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ABSTRACT

Tropical North Atlantic Hydrologic Cycle Variability in the Florida Straits During the
Last Ice Age.
(August 2012)
Theodore Roland Them, II, B.S., Shippensburg University of Pennsylvania

Chair of Advisory Committee: Dr. Matthew W. Schmidt

Abrupt, millennial-scale climate oscillations, known as Dansgaard-Oeschger (D-
O) cycles, characterized the climate system during the last ice age. Proxy evidence
suggests these climate oscillations resulted in global-scale reorganizations in the
hydrological cycle. For this study, Mg/Ca-paleothermometry and stable isotope
measurements were combined on the planktonic foraminifera Globigerinoides ruber
(white variety) from Florida Straits sediment core KNR166-2 JPC26 (24°19.61°N,
83°15.14°W; 546 m depth) to reconstruct a high-resolution record of sea surface
temperature and 8 *Ogyw (a proxy for upper water column salinity) during Marine Isotope
Stages 2 and 3 from 20 — 35.45 ka BP. As additional proxies for upper water column
salinity change, Ba/Ca ratios in G. ruber were also measured to determine the relative
contribution of local riverine input on the SlgOsw record and a faunal abundance count
record of the planktonic foraminifera N. dutertrei abundance was developed. These
results show that rapid upper water column salinity changes occurred across D-O events

in the Florida Straits, coeval with climate change in the high-latitude North Atlantic.
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Furthermore, the G. ruber Ba/Ca record suggests that riverine-derived meltwater from
the Gulf of Mexico did not significantly impact surface salinity in the Florida current,
calling into question the role of Mississippi River discharge on Atlantic Meridional
Overturning Circulation (AMOC) during MIS 2 and 3. Instead, the most likely cause of
MIS 2 and 3 salinity changes in the Florida Straits were variations in the strength and
position of the Intertropical Convergence Zone. Finally, the timing of surface salinity
change was compared with the benthic §'*O¢ record from the same core. A recent study
showed that benthic 8'*0¢ changes on the Florida Margin can be combined with
contemporaneous records from the Bahamas Margin to reconstruct Florida Current
transport related to AMOC variability. These results show that atmospheric circulation
changes lead AMOC changes on the transition out of cold stadial events, suggesting the
trigger for these abrupt climate events may reside in the tropics rather than in the high-

latitude North Atlantic as previously thought.
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1. INTRODUCTION

Today, heat and salt are transported from low to high latitudes in the North
Atlantic, via the Gulf Stream. These saline upper waters rapidly cool as they encounter
the much colder high-latitude air temperatures and eventually become dense enough to
sink and form North Atlantic Deep Water (NADW). NADW then flows south along the
bottom of the Atlantic and eventually becomes part of the Circumpolar Deepwater
Current flowing around Antarctica. The resulting circulation, known as Atlantic
Meridional Overturning Circulation (AMOC), maintains a modern global transfer of heat
from the South Atlantic to the North Atlantic. Previous research showed several
significant periods of climate change resulting from variations in the strength of AMOC
[Lynch-Stieglitz et al., 1999a; McManus et al., 2004; Piotrowski et al., 2005; Lund et
al., 2006; Praetorius et al., 2008; Lynch-Stieglitz et al., 2011]. For example, during the
Last Glacial Maximum (LGM), a time when much of North America and northern
Europe were covered in massive ice sheets, AMOC strength was probably much weaker
[Lynch-Stieglitz et al.,1999a].

While the Holocene epoch is characterized by a relatively warm and stable
climate with little change in sea level, the last glacial cycle, represented by Marine
Isotope Stages (MIS) 2, 3, and 4 (74 — 11 ka BP) in the benthic oxygen isotope record

[Shackleton and Opdyke, 1973; Shackleton et al., 1983], was characterized by

This thesis follows the style of Paleoceanography.



millennial-scale saw-tooth patterned climate oscillations, known as Dansgaard-Oeschger
cycles [Dansgaard et al., 1993]. These abrupt warming and gradual cooling events
(warm interstadials and cold stadials, respectively) were first discovered by analyzing
the oxygen isotopic composition of Greenland ice cores [Dansgaard et al., 1969;
Dansgaard et al., 1993]. Recent evidence suggested that these abrupt changes
influenced climate on a global scale [e.g., Peterson et al., 2000; Wang et al., 2001;
Voelker et al, 2002; Piotrowski et al., 2005; Schmidt et al., 2006; EPICA Community
Members, 2006; Peterson and Haug, 2006; Wang et al., 2007; Wang et al., 2008;
Clement and Peterson, 2008; Kanner et al., 2012].

The strength of the AMOC, which carries warm, saline tropical waters to the
North Atlantic and induces density-driven overturning, is thought to be responsible for
abrupt climate change during the last glacial cycle [e.g., Broecker et al., 1990; Alley and
Clark, 1999; Boyle, 2000; Rahmstorf, 2002]. Alternatively, other researchers believe
changes in atmospheric circulation could be the driver of millennial-scale climate events
during the last ice age [Cane and Clement, 1999; Jackson, 2000; Seager et al., 2002;
Wunsch, 2006].

