999].
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Table 6. KNR166-2-31JPC residual seawater b180.
Composite 610Oc* Ice Volume blaOc 8•Osw**

Depth Age Temp Uncorrected Correction- Corrected Corrected
(cm) (yrs BP) (OC) (0/6) (0/) (0/) (0/.)

0 1,204 3.9 2.19 -0.02 2.20 -0.09
8 1,980 5.5 2.24 -0.01 2.25 0.29

16 2,808 4.5 2.18 0.01 2.17 0.00
24 3,635 3.7 2.14 0.01 2.13 -0.21
32 4,463 4.7 2.30 0.03 2.27 0.15
40 5,290 4.8 2.27 0.07 2.21 0.10
48 6,118 4.4 2.26 0.11 2.16 -0.04
56 6,945 6.5 2.24 0.17 2.07 0.33
64 7,773 5.2 2.57 0.25 2.32 0.30
72 8,728 4.6 2.41 0.31 2.10 -0.05
80 9,682 7.1 2.42 0.36 2.07 0.45
88 10,636 8.3 2.50 0.40 2.11 0.74
96 11,591 8.0 2.39 0.46 1.93 0.51
104 12,546 7.3 2.77 0.48 2.29 0.71
112 13,500 7.0 2.76 0.68 2.08 0.44
120 14,483 4.7 2.88 0.90 1.99 -0.13
128 15,466 8.5 2.40 0.98 1.42 0.10
136 16,448 5.5 3.00 1.04 1.96 0.00
160 19,397 3.67 0.97 2.70

• Oxygen isotopic data for KNR166-2-31JPC are from Lynch-Stieglitz [unpublished data].
•* Ice volume correction is from Waelbroeck et al. [2002].
•** Seawater 81"0 was calculated using the equation of Lynch-Stieglitz [1999].
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Chapter 5. Variability in the Influence of Southern Source
Waters within the Florida Current Over the Last 20,000 Years

Abstract
Benthic foraminiferal Cd/Ca from a Florida Current core documents the history of

the northward penetration of southern source waters within the return flow of the Atlantic
meridional overturning circulation (MOC). Cd seawater estimates (Cdw) for the last glacial
are consistent with the reduced influence of southern source waters at this location relative
to the present. At -18.5 ka, the southern source contribution to the Florida Current began
to increase significantly, marking the onset of a transition from a glacial circulation pattern
to a deglacial pattern, which lasted from -17 ka to -14 ka. At -12.5 ka, following the
onset of the Younger Dryas cooling in the North Atlantic [Grootes et al., 1993] and the
reduction in North Atlantic Deep Water (NADW) production [Boyle and Keigwin, 1987],
the influence of southern source waters within the Florida Current decreased abruptly.
A renewed influence of southern source waters occurred at -9 ka, concurrent with the
establishment of Holocene warmth in the North Atlantic region.

Introduction

Variability in the strength of the Atlantic Ocean's meridional overturning circulation

(MOC) is often invoked as a cause or amplifier of millennial scale climate events such as

the Younger Dryas. A decrease in the strength of the MOC would cause a reduction in the

amount of heat transported by the upper ocean to the North Atlantic, thereby cooling the

high northern latitudes [Broecker et al., 1985a]. Models predict that a large decrease in the

strength of MOC not only cools the surface North Atlantic but also warms the thermocline

of the low latitudes as a result of the reduced northward heat transport [Manabe and

Stouffer, 1997; Marchal et al., 1999; Rahmstorf, 1994; Riihlemann et al., 2004]. In the

previous Chapter, paleoceanographic evidence was presented, confirming a Younger Dryas

warming within the Florida Current, which feeds the northward return flow of the MOC.

Model results were also presented, confirming the possibility that the warming at the

Florida Current site could have been caused by a reduction in the strength of the Atlantic

overturning. However, to my knowledge, no paleoceanographic evidence suggesting an

actual reduction in the northward return flow of the MOC during the Younger Dryas has

ever been documented.

Nutrient proxies are often used to trace changes in ocean water mass geometry. In

the modern ocean, North Atlantic Deep Water (NADW) originates from nutrient depleted
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surface waters, while Circumpolar Deep Water (CDW) forms in the Southern Ocean

from relatively nutrient enriched waters that upwell from great depth [Broecker et al.,

1985b]. The result is a pattern of nutrient distributions in the Atlantic Ocean that reflects

water circulation patterns: northern source waters form a southward penetrating tongue of

nutrient depleted NADW, and southern source waters form the northward moving, nutrient

rich Antarctic Bottom Water (AABW) and Antarctic Intermediate Water (AAIW).

Cd and V'3C are two nutrient proxies used to trace subsurface circulation patterns

[Boyle, 1988; Boyle and Keigwin, 1982; Curry et al., 1988; Curry and Lohmann, 1982;

Duplessy et al., 1988]. In the modern ocean, a positive correlation exists between sea water

Cd concentrations (Cdw) and P0 4 concentrations. Since foraminifera incorporate Cd into

their CaCO 3 tests in direct proportion to the Cd concentration in the water in which they

calcify, the Cd/Ca ratio of the tests can be used as an indicator of Cdw (and thus P0 4) at the

time the foraminiferal test formed [Hester and Boyle, 1982]. The 6'13C distribution is the

result of the isotopic fractionation of carbon associated with photosynthesis, which favors
12C over 13C. The oxidation and remineralization at depth of low 8'3C organic material

produces a negative correlation between oceanic 8'3CDIC and PO 4 [Kroopnick, 1985]. Like

Cdw, the oceanic 6 13CDIC signal is recorded in the tests of benthic foraminifera, making

them useful tools in the study of paleocean circulation. The 813C distribution, however,

is complicated by the influence of the 8 13C air-sea exchange signature (813CAs). When

ocean water has contact with the atmosphere, a temperature dependent fractionation of

the carbon isotopes in CO2 occurs [Mook et al., 1974]. For a given atmospheric 613C,

colder temperatures result in higher 613CD•C. However, since different parcels of water

spend varying amounts of time in contact with the atmosphere, the degree to which a

parcel equilibrates with the atmosphere also varies. High wind speeds increase exchange

rates, bringing the 8'3CDIc closer to equilibrium with the atmosphere [Broecker and Maier-

Reimer, 1992; Liss and Merlivat, 1986].

During the last glacial, deep waters of the North Atlantic were nutrient enriched

relative to the present and intermediate waters were nutrient depleted, suggesting a

reduction in NADW formation and an increase in Glacial North Atlantic Intermediate Water

(GNAIW) formation [Boyle and Keigwin, 1987]. Many studies have confirmed this glacial

subsurface geometry of GNAIW overlying waters of southern origin [Duplessy et al., 1988;

Marchitto et al., 2002; Oppo and Lehman, 1993]. There are conflicting interpretations

for the subsurface geometry during the Younger Dryas, however. It has been suggested

that deep water formation decreased [Boyle and Keigwin, 1987] and intermediate water
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formation increased, signifying a glacial-like stratification for the Younger Dryas [Marchitto

et al., 1998; Zahn and Stiber, 2002]. Sarnthein et al. [2001] also suggest that deep water

formation decreased during the Younger Dryas, however, they suggest that the reduction

occurred late, near the end of the Younger Dryas. My previous work [Came et al., 2003]

suggests a reduction in the export of North Atlantic Intermediate Water during the Younger

Dryas, possibly indicating a reduction in intermediate water formation concurrent with the

reduction in deep water formation. Alternatively, Rickaby and Elderfield [2005] suggest

a radically different subsurface geometry, with an increase in the northward penetration of

AAIW at depths just above AABW. Because the production of NADW at high latitudes

results in greater heat loss to the atmosphere than the production of intermediate water at

lower latitudes, the above interpretations predict very different roles of the MOC in cooling

the North Atlantic during the Younger Dryas. Thus, it is clear that a better understanding

of the variability in the MOC on millennial timescales is required.

In this study, two new records of intermediate depth variability are presented using

Cd/Ca data from the low latitude North Atlantic. The sediment cores used in this study lie

in key locations for studying variability in the Atlantic MOC: the Florida Margin site is

bathed by the northward moving waters of the MOC return flow; the Little Bahama Bank

site is bathed by waters of the North Atlantic subtropical gyre. When taken together with

previously published records [Boyle and Keigwin, 1987; Came et al., 2003; Marchitto et

al., 1998; Rickaby and Elderfield, 2005] the new Florida Current paleo-nutrient record

provides insights into the relative influences of northern versus southern source waters

during the last 20,000 years.

Study Areas

The descriptions of the Little Bahama Bank and Florida Current study areas were

presented in Chapter 4, and are repeated below.

Sediment core OCE205-2- I OOGGC (LBB) was taken from the flanks of the Little

Bahama Bank, within the Northwest Providence Channel, at 26o04' North, 78°02' West,

and 1,057 m (Figure 1). Waters of the Northwest Providence Channel flow westward

from the Sargasso Sea to the Straits of Florida [Slowey and Curry, 1995]. Today, depths

above 1,000 m are bathed by waters of the wind driven North Atlantic subtropical gyre,

with the same temperature, salinity, and density structure of the western portion of the

gyre [Slowey and Curry, 1995]. Waters below 1,000 m are fed by the upper component

of North Atlantic Deep Water. These waters are poorly ventilated because they originate
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Figure 1. Map of the North Atlantic showing the locations of OCE205-2-
1OOGGC (26°04'N, 78°02'W, 1,057 m) and KNRI66-2-3]JPC (24013'N,
83'l 8'W, 751 m), and the transport estimates for waters entering the Florida
Current (adapted from Schmitz and McCartney [ 1993]).

in the subpolar gyre, where residence times are long and wind driven upwelling occurs

[Jenkins, 1980; McCartney, 1982; Sarmiento et al., 1982]. Waters circulate within the

subpolar gyre before entering the subtropical gyre at depth [Jenkins, 1980; Luyten et al.,

1983; McCartney, 1982; Sarmiento et al., 1982].

Sediment core KNR166-2-31JPC (FC) was taken from within the Florida Current,

just south of the Florida Keys, at 240 13' North, 830 18' West, and 751 m (Figure 1). Today,

waters of the Florida Current are a mixture of recirculated North Atlantic subtropical

gyre water (17 Sv) and Antarctic Intermediate Water AAIW (13 Sv) [Schmitz et al., 1993;

Schmitz and Richardson, 1991]. At mid-depths (12-24°C temperature range), -5% of the

Florida Current waters are of South Atlantic origin, but below 400 m, ~80% of the waters

are of South Atlantic origin [Schmitz and Richardson, 1991]. The intermediate depth

southern source waters that feed the Florida Current are observed in the South Atlantic

as a northward moving salinity minimum layer that originates near the Antarctic Polar
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Front [Lynch-Stieglitz et al., 1994]. As the waters move northward through the Florida

Strait and toward the polar seas via the North Atlantic Current, the salinity gradually

increases [Tsuchiya, 1989] due to interaction with Mediterranean Water [Reid, 1994] and

the temperature gradually decreases. Gordon [1986] notes that AAIW contributes to both

the warm and cold water return routes of NADW formation.

Today, intermediate depths at these two geographic locations have very different

water properties. For example, mean annual temperatures at 1,000 m depth are about P°C

warmer at the Little Bahama Bank than at the Florida Current [Levitus and Boyer, 1994].

However, since the Florida Current site is significantly shallower than the Little Bahama

Bank site, bottom water temperatures and salinities are very similar: approximately 5.35°C

and 35.05 p.s.u. at LBB [Slowey and Curry, 1995], and 5.78°C and 34.90 p.s.u. at FC

(measured during core collection, KNR166-2). Nutrient concentrations are also very

different at the two intermediate depth locations: all gyre, intermediate, and deep waters

of the North Atlantic have low initial phosphate concentrations of <0.8 ýtmol kg-', while

Florida Current waters have phosphate concentrations intermediate between North Atlantic

waters (<0.8 [tmol kg-') and AAIW (>1.4 ýmol kg-t) [Slowey and Curry, 1995].

Methods

Accelerator mass spectrometer (AMS) radiocarbon dates for the LBB and FC cores

are presented in Chapter 4, Table 1. The results indicate that the sedimentation rate for LBB

is -6 cm/kyr, with higher sedimentation rates in the more recent Holocene (-8 cm/kyr)

and lower rates near the last glacial (-3 cmikyr) (Figure 2a). The average sedimentation

rate for FC is slightly higher than 8 cm/kyr (Figure 3a). All further discussion of the FC

record is based on the assumption that the four AMS dates provide an adequate age model

for 31JPC. However, I await three new AMS dates in order to confirm the tentative age

model.

The AMS dates presented in Came et al., [2003] for KNR159-5-36GGC and

EN120GGC- 1 were revised after publication using the updated calibration program, CALIB

v. 5.0.1 [Stuiver and Reimer, 1993], the updated Marine04 calibration data set [Hughen et

al., 2004], and a reservoir correction of 400 years. The new results are presented in Table

1.

Cd/Ca ratios were measured in the tests of the benthic foraminifer Hoeglundina

elegans. This aragonitic species faithfully records bottom water Cd concentrations with

a partition coefficient Dp = [(Cd/Ca) fora/(Cd/Ca) 1.0 [Boyle et al., 1.995]. The
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Figure 2. Benthic Cd/Ca and 811C data from OCE205-2-IOOGGC (26'04'N,
78'02'W, 1,057 m) vs. depth. a.) AMS radiocarbon dates converted to

calendar age using Calib 5.01 [Stuiver and Reimer, 1993], the calibration

data set of Hughen et al. [2004], and a reservoir correction of 400 years;

b.) all H. elegans Cd/Ca; c) all previously acquired Cibicidoides spp. VC
[Slowey and Curry, 1995] and newly acquired Cibicidoides spp. W'3C [this
study].

partition coefficient for the aragonitic H. elegans is constant with depth, unlike the partition

coefficients of calcitic foraminifera, which are depth dependent [Boyle, 1992]. A constant

seawater Ca concentration of 0.01 mol kg-' was assumed to estimate Cd water concentrations

(Cdw). Zn/Ca ratios were simultaneously analyzed along with Cd/Ca, and those results are

presented in Appendix 1.
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Figure 3. Benthic Cd/Ca and 813C data from KNR166-2-31JPC (24°13'N,
83'18'W, 751 m) vs. depth. a.) AMS radiocarbon dates [Lynch-Stieglitz,
unpublished data] converted to calendar age using Calib 5.01 [Stuiver
and Reimer, 1993], the calibration data set of Hughen et al. [2004], and a
reservoir correction of 400 years; b.) all H. elegans Cd/Ca; c) all previously
acquired Cibicidoidesfloridanus V'3C [Lynch-Stieglitz, unpublished data].
Open symbols are excluded data.

Each foraminiferal sample consisted of approximately 2-3 individuals, which were

crushed and cleaned according to the full trace metal protocol [Boyle and Keigwin, 1985/6]

with a reversal of the oxidative and reductive steps [Boyle and Rosenthal, 1996; Rosenthal,

1994; Rosenthal et al., 1995]. Samples were dissolved in trace metal clean HNO 3 to obtain

samples of approximately 200 ppm Ca. Ratios were measured using a Thermo-Finnigan
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Element2 sector field single collector ICP-MS following the method of Rosenthal et al.

[1999], with the addition of a Ca matrix correction. Mn/Ca and Al/Ca were also measured

in order to monitor contamination due to manganese carbonate overgrowths and terrestrial

input. Manganese carbonate overgrowths are a potential source of contamination in many

species of benthic foraminifera [Boyle, 1983]. However, the species H. elegans was chosen

for this study because it does not suffer from the contamination caused by such overgrowths

[Boyle et al., 1995].

Converting ICP-MS intensity ratios to elemental ratios using an external standard

requires similar [Ca] in both the sample and the standard due to a calcium matrix effect. To

correct for samples with varying [Ca], we ran a series of standards with identical element to

Ca ratios, but with Ca concentrations that varied over the anticipated sample concentration

range. The resulting matrix effect was calculated and the sample ratios were corrected.

The corrections were less than ±0.012 [tmol mo1-I Cd/Ca.

In order to assess the precision of measurements on the ICP-MS, three consistency

standards were treated as samples in each of the runs in which the data were generated.

Mean Cd/Ca values for the three consistency standards were 0.127 ltmol mol1, 0.044 [tmol

mol-', and 0.083 [tmol mol-'. Relative standard deviations were ±0.6% (n=5), ±3.7% (n=3),

and ±1.3% (n=4), respectively. For H. elegans, which has a partition coefficient of 1, the

resulting Cdw error is ±0.0 16 nmol kg-'.

Results and Discussion

The Cdw results from Little Bahama Bank core OCE205-2-IOOGGC reveal an

overall glacial-interglacial trend of increasing Cdw (Figures 2b and 4b), similar to the

trend observed by Marchitto et al. [1998] in nearby core OCE205-2-103GGC (26°04'N,

78°03'W; 965 in). For a more complete discussion of the paleoceanographic implications

of the LBB Cdw results, refer to Marchitto et al. [1998]. For a comparison of the two

similar data sets (103GGC obtained by atomic absorption spectrophotometry; 100GGC

obtained by ICP-MS), refer to Appendix 2.