High-resolution paleoproxy evidence is needed to confirm whether ocean
circulation changes or atmospheric circulation changes are the driver of millennial-scale
variability during MIS 3 [Clement and Peterson, 2008]. There is evidence of inferred
AMOC weakening or shutdowns from proxy records [Lynch-Stieglitz et al., 1999a;
McManus et al., 2004; Praetorius et al., 2008; Lynch-Stieglitz et al., 2011], but it

remains unclear whether atmospheric or ocean circulation changes triggered the abrupt



climate events [Clement and Peterson, 2008]. A recent study has attempted to uncover
the trigger of these abrupt climate events during the last deglacial. Schimdt and Lynch-
Stieglitz [2011] showed that during the transition into the Younger Dryas (abrupt
cooling), the timing of ocean and atmosphere circulation changes were nearly
synchronous. However, their data suggest there was a lead in tropical atmospheric
reorganizations before ocean circulation changes occurred during the transition out of
the Younger Dryas (abrupt warming) [Schmidt and Lynch-Stieglitz, 2011].

To develop a high-resolution climate record of sea surface temperature (SST) and
surface salinity (SSS) change in the subtropical western North Atlantic during MIS 3 and
into the LGM from 35.45 — 20 ka BP, and to determine the lead/lag relationship between
millennial-scale atmospheric and oceanic circulation changes during this period oxygen
isotopes and Mg/Ca ratios were measured in the planktonic foraminifera
Globigerinoides ruber (white variety) from Florida Straits sediment core KNR 166-2
JPC26.

In an effort to determine changes in the tropical Atlantic hydrologic cycle
resulting from abrupt shifts in atmospheric circulation patterns, a record of 8" 8 OsEAWATER
(8" Osw, a proxy for sea surface salinity) was then calculated. Changes in tropical
Atlantic evaporation/precipitation (E — P) ratios associated with tropical hydrologic
cycle changes have the potential to cause significant changes in local surface salinity,
and thus 8'®Ogy values [Schmidt et al., 2004] . For comparison a foraminiferal
abundance count of the species Neogloboquadrina dutertrei was also performed as an

additional proxy for relative changes in upper water column salinity.



The timing of reconstructed tropical Atlantic salinity changes was then compared
to a recently reconstructed record of geostrophic flow variability through the Florida
Straits based on oxygen isotope values in benthic foraminifera from JPC26, thought to
reflect AMOC changes during MIS 2 and 3 [Lynch-Stieglitz et al., in prep]. The use of
this multi-proxy approach from a single core allows the direct comparison of the timing
of atmospheric and ocean circulation changes across the abrupt climate events of MIS 2
and 3, independent of age model uncertainty, as recently done in Schmidt and Lynch-

Stieglitz [2011] across the last deglacial period.



2. BACKGROUND

2.1. Proxy Reconstructions of the Last Glacial Cycle

Dansgaard et al. [1969] were the first group to observe significant variations (>
3 %o) in the oxygen isotopic composition of glacial-aged ice (8'*Oc) cores from
Greenland. Dansgaard et al. [1993] retrieved more ice cores as part of the joint
European Greenland Ice-core Project (GRIP). The GRIP analyses corroborated
Dansgaard et al. [1969]’s initial findings that the observed 8'*Oycg oscillations were
most likely caused by atmospheric temperature anomalies [Dansgaard et al., 1993;
Charles et al., 1994]. Initially, these abrupt warming and gradual cooling periods were
interpreted to have been resonant features of the last glacial cycle [Dansgaard et al.,
1969; Dansgaard et al., 1993], but it is generally understood that they are stochastic.

In addition to the abrupt interstadial transitions of the last ice age records
preserved in the Greenland ice cores, marine sediments also record intervals during the
last glacial cycle associated with the presence of large, terrestrial grains far from where
rivers and glaciers would not have had any depositional influence [e.g., Heinrich, 1988;
Bond et al., 1992; Hemming, 2004]. These deposits were traced thousands of kilometers
from their original source and are thought to have been carried by floating icebergs.
Therefore, these deposits are called ice-rafted debris (IRD) [Heinrich, 1988; Bond et al.,
1992]. These so called Heinrich events (H-events) are thought to be times of extremely
cold conditions in the North Atlantic occurring near the end of some stadials.

The repetition of H-events during the last glacial cycle suggests that some factor



led to the growth and decay of continental ice sheets, possibly as “binge/purge cycles”.
A colder Northern Hemisphere would have aided the development and growth of ice
sheets, such as North America’s Laurentide Ice Sheet (LIS), with enhanced ice growth
due to increasing albedo (ice-albedo effect). Eventually, the sheer mass of the ice sheets
would have resulted in the eventual collapse of large sections. MacAyeal [1993a]
showed the requisite physics for ice sheet binge/purge cycles at calculated H-event
periodicities and MacAyeal [1993b] applied these fundamentals to explain how the LIS
behaved on overlying bedrock.