The Cdw results from Florida Current core KNR 166-2-31JPC also reveal an overall

glacial-interglacial trend of increasing Cdw beginning at -18.5 ka (Figures 3b, 4b and 5b).

The increase in Cdw values at this site within the northward return flow of the MOC is

indicative of increased nutrient concentrations, and thus an overall increase in the relative

influence of southern source waters since the last glacial. These results are consistent with

many previous studies that suggest an increase in the strength of the MOC since the last
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Figure 4. Benthic Cdw data vs. calendar age. a.) GISP2 P08 (pink) IlGrootes
et al., 1993 ]; b.) average Cd.w from KN7R166-2-3 1JPC (24913'N, 83'1 8'W,
751 m; purple), OCE205-2-IOOGGC (26'04'N, 78'02'W, 1,057 mn; green),
and KNR159-5-36GGC (2703 I'S, 46028'W, 1,268 mn; red); c.) average Cdw
from KNR166-2-3 1JPC (purple), OCE205-2-IOOGGC (green), KNR159-5-
36GGC (red) and EN120-GGCI (33'40'N, 57'37'W, 4,450 m; blue) [Boyle
and Keigwin, 1987]. The glacial Cdw estimate for the deep North Atlantic
(blue bar) is based on data from 10S82 PC SO I (42023'N, 23'31I'W, 3,540
m) [Boyle, 1992]. Triangles are AMS dates converted to calendar age.
Yellow shading marks the Younger Dryas interval.
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glacial.

Millennial scale variability is superimposed on the glacial-interglacial trend.

At ~12.8 ka, a sharp depletion in the 8'80 of Greenland ice marks the rapid northern

hemisphere cooling of the Younger Dryas. Shortly after, at -12.5 ka, a rapid decrease

occurred in the Cdw at the FC site, culminating in Cdw values of 0.29 nmol kg-' during the

late Younger Dryas, almost as low as glacial values. The low Cdw suggests a decrease in

nutrient concentrations at the Florida Current site during the late Younger Dryas, consistent

with a decrease in the influence of southern source waters, and an increase in the influence

of northern source waters. At ~11.5 ka, the GISP2 6180 record suggests a rapid warming in

the high northern latitudes, marking the end of the Younger Dryas cold period. At the FC

site, however, Cdw remained low until -9 ka, nearly 2,000 years after the rapid wanning

in the high latitude North Atlantic. After -9 ka, Cdw increased, indicating a Holocene-like

water mass with the renewed contribution of nutrient rich southern source waters.

Comparison of the Cdw results with simultaneously measured Mg/Ca-derived

temperatures and calculated IS8Osw data (presented in Chapter 4) provides further evidence

supporting the reduced influence of southern source waters at the FC site during the

Younger Dryas (Figure 5). From -12.5 ka to -9 ka, the decreased nutrients at the FC site

were accompanied by increased temperatures and increased salinities, consistent with the

decreased influence of cold, fresh southern source waters.

Comparison of the FC results with other intermediate depth results from the Brazil

Margin in the western South Atlantic [Came et al., 2003] and from LBB provides insights

into the evolution of the water mass within the Florida Current (Figure 4b). As stated

above, waters at the FC site are influenced by both southern source waters and recirculated

North Atlantic subtropical gyre waters, making it an ideal location to monitor the relative

influences of the two end member sources. During the last glacial, FC Cdw values were

intermediate between the intermediate depth North Atlantic and South Atlantic, consistent

with the combined influence of northern and southern source waters. At -18.5 ka, coincident

with the onset of deglaciation, Cdw values began to increase toward South Atlantic values,

consistent with an increasing influence of southern source waters. At ~12.5 ka, FC Cdw

values abruptly became more like those in the North Atlantic subtropical gyre. The nearly

identical values of 0.29 nmol kg-' at FC and LBB at -12 ka suggest that waters of the Florida

Current may have had little or no southern source component during the later part of the

Younger Dryas. At -9 ka, Cdw at the FC site became more like the South Atlantic again,

and varied considerably between the two end member concentrations for the remainder of
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Figure 5. Benthic CcLw and temperature data from KNRl166-2-3 1JPC vs.
calendar age. a.) GISP2 8610 (pink) [Groctes et al., 1993]; b.) average
Cdw from 31IJPC (24'1 3'N, 83'1 8'W, 751 in); c.) average Mg/Ca-derived
temperatures from 3 1JPC [presented in Chapter 4]; d.) 6180," from 3 1JPC
[presented in Chapter 4]. Triangles are AMS dates converted to calendar
age. Yellow shading marks the Younger Dryas interval.
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the record, suggesting considerable variability in the influence of northern versus southern

source waters throughout the Holocene. Additional Cd/Ca data and AMS radiocarbon

dates will be required in order to fully assess the significance of the Holocene variability.

Comparison of the intermediate depth Cdw results with results from the deep North

Atlantic provides further insights into the evolution of the water mass within the Florida

Current (Figure 4c). Prior to -17.5 ka, all three intermediate water sites were lower in

Cdw (and hence nutrients) than the deep North Atlantic, consistent with the interpretation

of decreased NADW formation and increased GNAIW formation (affecting all three

intermediate depth locations) during the last glacial [Boyle and Keigwin, 1987]. At -~14 ka,

the deep North Atlantic became more nutrient depleted than both the intermediate depth

South Atlantic and the waters of the Florida Current, marking a transition between glacial

and interglacial subsurface geometry [Came et al., 2003]. The interglacial subsurface

geometry persisted for the remainder of the record, with the exception of the interval from

-12.5 to 10 ka, when the deep North Atlantic was more nutrient enriched than the waters

of the Florida Current. At -9 ka the modem geometry was firmly established: the North

Atlantic deep and intermediate sites were all nutrient depleted, the intermediate depth South

Atlantic was nutrient rich, and the Florida Current waters were intermediate between the

South Atlantic and the North Atlantic intermediate depth sites.

The reduction in the influence of southern source waters within the Florida Current

during the later part of the Younger Dryas and until 10.5 ka suggests an overturning circulation

that was radically different from the modem, and also different from the last glacial. Today,

southern source waters are a significant component of the northward return flow of NADW

formation. A reduction in their influence at the FC site suggests a significant reduction

in the deep overturning circulation, consistent with previous studies [Boyle and Keigwin,

1987]. However, the new results do not rule out significant overturning at intermediate

depth [Marchitto et al., 1998], since the formation of North Atlantic Intermediate Water

(NAIW) would not require a northward return flow that originates from waters upwelled

from great depths.
The 613C results from FC [Lynch-Stieglitz, unpublished data], LBB [Slowey and

Curry, 1995], the Brazil Margin [Oppo and Horowitz, 2000], and the deep North Atlantic

[Boyle and Keigwin, 1987] suggest glacial-interglacial circulation changes that are similar

to those suggested by the Cdw results (Figure 6). During the last glacial, the 813C results

suggest that nutrient concentrations at the FC site were intermediate between the North

Atlantic and South Atlantic intermediate depth sites, and more nutrient depleted relative
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Figure 6. Benthic 8"3C data vs. calendar age. a.) GISP2 68"0 (pink) [Grootes
et al., 1993]; b.) average W'3 C from KNR166-2-3 IJPC (24'1 3'N, 83'1 8'W,
751 m; purple) [Lynch -Stie glitz, unpublished data], OCE205-2-IOOGGC
(26-04'N, 78-02'W, 1,057 m; green) [Slowey and Curry, 1995; this study],
KNRl159-5-36GGC (27-31I'S, 46-28'W, 1,268 m; red) [Oppo and Horowitz,
2000], and EN120-GGCI (33'40'N, 57'37'W, 4,450 m; blue) [Boyle and
Keig win, 1987]. The glacial V'C estimate for the deep North Atlantic (blue
bar) is based on data from I0S82 PC SOlI (42'23'N, 23'31'W, 3,540 m)
[Boyle, 1992]. Triangles are AMS dates converted to calendar age. Yellow
shading marks the Younger Dryas interval.
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Figure 7. Atlantic meridional overturning circulation in the "off" mode.
From Weaver et al., [2003].

to the deep North Atlantic, consistent with the Cdw results. Overall, the P'3C results from

FC suggest a glacial-interglacial trend of increasing nutrients, again, consistent with the

Cdw results. However, during the Holocene, the Brazil Margin 613C values were higher

than those at the FC site. As discussed in Came et al. [2003], this is due to the increasing

influence of a high V'3CAs water mass at the Brazil Margin site.

An Alternative Younger Dryas Subsurface Geometry

Alternatively, the northward penetration of AA1W during the Younger Dryas may

have been similar, or even enhanced, relative to today [Rickaby and Elderfield, 2005].

Keeling and Stephens [2001] hypothesized that the ocean may have an "off' mode in

which the density of AAIW is greater than the density of NADW:

P AAIW > PNADW*

Theoretically, a large freshwater flux to the surface of the Atlantic could cause this density
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configuration to occur. The result would be a complete cessation of NADW formation, an

intensification of the northward penetration of "AAIW" at depths just above AABW, and

a compensating southward outflow of saline thermocline water (Figure 7) [Weaver et al.,

2003]. If this hypothesized density configuration existed during the late Younger Dryas,

then the deeper "AATW" would have bypassed the Florida Strait entirely en route to the

North Atlantic, causing an increase in the influence of low Cd North Atlantic source waters

at the FC site.

Rickaby and Elderfield [2005] suggest that nutrient results from sediment core

NEAP 4K (61°30'N, 24°10'W, 1,627 m) in the high latitude North Atlantic support this

alternative interpretation for both the Younger Dryas and Heinrich event I (H I). A central

component of the Rickaby and Elderfield argument is that a similar water mass existed at

both the intermediate depth Brazil Margin and NEAP 4K during the Younger Dryas and H1,

suggesting the northward penetration of AAIW into the high latitude North Atlantic during

these events. Comparison of the results from both sites does reveal similar Cdw values

at NEAP 4K and the Brazil Margin during the two cooling events (Figure 8c). However,

comparison of the benthic foraminiferal 8'80 from the two sites suggests that these water

masses were in fact very different during these events (Figure 8b): during HI, benthic

6180 at the NEAP 4K site was -1.0%c lower relative to the Brazil Margin site; during the

Younger Dryas, benthic 6`80 at NEAP 4K was '-0.8%c higher relative to the Brazil Margin.

Since 6810 is conservative within a water mass, such large differences in 6180 cannot come

from the same water mass.

A simpler explanation for the high Cdw values at the NEAP 4K site during the

Younger Dryas and during Heinrich event 1 is reduced ventilation and organic matter

remineralization. NEAP 4K is located on the Bjrm drift in the high latitude North Atlantic,

and is bathed by Iceland-Faeroe Ridge overflow waters, which sink to great depths in the

formation of NADW. If changes in high latitude convective activity occurred as a result

of surface freshening events, waters at the NEAP 4K site could become less ventilated and

more nutrient enriched.

Comparison of the NEAP 4K benthic 68'0 data with planktic 6180 data from nearby

core VM29-204 (61011'N, 23001'W, 1,849 m) provides further evidence suggesting a

northern source for intermediate waters at the Bjorn drift during the Younger Dryas and H I

(Figure 8b). From 20 ka to -13 ka, the nearly identical benthic and planktic 6180 values

suggest that surface and subsurface waters were very similar at this location. At ~16 ka,

coincident with HI, there was a sharp decrease in both the planktic and benthic ')10. Taken
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Figure 8. Comparison with NEAP 4K. a.) GISP2 68`0 (pink) [Grootes
et al., 1993]; b.) planktic foramniniferal PO8 from VM29-204 (61011 'N,
23'01'W, 1,849 m; orange), and benthic foraminiferal 6180 from KNRI159-
5-36GGC (27031'S, 46'28'W, 1,268 m; red) [Oppo and Horowitz, 2000]
and NEAP 4K (6 1'30'N, 24'l10'W, 1,627 m; black) [Rickaby and Elderfield,
2005]; c. Cdw from EN120-GGCI (33'40'N, 57037'W, 4,450 m; blue)
[Boyle and Keigwin, 1987], KNR159-5-36GGC (red) [Came et al., 2003],
and NEAP 4K (black) [Rickaby and Elderfie Id, 2005]. Dashed line is Cdw
values calculated using the DP of Bertram et al. [1995]; solid line is Cdw
values calculated using the DP of Boyle [ 1992].
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together with the concurrent increase in Cdw, the 8180 data suggest a freshening event at the

sea surface, which caused a reduction in ventilation at NEAP 4K, although not a complete

cessation, since the benthic 6i80 suggests that the surface signal continued to propagate

into the subsurface during the freshening event. At -12.5 ka, another sharp decrease in the

planktic 8180 occurred, however, there was no associated decrease in benthic 8180. The

divergence in the surface and subsurface signals suggests that a freshening event occurred

in the surface at the onset of the Younger Dryas, but did not propagate into the subsurface.

This could have occurred due to enhanced surface stability in response to the freshening,

which caused a reduction in ventilation at the NEAP 4K site. The concurrent increase in

Cdw at NEAP 4K supports this interpretation of reduced ventilation and increased organic

matter remineralization. Interestingly, however, increased nutrients are also observed in

the deep North Atlantic, but Cdw values are not as high as at the NEAP 4K site. This

implies that deep water formation continued during the Younger Dryas, despite its reduced

influence at the NEAP 4K site. However, it is also possible that the high Cdw values at

NEAP 4K are the result of Cd contamination.

To summarize, it is possible to account for the nutrient enrichment in the high

latitude North Atlantic without invoking the "off' circulation mode, which requires a

complete cessation of NADW production and a southward surface return flow. A simpler

scenario, involving reduced ventilation and organic matter remineralization at the NEAP

4K site during the Younger Dryas, is consistent with the paleo-nutrient distributions. In

addition, a scenario in which the northward penetration of AAIW increases, but the deep

AAIW "off' mode is not invoked, is not consistent with the new FC Cdw results, since a

scenario in which

PAArW < PNADW

would require the buoyant, nutrient rich AA1W to pass through the Florida Strait en route

to the North Atlantic.

Conclusion

The new Cdw results from core KNR 166-2-31 JPC suggest a significant reduction in

the presence of southern source water within the Florida Current during the later part of the

Younger Dryas, suggesting an overturning circulation during this event that was radically

different from the modem, and also different from the last glacial. A northward return flow
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with little or no nutrient rich southern ocean component suggests an overturning circulation

that may not require significant compensation for southward penetrating deep waters. This

suggests a strongly decreased MOC, and a possible reduction in northward heat transport.

However, an overturning of North Atlantic waters at intermediate depth, as suggested by

Marchitto et al. [1998], is consistent with the new results.

In addition, the new results suggest that the abrupt change in source waters at the

FC site occurred well after the onset of the Younger Dryas cooling in the North Atlantic and

after the reduction in North Atlantic Deep Water (NADW) production. Also, the duration

of the event was significantly longer at the FC site than in the high latitude North Atlantic.

This suggests that variability in the return flow of the MOC lagged climate change in the

North Atlantic, lending support to North Atlantic forcing hypotheses.
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Tables

Table 1. Previously published AMS dates* and revised calendar ages**.
Depth (cm) Species NOSAMS ID AMS Date AMS Error Age (yrs BP)

KNR159-5-36GGC
1 G. ruber OS-22674 1,740 30 1,290

16 G. ruber OS-25478 3,170 60 2,968
28 G. ruber OS-22675 4,450 40 4,653
28 G. ruber OS-22681 4,480 55 4,672
40 G. ruber OS-23216 6,000 35 6,412
56 G. ruber OS-22676 8,510 50 9,141
60 G. ruber OS-27350 9,450 50 10,301
64 G. ruber OS-25479 10,750 90 12,182
68 G. ruber OS-23210 10,600 45 11,884
80 G. ruber OS-23211 11,400 50 12,924
88 G. ruber OS-23212 12,200 50 13,665
92 G. ruber OS-22677 12,450 60 13,900

104 G. ruber OS-23318 13,550 60 15,553
112 G. ruber OS-23317 13,650 60 15,695
141 G. ruber OS-23213 14,850 120 17,371
148 G. ruber OS-22678 12,350 65 13,808
148 C. pachyderma OS-23214 16,050 65 18,896
200 G. ruber OS-22679 19,300 95 22,416

EN120-GGC1
93 G. ruber OS-33623 9,040 50 9,739

107 G. ruber OS-33624 10,850 60 12,381
115 G. ruber OS-33625 11,250 60 12,849
115 G. ruber OS-33626 11,200 65 12,826

* Came et al ., [2003].
** AMS radiocarbon dates were converted to calendar age using CALIB 5.01
[Stuiver and Reimer, 1993], the Marine04 dataset [Hughen et al., 2004],
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Table 2. OCE205-2-100GGC H. elegans Cd/Ca data.
Depth Age [Ca] Mn/Ca Cd/Ca Mean Cd/Ca Cdw* Mean Cdw*
(cm) (yrs BP) (ppm) (.Lmol mol') (iRmol mol") (pmol mor') (nmol kg') (nmol kg-')