Several general circulation models (GCMs) show that forcing a significant
amount of freshwater into the northern North Atlantic at sites where deep water forms
will induce a near or complete shutdown of AMOC. When AMOC shuts down, NADW
ceases to form and the northward heat transport from the tropics is greatly reduced. As a
result, the tropical/subtropical hydrologic cycle is altered by a southward shift in the
mean positions of the Intertropical Convergence Zone (ITCZ) and Hadley circulation
[Vellinga and Wood, 2002; Lohmann, 2003; Dahl et al., 2005; Zhang and Delworth,
2005; Stouffer et al., 2006]. Cooling of the North Atlantic reduces the overlying
atmosphere’s capability to hold water, which is compensated for by an increase in
precipitation in the South Atlantic due to the southward shift of the ITCZ.

The ITCZ is manifested as a low pressure zone where the northeast and southeast
trade winds converge. The large amount of solar heating near the equator leads to
convective processes that cause air to rise and leads to extremely high amounts of

precipiation. Today, the ITCZ is located farthest north during the late summer months in



the northern hemisphere. It then migrates south during boreal winter. Because of its
location in the western tropical Atlantic, the circum-Caribbean region is sensitive to
seaonal precipitation shifts associated with the annual migration of the ITCZ. In the
Northern Hemisphere, these locations receive large amounts of precipitation during the
summer and are generally drier during the winter. A quasi-permanent displacement of
the ITCZ would therefore have significant effects on the tropical hydrologic cycle.

The atmospheric shift of the ITCZ to the south in response to North Atlantic
cooling associated with AMOC shutdown is shown in other GCMs to have eventually
restarted deep water formation in the North Atlantic [Lohmann and Lorenz, 2000;
Lohmann, 2003; Stouffer et al., 2006; Krebs and Timmermann, 2007a; b]. Reduced salt
export from the subtropical/tropical regions via NADW would have led to increased
salinities in the northern Atlantic basin. These surface waters would eventually become
more dense and subduct in the previously stratified water column [Broecker et al.,
1990]. This would restart AMOC and shift the climate back into an interstadial mode.
Due to the increased salt export via NADW during an interstadial, the process would
eventually lead to another AMOC failure and the cycle would repeat itself. A recent
reconstruction of subtropical gyre paleosalinities across some of the MIS 3 interstadials
suggests that this mechanism may have played an important role in millennial-scale
climate change [Schmidt et al., 2006].

Other GCMs emphasize the role of atmospheric circulation changes play on
abrupt climate change. During the LGM, ice sheets on the North American and

northwestern European continents were large enough (large geographic distribution and



high elevations) that they acted as orographic barriers, with their spatial variability
affecting large-scale wind field changes over the North Atlantic [Romanova et al., 2006;
Wunsch, 2006]. An analogue to the LIS is the Rocky Mountains, which today affect
stationary waves over North America and the Iceland Low, which in turn drastically
affects wintertime climate over North America and northwestern Europe [Seager et al.,
2002].

During the last glacial period, small changes in the elevation of the LIS would
have greatly affected stationary atmospheric wave patterns over North America, which
in turn may have affected AMOC variability [Jackson, 2000]. Oscillations in stationary
wave patterns forced by variable LIS elevations could therefore be responsible for the
abrupt climate oscillations recorded in Greenland 8'80ycE as interstadials [Wunsch,

2006].

2.2.  The Use of Foraminiferal '0 in Proxy Records

The oxygen isotopic composition of foraminiferal calcite (8'*Oc) is primarily a
function of the temperature and oxygen isotopic composition of the seawater (5'*Ogw) in
which an individual precipitates its test [Urey, 1947; Epstein and Mayeda, 1953].
Therefore, it is necessary to determine the contribution of each of these factors.

The 830 of seawater reflects both the mean §'°0 of seawater, which is a function
of the amount of continental ice, E — P dynamics, and source of water. The amount of

continental ice has a large effect on mean 81805W and therefore 8]80(;, which varies



between glacial and interglacial periods [e.g., Duplessy et al., 1970; Shackleton and
Opdyke, 1973]. During glacial periods, the lighter H,O'® isotopologue is preferentially
removed from ocean basins during evaporation, and these ‘light’ water molecules
eventually precipitate out over the continents, leaving ice sheets extremely depleted in
H,0'® and causing the global 8'*Ogw value to inrease by about 1.0 %.. When continental
ice sheets melt on the glacial termination events, the highly enriched H,O'® water then
mixes back into the world oceans.

E — P, and hence sea surface salinity, is largely a function of the amount of
rainfall in the open ocean. The mechanism is similar to that of the continental ice
volume effect on 8'°Ogw. If local evaporation rates are high, the H,0'" isotopologue is
preferentially removed and transported elsewhere, leaving seawater enriched in H,0O'®

relative to H2016.

2.3.  The Use of Combined Foraminiferal Mg/Ca — $'®Oc to Estimate 6'*Ogw

In modern oceans, there are regionally existent linear relationships between
8" Osw and SSS. Due to the preferential evaporation of H,0'?, it is possible to estimate
SSS if the regional relationship is known. Currently, the most accurate way of
calculating past 8'*Ogy change is to measure Mg/Ca ratios and 8'*Oc in foraminifera
from the same shell material or same interval [Mashiotta et al., 1999; Lea et al., 2000;
Rosenthal et al., 2000; Schmidt et al., 2004; Schmidt et al., 2006]. The major

assumption of using this method is that the 8]803W — SSS relationship has not changed in
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the past.

Previous studies showed that the low light Orbulina universa SST:8'*0
relationship [Bemis et al.,1998] properly estimates 8'*Ogw from G. ruber Mg/Ca-SST
and 5'%0c estimates [Lea et al., 2000; Schmidt et al., 2004; Schmidt et al., 2006; Schmidt
and Lynch-Stieglitz, 2011]. Therefore, the preferred method of reconstructing &' *Osw
from G. ruber is by using the Orbulina universa low light equation from Bemis et al.
[1998]:

T(°C) = 16.5 — 4.8(5"*0O¢ - 8"*0Osw) [1]

In order to calculate &'*Ogw, it is necessary to independently determine temperature.
Because the ratio of Mg/Ca in foraminiferal calcite is a function of temperature during
shell calcification [NUrnberg et al., 1996, Mashiotta et al., 1999; Lea et al., 1999;
Dekens et al., 2002; Anand et al., 2003], this is possible. SSTs are reconsturcted from
foraminiferal Mg/Ca ratios using the following Sargasso Sea sediment trap-based
equation [Anand et al., 2003]:

Mg/Ca = 0.38 exp 0.09(SST) [2]

Paleosalinity reconstructions using these approaches have been very successful in
determining the relative SSS changes across glacial-interglacial cycles [Mashiotta et al.,
1999; Lea et al., 2000; Schmidt et al., 2004] and millennial-scale oscillations [Schmidt et
al., 2006]. Other researchers have used this approach to look much further back in time
to reconstruct continental ice volume changes through the Cenozoic and Mesozoic [Lear
et al., 2000; Cramer et al., 2011].

Therefore, geographically broad reconstructions of glacial oceans should be
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saltier than modern. This would result because of the vast amounts of freshwater stored
in continental ice sheets such as the LIS. Within MIS 2 and 3, millennial-scale salinity

oscillations can also be resolved if sedimentation rates are high enough.

2.4. The Use of Foraminiferal Mg/Ca Ratios to Estimate Calcification

Temperature

The use of Mg/Ca paleothermometry reconstructions wasn’t fully appreciated
until the late 1990s [NUrnberg et al., 1996a; Hastings et al., 1998; Mashiotta et al.,
1999; Elderfield and Ganssen, 2000]. Because magnesium is a conservative element
with a residence time in the oceans of 13 million years (Ma) [Broecker and Peng, 1982],
late Quaternary paleotemperature reconstructions using Mg/Ca ratios in foraminiferal
calcite are extremely useful tools for examining corresponding glacial and interglacial
temperature changes [Hastings et al., 1998; Nirnberg et al., 2000; Lea et al., 2000;
Barker et al., 2005].

Initial core top and culturing studies showed that the ratio of Mg/Ca in
foraminiferal calcite increases exponentially by approximately 8 — 10 % per °C increase
[NUrnberg et al., 1996, Mashiotta et al., 1999; Lea et al., 1999]. Other studies showed
that planktonic foraminifera living in the mixed layer faithfully record either mean
annual sea surface temperatures (SSTs) or seasonal cycle variations [Dekens et al., 2002;
Anand et al., 2003; Schmidt et al., 2006], depending on geographic location.

Although Mg/Ca ratios incorporated during shell calcification in foraminifera
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appear to be primarilly controlled by temperature [e.g., NUrnberg et al., 1996; Mashiotta
etal., 1999; Lea et al., 1999; Dekens et al., 2002; Anand et al., 2003; Ferguson et al.,
2008; Kisakurek et al., 2008; Duefias-Bohorquez et al., 2009], changes of pH and
salinity are also a factor [NUrnberg, 1996; Hastings et al., 1998; Mashiotta et al., 1999;
Lea et al., 1999; Kisakurek et al., 2008; Duefias-Bohdrquez et al., 2009; Mathien-Blard
and Bassinot, 2009; Arbuszewski et al., 2010]. Nlrnberg et al. [1996] showed that a 10
%o salinity change equated to a change in Mg of 110 % and suggested that large salinity
increases result in increased metabolic activity. Other culturing studies show that small
changes in salinity only have a minimal effect on shell Mg/Ca ratios [Mashiotta et al.,
1999; Lea et al., 1999].

However, Arbuszewski et al. [2010] argue that Mg/Ca ratios increase by 27 % for
each practical salinity unit (psu) increase above 35 in the planktonic foraminifer
Globigerinoides ruber by analyzing a transect of deep-sea Atlantic Ocean core tops.
These results are more dramatic than another study that evaluated core tops and plankton
tows and found a salinity effect of 15% on Mg/Ca ratios in Globigerinoides ruber
[Mathien-Blard and Bassinot, 2009]. It seems that a disparity exists between results of
culturing vs. plankton tow and core top studies. Culturing studies tend to suggest that
there is a small but statistically significant salinity effect on Mg/Ca ratios (~5 = 3%)
[NUrnberg et al., 1996a; Mashiotta et al., 1999; Lea et al., 1999; Kisakirek et al., 2008;
Duefias-Bohorquez et al., 2009], whereas plankton tow and core top studies suggest an
enhanced salinity effect [Mathien-Blard and Bassinot, 2009; Arbuszewski et al., 2010].