OCE205-2-1OOGGC
8 737 211 0.14 0.030 0.030 0.30 0.30

13 1,359 191 0.95 0.028 0.026 0.28 0.26
13 1,359 216 0.44 0.024 0.24
16 1,732 259 0.06 0.033 0.033 0.33 0.33
18 1,933 277 0.33 0.043 0.043 0.43 0.43
19 2,010 296 0.35 0.036 0.036 0.36 0.36
21 2,165 200 0.39 0.037 0.037 0.37 0.37
22 2,242 229 0.18 0.030 0.030 0.30 0.30
24 2,396 188 0.43 0.032 0.032 0.32 0.32
25 2,473 284 0.29 0.034 0.034 0.34 0.34
26 2,550 258 0.30 0.029 0.029 0.29 0.29
27 2,627 259 0.44 0.028 0.026 0.28 0.26
27 2,627 246 0.41 0.024 0.24
28 2,705 228 0.46 0.031 0.031 0.31 0.31
29 2,782 281 0.42 0.031 0.028 0.31 0.28
29 2,782 206 0.41 0.024 0.24
30 2,859 301 0.42 0.035 0.029 0.35 0.29
30 2,859 241 0.60 0.024 0.24
32 3,017 299 0.41 0.031 0.031 0.31 0.31
33 3,097 265 0.59 0.035 0.035 0.35 0.35
35 3,258 246 0.44 0.033 0.033 0.33 0.33
36 3,339 303 0.35 0.027 0.027 0.27 0.27
37 3,420 224 0.48 0.035 0.035 0.35 0.35
38 3,500 335 0.58 0.031 0.031 0.31 0.31
39 3,581 251 0.59 0.032 0.032 0.32 0.32
40 3,661 272 0.41 0.032 0.032 0.32 0.32
42 3,823 296 0.79 0.029 0.029 0.29 0.29
43 3,903 274 0.44 0.039 0.039 0.39 0.39
44 3,984 276 0.38 0.034 0.034 0.34 0.34
45 4,064 255 0.33 0.034 0.034 0.34 0.34
46 4,145 280 0.46 0.036 0.036 0.36 0.36
47 4,226 367 0.60 0.029 0.029 0.29 0.29
48 4,306 288 0.76 0.031 0.031 0.31 0.31
49 4,387 264 0.65 0.027 0.027 0.27 0.27
51 4,548 237 0.40 0.027 0.027 0.27 0.27
52 4,629 251 0.37 0.030 0.030 0.30 0.30
53 4,709 321 0.46 0.030 0.030 0.30 0.30
54 4,790 143 0.52 0.023 0.023 0.23 0.23
55 4,870 260 0.48 0.029 0.029 0.29 0.29
56 4,951 265 1.14 0.048 0.044 0.48 0.44
56 4,951 233 2.18 0.041 0.41
57 5,031 283 0.45 0.023 0.023 0.23 0.23
58 5,112 292 0.36 0.029 0.027 0.29 0.27
58 5,112 203 0.41 0.025 0.25
59 5,193 275 0.46 0.030 0.030 0.30 0.30
60 5,273 238 0.46 0.030 0.030 0.30 0.30
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Table 2 (cont.).
Depth Age [Ca] Mn/Ca CdlCa Mean Cd/Ca Cdw* Mean Cdw*
(cm) (yrs BP) (ppm) ([.mol mol") (pRmol mol") (Rmol mol") (nmol kg-') (nmol kg-')

OCE205-2-IOOGGC
61 5,354 239 0.26 0.028 0.028 0.28 0.28
62 5,434 305 0.51 0.031 0.031 0.31 0.31
63 5,515 263 0.91 0.032 0.032 0.32 0.32
64 5,584 269 0.58 0.029 0.029 0.29 0.29
66 5,721 277 0.64 0.026 0.026 0.26 0.26
67 5,789 255 0.53 0.027 0.027 0.27 0.27
68 5,858 284 2.41 0.030 0.026 0.30 0.26
68 5,858 253 0.38 0.022 0.22
70 5,995 320 0.44 0.023 0.023 0.23 0.23
71 6,063 314 0.72 0.032 0.032 0.32 0.32
72 6,132 224 0.50 0.034 0.034 0.34 0.34
73 6,200 258 0.37 0.028 0.028 0.28 0.28
74 6,310 272 0.49 0.027 0.027 0.27 0.27
75 6,420 280 0.34 0.022 0.022 0.22 0.22
76 6,530 311 0.73 0.041 0.034 0.41 0.34
76 6,530 254 0.54 0.026 0.26
77 6,640 206 0.45 0.025 0.024 0.25 0.24
77 6,640 293 0.42 0.023 0.23
78 6,750 269 0.54 0.036 0.036 0.36 0.36
79 6,860 241 0.44 0.026 0.026 0.26 0.26
80 6,970 280 0.66 0.030 0.030 0.30 0.30
81 7,144 232 0.50 0.029 0.029 0.29 0.29
82 7,318 294 0.45 0.028 0.028 0.28 0.28
83 7,492 246 0.54 0.024 0.024 0.24 0.24
85 7,840 266 0.53 0.035 0.035 0.35 0.35
86 8,015 211 0.42 0.029 0.029 0.29 0.29
87 8,189 188 0.39 0.030 0.030 0.30 0.30
88 8,363 288 0.46 0.024 0.024 0.24 0.24
89 8,537 249 0.68 0.026 0.026 0.26 0.26
90 8,711 253 0.88 0.029 0.029 0.29 0.29
91 8,885 279 0.60 0.028 0.028 0.28 0.28
91 8,885 289 0.44 0.029 0.29
92 9,059 237 0.48 0.029 0.029 0.29 0.29
93 9,117 290 0.48 0.027 0.027 0.27 0.27
94 9,176 229 10.45 0.036 0.036 0.36 0.36
95 9,234 298 0.53 0.027 0.027 0.27 0.27
96 9,292 107 0.54 0.028 0.028 0.28 0.28
98 9,409 128 0.62 0.025 0.025 0.25 0.25
99 9,467 278 0.52 0.025 0.025 0.25 0.25

100 9,525 278 0.60 0.025 0.025 0.25 0.25
101 9,741 302 0.43 0.026 0.026 0.26 0.26
102 9,957 183 0.46 0.024 0.024 0.24 0.24
103 10,173 188 0.51 0.025 0.025 0.25 0.25
104 10,389 216 0.51 0.028 0.028 0.28 0.28
105 10,604 389 0.38 0.024 0.025 0.24 0.25
105 10,604 311 0.52 0.025 0.25
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Table 2 (cont.).
Depth Age [Ca] Mn/Ca Cd/Ca Mean Cd/Ca Cdw* Mean Cdw*
(cm) (yrs BP) (ppm) (timol mol') (grmol mol") ([rmol mor') (nmol kg") (nmol kg"')

OCE205-2-IOOGGC
106 10,820 84 0.57 0.027 0.027 0.27 0.27
108 11,252 112 0.51 0.021 0.021 0.21 0.21
109 11,468 305 0.50 0.031 0.031 0.31 0.31
110 11,718 84 1.06 0.029 0.030 0.29 0.30
110 11,718 185 0.47 0.034 0.34
110 11,718 231 0.68 0.027 0.27
112 12,218 200 0.48 0.023 0.023 0.23 0.23
113 12,468 283 0.49 0.021 0.021 0.21 0.21
117 13,270 70 0.87 0.023 0.023 0.23 0.23
120 13,427 248 0.61 0.024 0.024 0.24 0.24
123 14,452 228 0.78 0.021 0.021 0.21 0.21
124 14,794 238 0.57 0.030 0.030 0.30 0.30
126 15,478 242 0.70 0.027 0.027 0.27 0.27
128 16,162 236 0.88 0.026 0.026 0.26 0.26
132 17,529 231 1.05 0.018 0.018 0.18 0.18
136 18,896 178 0.94 0.018 0.018 0.18 0.18
138 19,580 255 1.14 0.019 0.019 0.19 0.19
142 20,947 180 0.71 0.020 0.020 0.20 0.20
148 22,998 269 0.33 0.019 0.019 0.19 0.19
152 24,365 218 0.70 0.022 0.022 0.22 0.22
156 25,733 227 0.69 0.028 0.028 0.28 0.28
158 26,416 221 0.94 0.020 0.020 0.20 0.20
162 27,784 221 1.12 0.016 0.016 0.16 0.16