In a recent study also based on core JPC26, Schmidt and Lynch-Stieglitz [2011]
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showed that the use of the multivariate SST and SSS equations from Arbuszewski et al.
[2010] resulted in unrealistic temperatures across the last deglacial. Therefore, this
study uses the sediment trap Mg/Ca:SST relationship from Anand et al. [2003] to

calculate past temperature change in the Florida Straits.

2.5. The Use of Foraminiferal Ba/Ca Ratios as an Indicator of Riverine Input

The use of Ba/Ca ratios in fossil foraminifera as a meltwater proxy is a
relavtively novel approach. The majority of barium enters the ocean through riverine
input [Martin and Meybeck, 1979] and through hydrothermal vent processes [Edmond et
al., 1979; Von Damm et al., 1985]. In freshwater environments (€.g., lakes and rivers)
Ba”" is desorbed from suspended sediments and results in riverine Ba®" concentrations
([Ba*"]) that are much higher than surface marine waters. When riverine water enters
higher salinity estuaries the suspended sediment fine fraction flocculates and sinks. This
results in brackish waters with high [Ba’"]. As these waters mix with the much more
saline marine waters, a conservative mixing line results, and an inverse relationship
between [Ba®'] and salinity is observed [Hanor and Chan, 1977; Edmond et al., 1978;
Coffey et al., 1997]. Laboratory experiments have shown that the incorporation of Ba*"
into living planktonic foraminifera is primarily a function of seawater [Ba’"] [Lea and
Spero, 1994; Honisch et al., 2011]. Therefore, Ba/Ca ratios in foraminifera from a
continental margin site can potentially be used as an indicator of riverine input [Hall and

Chan, 2004; Weldeab et al., 2007; Schmidt and Lynch-Stieglitz, 2011].
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The use of foraminiferal Ba/Ca ratios is explored as an indicator of riverine input
into the Gulf of Mexico during MIS 2 and 3. Because riverine water is enriched in '°O
relative to '*0, it may be possible to determine periods when the salinity record (8'*Oyr.

sw) is affected by meltwater discharge during MIS 2 and 3.

2.6. The Use of Neogloboquadrina dutertrei as an Indicator of Relative Salinity

Another potential indicator of relative salinity is the fossil faunal abundance of
the planktonic foraminifer Neogloboquadrina dutertrei. This species of foraminifera is a
thermocline-dweller that is linked to eutrophic waters [Fairbanks et al., 1982; Schmuker
and Schiebel, 2002; Rasmussen and Thomsen, 2012] and has been used as an indicator
of past low salinity (freshening) events in several ocean basins [Ruddiman, 1971; Cullen,
1981; Kennett et al., 1985; Maslin and Burns, 2000; Rasmussen and Thomsen, 2012].

The N. dutertrei abundance record from JPC26 is therefore a useful tool to
assess the veracity of both the reconstructed salinity (8]801VF_SW) and riverine input
(Ba/Ca) records. Periods of low salinity related to E — P dynamics and/or relative
increases in riverine input to the Florida Straits should correlate to periods of increased

abundance of N. dutertrei.
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2.7. Potential Diagenetic Effects on Foraminiferal Calcite

Shell dissolution is linked to lower Mg/Ca ratios and more enriched §'%0 values
in foraminifera [Farrell and Prell, 1989; McCorkle et al., 1995; Brown and Elderfield,
1996; Rosenthal et al., 2000].

Because pressure and therefore water depth directly affect the solubility of
calcium carbonate, there is a zone of the ocean where the amount of carbonate
dissolution increases with depth. The depth range where this reaction is active is called
the lysocline. Below the lysocline is an area where the amount of calcium carbonate
being created is in equilibrium with the amount being dissolved and is called the
carbonate compensation depth (CCD) [Berger, 1968]. Below the CCD the influx of
calcium carbonate that is deposited on the ocean floor should be near zero.

Therefore, studies that utilize the chemical composition of carbonate-based
organisms extracted from deep sea sediments must identify if samples are affected by
diagenetic processes. Studies must also take into account if shifting of the lysocline and
CCD in the past had any effect on calcite preservation, which is different in each ocean
basin [Farrell and Prell, 1989]. The combination of calcium carbonate fluxes, bottom
water chemistry, and redox conditions due to organic carbon remineralization have an
effect on this calcite saturation horizon, and therefore shell chemistry [Brown and
Elderfield, 1996]. Because core JPC26 was recovered from a depth of only 546 m, it is
located well above the Atlantic lysocline and CCD. Therefore, dissolution of our

samples is not an issue. Furthermore, the presence of spines attached to G. ruber and the



presence of diagenetically susceptible pteropods throughout the core adds credence to

dissolution having no effect on JPC26 samples.