*Dp = 1 [Boyle et al., 1995].
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Table 3. KNR166-2-31JPC H. elegans Cd/Ca data.
Depth Age [Ca] Mn/Ca Cd/Ca Mean Cd/Ca Cdw* Mean Cdw*
(cm) (yrs BP) (ppm) (ltmol mor') (pimol mol") (t~mol mol-') (nmol kg") (nmol kg")

KNR166-2-31JPC
0.5 1,204 61 0.41 0.039 0.039 0.39 0.39
4 1,566 192 0.21 0.034 0.034 0.34 0.34
8 1,980 268 0.95 0.045 0.045 0.45 0.45
12 2,394 51 0.92 0.047 0.047 0.47 0.47
16 2,808 284 0.25 0.045 0.045 0.45 0.45
20 3,221 271 0.39 0.045 0.045 0.45 0.45
24 3,635 188 0.37 0.037 0.037 0.37 0.37
28 4,049 262 0.43 0.048 0.048 0.48 0.48
32 4,463 210 0.40 0.040 0.040 0.40 0.40
36 4,876 85 0.61 0.043 0.040 0.43 0.40
36 4,876 257 0.46 0.038 0.38
40 5,290 268 0.60 0.050 0.050 0.50 0.50
44 5,704 243 0.55 0.043 0.043 0.43 0.43
48 6,118 49 0.49 0.041 0.038 0.41 0.38
48 6,118 298 0.35 0.035 0.35
52 6,532 109 0.37 0.045 0.045 0.45 0.45
56 6,945 319 0.41 0.061 0.061 0.61 0.61
60 7,359 182 0.38 0.051 0.051 0.51 0.51
64 7,773 272 0.44 0.040 0.040 0.40 0.40
68 8,250 150 0.40 0.040 0.040 0.40 0.40
72 8,728 130 0.35 0.059 0.059 0.59 0.59
76 9,205 71 0.36 0.045 0.045 0.45 0.45
80 9,682 238 0.36 0.037 0.037 0.37 0.37
84 10,159 168 0.31 0.035 0.033 0.35 0.33
84 10,159 214 0.41 0.032 0.32
92 11,114 217 0.27 0.029 0.033 0.29 0.33
92 11,114 81 0.36 0.036 0.36
96 11,591 204 0.30 0.029 0.031 0.29 0.31
96 11,591 151 0.37 0.033 0.33
100 12,068 135 0.32 0.026 0.029 0.26 0.29
100 12,068 237 0.28 0.033 0.33
104 12,546 217 0.28 (0.062) 0.036 (0.62) 0.361
104 12,546 189 0.71 0.043 0.43
104 12,546 130 0.43 0.029 0.29
108 13,023 141 0.46 0.043 0.047 0.43 0.47
108 13,023 266 0.51 0.048 0.48
108 13,023 162 0.42 0.049 0.49
112 13,500 153 0.46 0.043 0.041 0.43 0.41
112 13,500 138 2.76 0.039 0.39
116 13,991 181 0.61 0.051 0.048 0.51 0.48
116 13,991 187 0.40 0.044 0.44
120 14,483 314 0.37 0.040 0.044 0.40 0.44
120 14,483 200 0.69 0.048 0.48
124 14,974 158 0.29 0.041 0.041 0.41 0.41
124 14,974 217 0.57 0.042 0.42
124 14,974 224 0.58 0.039 0.39
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Table 3 (cont.).
Depth Age [Ca] Mn/Ca Cd/Ca Mean Cd/Ca Cdw* Mean Cdw*
(cm) (yrs BP) (ppm) (ltmol mol') (l~mol mor') (!rmol mor') (nmol kg") (nmol kg"')

KNR 166-2-31JPC
128 15,465 309 0.23 0.047 0.037 0.47 0.37
128 15,465 252 0.25 0.032 0.32
128 15,465 196 0.30 0.032 0.32
132 15,957 177 0.55 0.048 0.048 0.48 0.48
140 16,940 255 0.26 0.044 0.044 0.44 0.44
144 17,431 260 0.33 0.030 0.034 0.30 0.34
144 17,431 171 0.49 0.039 0.39
148 17,923 272 0.30 0.030 0.030 0.30 0.30
152 18,414 265 0.46 0.026 0.025 0.26 0.25
152 18,414 242 0.44 0.025 0.25
168 20,382 273 0.38 0.035 0.035 0.35 0.35
220 26,778 650 0.39 0.039 0.039 0.39 0.39
228 27,762 276 0.78 0.025 0.025 0.25 0.25
244 29,730 284 0.35 0.038 0.038 0.38 0.38
260 31,698 227 0.36 0.031 0.031 0.31 0.31
264 32,190 209 0.34 0.029 0.029 0.29 0.29
268 32,682 268 0.52 0.022 0.022 0.22 0.22

Values in parentheses were omitted.
*Dp = 1 [Boyle et al., 1995].
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Table 4. OCE205-2-100GGC Cibicidoides spp. 613C data*.
Depth Age 81.C Mean V'C
(cm) (yrs BP) (0c) (%0)

OCE205-2-1OOGGC
7 613 1.46 1.46
8 737 1.26 1.40
8 737 1.30
8 737 1.50
8 737 1.54
10 986 1.69 1.69
13 1,359 1.38 1.41
13 1,359 1.41
13 1,359 1.44
14 1,483 1.21 1.40
14 1,483 1.30
14 1,483 1.47
14 1,483 1.61
15 1,607 1.47 1.63
15 1,607 1.79
16 1,732 1.44 1.49
16 1,732 1.54
17 1,856 1.36 1.40
17 1,856 1.43
19 2,010 1.56 1.61
19 2,010 1.65
20 2,087 1.30 1.37
20 2,087 1.44
22 2,242 1.32 1.34
22 2,242 1.32
22 2,242 1.37
23 2,319 1.16 1.28
23 2,319 1.29
23 2,319 1.38
24 2,396 1.17 1.31
24 2,396 1.20
24 2,396 1.41
24 2,396 1.46
25 2,473 1.37 1.37
27 2,627 1.27 1.33
27 2,627 1.38
29 2,782 1.21 1.42
29 2,782 1.38
29 2,782 1.68
30 2,859 1.22 1.45
30 2,859 1.41
30 2,859 1.44
30 2,859 1.57
30 2,859 1.61
31 2,936 1.42 1.49
31 2,936 1.56
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Table 4 (cont.).
Depth Age Mean 81 tC
(cm) (yrs BP) (016) (0/)

0CE205-2- IOOGGC
32 3,017 1.20 1.25
32 3,017 1.29
32 3,017 1.30
33 3,097 1.17 1.26
33 3,097 1.35
34 3,178 1.27 1.30
34 3,178 1.33
35 3,258 1.35 1.46
35 3,258 1.42
35 3,258 1.60
36 3,339 1.40 1.50
36 3,339 1.44
36 3,339 1.52
36 3,339 1.63
40 3,661 1.31 1.39
40 3,661 1.47
45 4,064 1.37 1.46
45 4,064 1.42
45 4,064 1.58
46 4,145 1.20 1.33
46 4,145 1.36
46 4,145 1.44
48 4,306 1.34 1.39
48 4,306 1.44
49 4,387 1.27 1.38
49 4,387 1.49
50 4,467 1.27 1.39
50 4,467 1.35
50 4,467 1.56
51 4,548 1.31 1.33
51 4,548 1.35
52 4,629 1.24 1.41
52 4,629 1.44
52 4,629 1.56
53 4,709 1.19 1.35
53 4,709 1.31
53 4,709 1.40
53 4,709 1.50
54 4,790 1.41 1.53
54 4,790 1.54
54 4,790 1.58
54 4,790 1.60
55 4,870 1.44 1.45
55 4,870 1.45
55 4,870 1.47
56 4,951 1.27 1.39
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Table 4 (cont.).
Depth Age 813C Mean 8"'C
(cm) (yrs BP) (%O) (%o)

OCE205-2-1OOGGC
56 4,951 1.41
56 4,951 1.48
57 5,031 1.33 1.37
57 5,031 1.41
58 5,112 1.32 1.33
58 5,112 1.33
60 5,273 1.09 1.36
60 5,273 1.28
60 5,273 1.35
60 5,273 1.38
60 5,273 1.45
60 5,273 1.47
60 5,273 1.53
61 5,354 1.33 1.47
61 5,354 1.36
61 5,354 1.57
61 5,354 1.60
62 5,434 1.29 1.47
62 5,434 1.50
62 5,434 1.55
62 5,434 1.55
63 5,515 1.33 1.43
63 5,515 1.53
64 5,584 1.40 1.42
64 5,584 1.40
64 5,584 1.41
64 5,584 1.48
65 5,652 1.35 1.38
65 5,652 1.35
65 5,652 1.44
66 5,721 1.35 1.42
66 5,721 1.49
67 5,789 0.76 1.15
67 5,789 1.32
67 5,789 1.36
69 5,926 1.26 1.37
69 5,926 1.48
70 5,995 1.38 1.39
70 5,995 1.40
70 5,995 1.40
71 6,063 1.37 1.40
71 6,063 1.42
71 6,063 1.42
72 6,132 1.40 1.41
72 6,132 1.41
73 6,200 1.33 1.44
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Table 4 (cont.).
Depth Age 6'•C Mean 8"1C
(cm) (yrs BP) (%N) (%0)