16
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3. OCEANOGRAPHIC SETTING

Core KNR166-2 JPC26 (24°19.61°N, 83°15.14’W; 546 m depth) is located in the
Florida Straits near the Dry Tortugas (Figure 1). The Florida Current is comprised of
wind-driven recirculated gyre water (~17 Sv) and cross-equatorial flow from the South
Atlantic (~13 Sv) [Schmitz & McCartney, 1993]. These surface waters compensate the
southward flow of NADW and represent the northward flowing surface branch of
AMOC. The waters above this site originate from Caribbean, the tropical Atlantic and
western tropical South Atlantic regions and reach the Florida Straits by flowing through
the Yucatan Current [Murphy et al., 1991; Schmitz and Richardson, 1991]. Thus, these
waters maintain physical and chemical properties that are generally characteristic of the
Caribbean, with the small potential to be influenced by currents originating in the Gulf
of Mexico.

The modern average annual SST in the Florida Straits is 27.5°C, with a seasonal
cycle that varies from a minimum of 25.0 to 26.0°C from December to March and a
maximum of 29.0 — 29.4°C from July to September [Locarnini et al., 2006]. Modern
annual SSS off shore of the Dry Tortugas averages ~36.1, varying from a high of 36.1 to
36.2 from January to June and decreasing to a low of 35.9 from August to December
[Antonov et al., 2010].

Eddies are observed to form along the boundary of the Gulf of Mexico Loop
Current near the Dry Tortugas and remain effectively stationary for days to months

before finally dissipating [Fratantoni et al., 1998]. These eddies result in SSTs that can
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be cooler (>3°C) on the Florida Platform [Fratantoni et al., 1998], but have no influence
on the Bahamas margin of the Florida Straits. Because these phenomena are generally
ephemeral, the recontstructed JPC26 SST record should not be significantly influenced,
although effects of cold-core eddies will be taken into consideration if their effects are
observable in this SST reconstruction.

The Florida Straits are also characterized by carbonate-rich environs. The
shallow depth of the core (546 m), coupled with sediments with extremely high amounts
of carbonate, result in fossil foraminifera that should not have been diagenetically
altered by CCD shifts and other bottom water chemistry changes over glacial-interglacial
periods. Dekens et al. [2002] suggested that a depth correction be used for G. ruber
Mg/Ca ratios in sediments deeper than 2.8 km in the equatorial Atlantic. However, G.
ruber with any evidence of diagenetic alteration (e.g., pyrite formations, discolorations,

thin shells, etc.) were not used in this study.
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4. MATERIALS AND METHODS

4.1. Sedimentological Properties

Sedimentological properties of core KNR166-2 JPC26 were measured on board
the R/V Knorr. A Multi-Sensor Track (MST) device was used to collect gamma-ray
porosity, magnetic suscepbility, p-wave velocity, and resistivity. Another
sedimentological property, coarse fraction, was measured during sample processing at
Georgia Tech and Texas A&M. The coarse fraction represents the amount of sediments
present that are greater than 63 um per interval. These properties help detect any large-
scale sedimentological processes that could have affected the core site stratigraphy, such
as slumping. For example, down-slope processes may result in significant variations in
coarse fraction and/or density due to the addition of coarser upslope sediments.

Sediments near the top of the core have a calculated density of ~1.7 g/cm’ and
generally increase to ~1.9 g/cm’ near the bottom. This increase in density downcore is
expected and is the result of compaction and dewatering because of increasing
overburden pressures. During the time period of this study, small (~0.07 g/cm’) density
perturbations are observed and do not appear to signify the presence of mass transport
deposits (Figure 2a).

The coarse fraction values from this study period increase from a minimum of
~10 % at the core bottom (35.45 ka BP) to ~30 % at ~28.6 ka BP and stay relatively
constant for the rest of record to the LGM. Large-scale changes in coarse fraction are

due to sedimentation rate changes across the deglacial (Figure 2b). Similar to the
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density record (Figure 2a), there are no major changes in coarse fraction from 784.25 —
1118.25 cm indicative of mass transport deposits (Figure 2b). Therefore, a robust

stratigraphic control is maintained during the study interval.

4.2. Stable Isotope Analyses

The planktonic foraminifera G. ruber (white variety) was picked in JPC26 at 2
cm intervals spanning 784.25 — 1120.25 cm. In order to lessen the chance of size-
dependent isotope fractionation differences [Lea et al., 2000; Spero et al., 2003], G.
ruber was picked from only the 250 — 355 um size fraction. Stable isotopic analyses
(8'%0 and 8"°C) of 10-12 individuals were performed at Georgia Tech in the laboratory
of Jean Lynch-Stieglitz using a GV Instruments Isoprime mass spectrometer with
Multiprep or a Finnigan MAT 253 mass spectrometer with Kiel Device. Samples were
picked, sonicated in methanol for approximately 3-8 seconds, and dried prior to isotope

analysis.

4.3. Minor and Trace Metal Analyses

The abundances of metals in the foraminiferal calcite, expressed as metal/Ca
(Me/Ca) ratios, were measured on the same intervals and size fraction of G. ruber
specimens used for the stable isotope analyses. Around 580 ug of G. ruber shell

material/sample (~35 — 45 shells) were crushed, homogenized, split and then cleaned for
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trace element analyses according to the procedures of Lea and Martin [1996] and
Mashiotta et al. [1999] without the DTPA step. Samples underwent three rinses in ultra-
pure water, then two rinses in methanol, followed by two rinses in ultra-pure water.
Next, samples were bathed in a hot reducing solution (ammonium citrate, ammonium
hydroxide, and hydrazine) for 30 minutes and then an oxidizing solution (hydrogen
peroxide and sodium hydroxide) for 10 minutes, and then transferred into new acid-
leached micro-centrifuge vials. They were finally leached with a dilute ultra-pure acid
solution (0.001 N HNOs3) and stored for minor and trace element analyses. All clean
work was conducted in laminar flow benches under trace metal clean conditions. Using
isotope dilution, as outlined in Lea and Martin [1996] and Lea et al. [2000], the samples
were dissolved and analyzed for Me/Ca ratios on a Thermo Scientific Element XR High
Resolution Inductively Coupled Plasma Mass Spectrometer (HR-ICP-MS) at Texas
A&M University’s R. Ken Williams Radiogenic Isotope Geosciences Laboratory.
Approximately 90% of samples were replicated at least once.

In addition to quantifying shell Mg/Ca ratios, data were also collected on the
following elements: Na, Sr, Ba, U, Al, Fe, and Mn. Analyses with high Al/Ca indicate
the presence of detrital clays that were not removed during the cleaning process.
Elevated levels of Fe/Ca or Mn/Ca indicate the presence of diagenetic coatings that were
not removed during the cleaning process. Analyses with high (>100 umol/mol) Al/Ca,
Fe/Ca or Mn/Ca ratios or with low percent recovery (<20%) are normally rejected. Low
percent recovery values usually indicate loss of shell material during the cleaning

process, most likely due to human error.
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4.4. Calculating $'*Ogw

Trace metal measurements are used to independently calculate SST and §'*Ogy.
8% 0gw is reconstructed by using the Orbulina universa low light equation [1] [Bemis et
al., 1998]. SST is reconstructed by using equation [2] [Anand et al., 2003]. Based on
the assumption that sea level during the Last Glacial Maximum was 120 meters lower
than present and that LGM 5'80gw value was 1.05 %o heavier than modern [Schrag et
al., 2002], a sea level change of 1 meter corresponds to a global §'*Ogw change of
0.00875 %o. This relationship is used to remove the influence of continental ice volume
variability on calculated 5" 0w, resulting in ice volume free 5" 0gw (BlgOIVF_SW), using
a splice of two high resolution sea level curves available for early MIS 2 and and late
MIS 3 [Yokoyama et al., 2000; Waelbroeck et al., 2002]. The calculated 8'*Oryr-sw
record reflects regional salinity oscillations in the Florida Straits from 20 — 35.45 ka BP.
Furthermore, this surface water record is compared to the benthic 8'*Oyy.c record, a
proxy for Florida Straits transport [Lynch-Stieglitz et al., in prep] in order to determine

the lead/lag relationship between atmospheric and ocean circulation changes.

4.5. Neogloboquadrina dutertrei Abundance

The planktonic foraminfera N. dutertrei was counted from the >150 um size

fraction. This size fraction was split several times until at least 300 foraminifera

remained [Fatela and Taborda, 2002]. After counting, the total number of individuals



23

of N. dutertrei was computed by multiplying the number counted by the fraction that
remained after splitting. For example, if an interval was split 5 times, 1/32 of the total
population remained. If 10 N. dutertrei were counted, then 10 was multiplied by 32 to
result in a total population of 320. The total population of N. dutertrei per interval was
then divided by the dry mass of the sediment from the correpsonding interval, resulting
in the number of N. dutertrei per gram of sediment per interval. N. dutertrei were only
considered if at least 60 % of the whole shell remained and could be unequivocally

identified.

4.6. Age Model Development

The age model for JPC26 is based on eight radiocarbon-dated intervals for the
period from 20 to 35.45 ka. Radiocarbon analyses of single or mixed species of
planktonic foraminifera (G. ruber and G. sacculifer) were conducted at the National
Ocean Sciences Accelerator Mass Spectrometry Facility (NOSAMS) at the Woods Hole
Oceanographic Institution [see Lynch-Stieglitz et al., 2011 for all but two of the raw '*C
values (878.25 cm and 1104.28 cm)]. Prior to analyses, samples were sonicated for 3-8
seconds in methanol to remove any loose organic materials, clays, and/or other small
carbonate grains. Raw '*C dates were converted to calendar years BP (most probable
calendar age) using CALIB 6.0 [M. Stuiver et al., Calib calibration program, version 6.0,
2011] using the standard marine reservoir correction of 400 years [Hughen et al., 2004]

(Table 1). Initially, an age model was deveoped by assuming linear sedimentation rates
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between the most probable calendar ages for each radiocarbon-dated interval.