OCE205-2-1OOGGC
73 6,200 1.44
73 6,200 1.54
74 6,310 1.31 1.44
74 6,310 1.56
75 6,420 1.31 1.45
75 6,420 1.58
76 6,530 1.27 1.34
76 6,530 1.32
76 6,530 1.42
77 6,640 1.34 1.41
77 6,640 1.38
77 6,640 1.41
77 6,640 1.51
78 6,750 1.32 1.40
78 6,750 1.38
78 6,750 1.49
79 6,860 1.34 1.45
79 6,860 1.49
79 6,860 1.52
80 6,970 1.33 1.39
80 6,970 1.45
81 7,144 1.22 1.55
81 7,144 1.45
81 7,144 1.97
82 7,318 1.29 1.43
82 7,318 1.37
82 7,318 1.50
82 7,318 1.54
83 7,492 1.34 1.39
83 7,492 1.35
83 7,492 1.48
84 7,666 1.21 1.29
84 7,666 1.36
85 7,840 1.35 1.43
85 7,840 1.38
85 7,840 1.43
85 7,840 1.55
86 8,015 1.25 1.40
86 8,015 1.40
86 8,015 1.42
86 8,015 1.52
87 8,189 1.23 1.32
87 8,189 1.30
87 8,189 1.35
87 8,189 1.38
88 8,363 1.31 1.42
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Table 4 (cont.).
Depth Age Mean V'6C
(cm) (yrs BP) (7o) (0)

OCE205-2-1OOGGC
88 8,363 1.33
88 8,363 1.63
89 8,537 1.20 1.35
89 8,537 1.30
89 8,537 1.33
89 8,537 1.40
89 8,537 1.52
90 8,711 1.18 1.27
90 8,711 1.23
90 8,711 1.41
91 8,885 1.20 1.28
91 8,885 1.26
91 8,885 1.39
92 9,059 1.30 1.37
92 9,059 1.32
92 9,059 1.34
92 9,059 1.35
92 9,059 1.38
92 9,059 1.39
92 9,059 1.51
93 9,117 1.06 1.35
93 9,117 1.41
93 9,117 1.59
94 9,176 1.27 1.38
94 9,176 1.31
94 9,176 1.44
94 9,176 1.50
95 9,234 1.34 1.37
95 9,234 1.34
95 9,234 1.37
95 9,234 1.43
96 9,292 1.27 1.32
96 9,292 1.27
96 9,292 1.36
96 9,292 1.36
97 9,350 1.33 1.40
97 9,350 1.39
97 9,350 1.40
97 9,350 1.48
98 9,409 1.28 1.35
98 9,409 1.36
98 9,409 1.36
98 9,409 1.39
99 9,467 1.13 1.27
99 9,467 1.22
99 9,467 1.22
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Table 4 (cont.).
Depth Age 811C Mean 8"C
(cm) (yrs BP) (0/6) (%)

OCE205-2-1OOGGC
99 9,467 1.49
100 9,525 1.19 1.33
100 9,525 1.27
100 9,525 1.32
100 9,525 1.36
100 9,525 1.39
100 9,525 1.42
101 9,741 1.36 1.39
101 9,741 1.37
101 9,741 1.40
101 9,741 1.43
102 9,957 1.29 1.30
102 9,957 1.31
103 10,173 1.13 1.15
103 10,173 1.14
103 10,173 1.19
104 10,389 1.23 1.25
104 10,389 1.26
105 10,604 1.04 1.15
105 10,604 1.19
105 10,604 1.21
106 10,820 1.17 1.27
106 10,820 1.30
106 10,820 1.30
106 10,820 1.31
107 11,036 1.20 1.24
107 11,036 1.28
108 11,252 1.12 1.23
108 11,252 1.23
108 11,252 1.24
108 11,252 1.31
109 11,468 1.04 1.16
109 11,468 1.17
109 11,468 1.26
110 11,718 1.00 1.15
110 11,718 1.08
110 11,718 1.09
110 11,718 1.11
110 11,718 1.18
110 11,718 1.22
110 11,718 1.23
110 11,718 1.29

111 11,968 0.93 1.09
111 11,968 1.08
111 11,968 1.10
111 11,968 1.25
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Table 4 (cont.).
Depth Age ErrC Mean 8-1C

(cm) (yrs BP) (0/6) (0/6)

OCE205-2-1OOGGC
112 12,218 1.07 1.22
112 12,218 1.23
112 12,218 1.36
113 12,468 1.05 1.19
113 12,468 1.19
113 12,468 1.32
116 13,218 1.01 1.28
116 13,218 1.24
116 13,218 1.25
116 13,218 1.27
116 13,218 1.37
116 13,218 1.38
116 13,218 1.41
117 13,270 1.05 1.27
117 13,270 1.17
117 13,270 1.19
117 13,270 1.26
117 13,270 1.26
117 13,270 1.37
117 13,270 1.59
118 13,322 0.99 1.21
118 13,322 1.25
118 13,322 1.29
118 13,322 1.30
119 13,375 0.94 1.03
119 13,375 1.12
120 13,427 1.07 1.14
120 13,427 1.17
120 13,427 1.19
120 13,427 1.24
123 14,548 1.16 1.21
123 14,548 1.20
123 14,548 1.27
127 15,905 0.88 0.99
127 15,905 1.09
130 16,923 1.44 1.48
130 16,923 1.51
133 17,940 1.31 1.35
133 17,940 1.38
137 19,297 1.43 1.52
137 19,297 1.54
137 19,297 1.59
140 20,315 1.48 1.55
140 20,315 1.56
140 20,315 1.61
150 23,708 1.52 1.58
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Table 4 (cont.).
Depth Age 86'C Mean 816C
(cm) (yrs BP) (0/6) (0/6)

OCE205-2-IOOGGC
150 23,708 1.64
153 24,725 1.20 1.41
153 24,725 1.51
153 24,725 1.53
157 26,082 1.46 1.51
157 26,082 1.47
157 26,082 1.50
157 26,082 1.62
160 27,100 1.53 1.56
160 27,100 1.53
160 27,100 1.57
160 27,100 1.62

* Both previously published data [Slowey and Curry, 1995]
and newly acquired data [this study].
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Appendix 1. Zn/Ca data from KNR166-2-31JPC

Each H. elegans sample from sediment core KNR 166-2-31 JPC was simultaneously

analyzed for Zn/Ca in addition to the element/Ca ratios presented in Chapters 4 and 5.

Each sample consisted of approximately 2-3 individuals, which were crushed and cleaned

according to the full trace metal protocol [Boyle and Keigwin, 1985/6] with a reversal of

the oxidative and reductive steps [Boyle and Rosenthal, 1996; Rosenthal, 1994; Rosenthal

et al., 1995]. Samples were dissolved in trace metal clean HNO3 to obtain samples of

approximately 200 ppm Ca.

Element/calcium ratios were measured using a Thermo-Finnigan Element2 sector

field single collector ICP-MS and an external standard. Converting ICP-MS intensity ratios

to elemental ratios using an external standard requires similar [Ca] in both the sample and

the standard due to a calcium matrix effect. To correct for samples with varying [Ca], a

series of standards were run with identical element to Ca ratios, but with Ca concentrations
that varied over the anticipated sample concentration range. The resulting matrix effect

was calculated and the sample ratios were corrected.

In order to assess the precision of measurements on the ICP-MS, three consistency

standards were treated as samples in each of the runs in which the data were generated.

Mean Zn/Ca values for the three consistency standards were 5.42 ýtmol mol-1, 8.70 [tmol

mol-1, and 3.06 [tmol mol-1. Relative standard deviations were ±13.4% (n=5), ±2.0% (n=3),

and ±14.6% (n=5), respectively. The large relative standard deviations for the consistency

standards may be due, in part, to 1.) a poorly defined matrix correction, 2.) laboratory

contamination, or 3.) a combination of the two.

The large standard deviations for the consistency standards prevent a reliable

interpretation of the Zn/Ca record. However, the Zn/Ca results do lend some support for

the conclusions of Chapter 5. As shown by Marchitto et al. [2000], Zn/Ca ratios in benthic

foraminifera reflect the relative influences of northern versus southern source waters at a

given location. The increase in Zn/Ca at 18.5 ka (Figure 2), which occurred simultaneously

with the increase in Cdw, supports the conclusion that the influence of southern source

waters in the Florida Strait began to increase at that time [Chapter 5]. However, there are

considerable differences between the records as well. For example, Zn/Ca results for the

Holocene are low relative to the earlier portion of the record, whereas Cdw results for the
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Figure 1. Benthic Zn/Ca data from KNRI66-2-31JPC (24'13'N, 83'18'W,
751 m) vs. depth. a.) AMS radiocarbon dates [Lynch-Stieglitz, unpublished
data] converted to calendar age using Calib 5.01 [Stuiver and Reimer, 1993],
the calibration data set of Hughen et al. [2004], and a reservoir correction of
400 years; b.) all H. elegans Zn/Ca.

Holocene are relatively high. Again, interpretation of the Zn/Ca record is limited due to

poor data quality.
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Figure 2. Benthic Cdw and Zn/Ca data from KNR166-2-31JPC (24'13'N,
83'18'W, 751 m) vs. calendar age. a.) GISP2 5I80 (pink) [Grootes et
al., 1993]; b.) average Cdw from 31JPC; c.) average Zn/Ca from 31JPC.
Triangles are AMS dates converted to calendar age. Yellow shading marks
the Younger Dryas interval.
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Tables

Table 1. KNR166-2-31JPC H. elegans Zn/Ca data.
Depth Age [Ca] Mn/Ca Zn/Ca Mean Zn/Ca
(cm) (yrs BP) (ppm) (.Lmoi mol') (RmoI mol") (Rmol mol")

KNR 166-2-31JPC
4 1,566 192 0.21 0.33 0.33
8 1,980 268 0.95 0.46 0.46
16 2,808 284 0.25 1.38 1.38
20 3,221 271 0.39 1.04 1.04
24 3,635 188 0.37 0.41 0.41
28 4,049 262 0.43 0.34 0.34
32 4,463 210 0.40 0.50 0.50
36 4,876 85 0.61 2.26 1.51
36 4,876 257 0.46 0.75
40 5,290 268 0.60 0.25 0.25
44 5,704 243 0.55 0.39 0.39
48 6,118 298 0.35 0.55 0.55
52 6,532 109 0.37 0.38 0.38
56 6,945 319 0.41 0.42 0.42
64 7,773 272 0.44 0.15 0.15
68 8,250 150 0.40 0.49 0.49
72 8,728 130 0.35 0.69 0.69
76 9,205 71 0.36 1.01 1.01
80 9,682 238 0.36 0.94 0.94
84 10,159 168 0.31 0.24 0.31
84 10,159 214 0.41 0.38
92 11,114 217 0.27 0.12 0.24
92 11,114 81 0.36 0.36
96 11,591 204 0.30 0.24 0.39
96 11,591 151 0.37 0.54
100 12,068 135 0.32 0.14 0.41
100 12,068 237 0.28 0.68
104 12,546 217 0.28 0.06 1.62
104 12,546 189 0.71 1.59
104 12,546 130 0.43 3.21
108 13,023 141 0.46 0.41 0.67
108 13,023 266 0.51 0.42
108 13,023 162 0.42 1.17
112 13,500 153 0.46 0.21 0.71
112 13,500 138 2.76 1.22
116 13,991 181 0.61 2.44 2.44
116 13,991 187 0.40
120 14,483 44 0.70 3.16 1.60
120 14,483 314 0.37 0.71
120 14,483 200 0.69 0.94
124 14,974 158 0.29 2.15 1.86
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Table 1. KNR166-2-31JPC H. elegans Zn/Ca data.
Depth Age [Ca] Mn/Ca Zn/Ca Mean Zn/Ca
(cm) (yrs BP) (ppm) (!tmol mol') (itmol mor') (Rmol mor')

KNR166-2-31JPC
124 14,974 217 0.57 2.71
124 14,974 224 0.58 0.72
128 15,465 309 0.23 2.21 1.15
128 15,465 252 0.25 0.49
128 15,465 196 0.30 0.76
132 15,957 177 0.55 2.63 2.63
140 16,940 255 0.26 1.17 1.17
144 17,431 260 0.33 2.02 2.02
148 17,923 272 0.30 0.58 0.58
152 18,414 265 0.46 0.66 0.80
152 18,414 242 0.44 0.93
168 20,382 273 0.38 0.79 0.79
220 26,778 650 0.39 3.74 3.74
228 27,762 276 0.78 1.72 1.72
244 29,730 284 0.35 0.49 0.49
260 31,698 227 0.36 2.68 2.68
264 32,190 209 0.34 2.16 2.16
268 32,682 268 0.52 0.67 0.67
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Appendix 2. Comparison of Cdw data from OCE205-2-
100GGC and OCE205-2-103GGC

Sediment cores OCE205-2-100GGC (26'04'N, 78°02'W, 1,057 m) and OCE205-2-

103GGC (26°04'N, 780 03'W; 965 m) were taken from similar locations and depths at the

Little Bahama Bank, and should therefore record similar paleo-nutrient variability.

Comparison of the previously published Cdw results from 103GGC [Marchitto et

al., 1998] and the newly acquired Cdw results from IOOGGC [Chapter 5] do reveal similar

trends of increasing nutrients over the last 20,000 years (Figure 1). The new Cdw results,

therefore, suggest a good agreement between two analytical techniques: 103GGC data
were obtained by atomic absorption spectrophotometry and 100GGC data were obtained

by inductively-coupled plasma mass spectrometry.

In addition, the new Cdw results support the conclusion of Marchitto et al. [1998],

that nutrient contents in the North Atlantic subtropical gyre were lower during the last

glacial than they are today. However, the Cdw results for the Younger Dryas provide

ambiguous information: 103GGC suggests a slight nutrient increase at the beginning of

the Younger Dryas (~12.7 ka), whereas 100GGC suggests a slight nutrient increase just

after the Younger Dryas (~-11.6 ka). Therefore, it is difficult to draw conclusions about

intermediate depth ventilation during the Younger Dryas interval. It is interesting to note,

however, that both cores reveal Holocene Cdw variability that was similar in magnitude to

the Younger Dryas variability, perhaps suggesting similar intermediate depth ventilation

changes during both the Younger Dryas and the Holocene.
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Figure 1. Benthic Cdw data vs. calendar age. a.) GISP2 6'80 (pink) [Grootes
et al., 1993]; b.) average Cdk from OCE205-2-IOOGGC (26'04'N, 78'02'W,
1,057 m; green) and OCE205-2-103GGC (26'04'N, 780 03'W; 965 m; red).
Triangles are AMS dates converted to calendar age. Yellow shading marks
the Younger Dryas interval.
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Tables

Table 1. Previously published AMS dates and revised calendar ages*.
Depth NOSAMS AMS AMS Age
(cm) Species ID Date Error (yrs BP) Reference

0C205-2-103GGC
10 G. sacculifer OS-10523 920 35 524 Marchitto et al. [1998]
28 G. saccu/ifer OS-26154 2,970 50 2,748 Came et at. [2003]
42 G. sacculifer OS-26155 3,850 35 3,808 Came et al. [2003]
61 G. sacculifer OS-26785 5,280 45 5,639 Came et al. [2003]
62 G. sacculifer OS-10524 5,290 45 5,648 Marchitto et at. [1998]
73 G. sacculifer OS-26786 6,500 45 7,010 Came et al. [2003]
88 G. sacculifer OS-15376 7,630 45 8,087 Curry et aL [1999]
90 G. ruber OS-33629 7,890 45 8,356 McManus [unpubl.]

95.5 G. ruber OS-33630 9,260 60 10,086 McManus [unpubl.]
99.5 G. ruber OS-33631 9,800 60 10,667 McManus [unpubl.]
100 G. sacculifer OS-26787 9,410 50 10,256 Came et al. [2003]

105.5 G. ruber OS-33632 10,400 55 11,468 McManus [unpubl.]
113 G. sacculifer OS-10526 11,000 50 12,661 Marchitto et at. [1998]
121 G. sacculifer OS-10525 12,200 55 13,662 Marchitto et at. [1998]
134 G. sacculifer OS-10527 17,100 100 19,841 Marchitto et at. [1998]

* AMS radiocarbon dates were converted to calendar age using CALIB 5.01
[Stuiver and Reimer, 1993], the Marine04 dataset [Hughen et aL, 2004],
and a reservoir correction of 400 years.
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