Several studies suggested that tropical North Atlantic temperature and hydrologic
changes are correlated with climate change as recorded in the Greenland ice core records
[Peterson et al., 2000; Wang et al., 2001; Schmidt and Lynch-Stieglitz, 2011]. Based on
the initial radiocarbon-based age model, the timing of §'*Oc change in the Florida Straits
was compared to both the Greenland and Antarctica ice core records. The NGRIP
8'%01cg and Byrd 8'°0 cg; records were interpolated to 20 year time spacings using the
Arand software package [Howell et al., 2006] so comparisons could be made with the
JPC26 8'*0c¢ record. Ice core 8'*0ycg values from the same or nearest chronological
period were then chosen to calculate correlation coefficients between the JPC26 §'°Oc
record and the ice core records. Comparison of the JPC26 §'*0O¢ and the NGRIP §'*0jcg
records resulted in a correlation coefficient of -0.11, while the comparison between the
JPC26 §"*0¢ and Byrd 8'80 ¢k records resulted in a correlation coefficient of 0. The
lack of any correlation between the JPC26 8'*O¢ and Byrd §'*Oycg suggests that changes
in high latitude southern hemisphere climate had little or no impact on tropical North
Atlantic climate change during MIS 2 and MIS 3.

Given the relatively large uncertainty on the calibrated radiocarbon ages in our
record, transitions within the JPC26 G. ruber BIBOC record were fine-tuned to transitions
in the NGRIP 81801(;5 record across interstadials 2 — 7. Negative or positive 8180(;
excursions were tuned into NGRIP record (Figure 3a). It should be noted that this
tuning exercise did not change the calibrated '*C ages beyond the original 2 o error of

the ages (Figure 3b). This resulted in a revised correlation coefficient of -0.35 between
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the NGRIP record and the JPC26 6180c record across the entire record, and a correlation
coefficient of -0.46 across interstadial 5.

Based on the tuned age model, sedimentation rates in JPC26 range from 12.6
cm/ka to 75.0 cm/ka during the study period (Figure 4). From 35.45 ka BP to 34.8 ka
BP, sedimentation rates are 24.5 cm/ka. From 34.8 ka BP to 32.6 ka BP, sedimentation
rates are 13.6 cm/ka. From 32.6 ka BP to 31.80 ka BP, sedimentation rates are 75.0
cm/ka. From 31.80 ka BP to 30.85 ka BP, sedimentation rates are 65.3 cm/ka. From
30.85 ka BP to 24.90 ka BP, sedimentation rates are 12.4 cm/ka. From 24.90 ka BP to
23.37 ka BP, sedimentation rates are 19.7 cm/ka. From 23.37 ka BP to 20.0 ka BP (top

interval of this study), sedimentation rates are 19.0 cm/ka (Figure 4).
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5. ERROR ANALYSIS

Long-term analytical precision for the planktonic 5'*O¢ measurements is better
than 0.08 %o based on replicate analyses of NBS-19 or in-house standards. The long-
term analytical reproducibility of a synthetic, matrix-matched Mg/Ca standard analyzed
by HR-ICP-MS over the course of this study is £0.48%. The pooled standard deviation
of all replicate Mg/Ca analyses is 2.6 % (1 SD, degrees of freedom = 191) based on
356 analyzed intervals and the average Mg/Ca ratio is 3.56 mmol/mol, which equates to
an error of £0.09 mmol/mol, or £0.28°C using equation [2].

Error on the calculated 8'®Ogy values was estimated by propagating the 1o
analytical error on the 5'"0¢ values and the pooled standard deviation value on the
Mg/Ca replicates with the reported error on calibration equations [1] and [2], resulting in
an error of £0.23 %o. Previous studies report similar error propagations for 5'*Ogw
residuals based on §'*Oc and Mg/Ca-SSTs in G. ruber [Carlson et al., 2008; Lea et al.,
2000; Schmidt et al., 2004, 2006a; Lund and Curry, 2006; Weldeab et al., 2006; Oppo et
al., 2009; Schmidt and Lynch-Stieglitz, 2011; Schmidt et al., in press].

The long-term analytical reproducibility of a synthetic, matrix-matched Ba/Ca
standard analyzed by HR-ICP-MS over the course of this study is +0.47 %. The pooled
standard deviation of all replicate Ba/Ca analyses is £7.1 % (1 SD, degrees of freedom =
190) based on 355 analyzed intervals. The average Ba/Ca ratio in this study is 0.88
pmol/mol so the average analytical error for the Ba/Ca measurements in the JPC26

record is £0.06 umol/mol. Previous studies report similar errors on Ba/Ca ratios in G.
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ruber [Weldeab et al., 2007; Schmidt and Lynch-Stieglitz, 2011; Schmidt et al., in press].
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6. RESULTS

6.1. G. ruber 8®0¢

The G. ruber 8180c values show an overall increasing trend from 35.45 — 20 ka
BP, punctuated by several millennial-scale oscillations (Figure 5a). Across most of the
interstadials, 8'®Oc is more negative (related to warmer and/or fresher waters), whereas
the stadials are associated with more positive 8'*Oc values (related to colder and/or
saltier waters).

Although the 8'80¢ record before 33.5 ka is variable with no clear trends, a
significant 0.6 %o increase in 8'80¢ occurs at the transition into the stadial between
interstadials 5 and 6.

As sedimentation rates drastically increase during interstadial 5, a much clearer
millennial-scale 8'%O¢ oscillation is evident in the JPC26 record. At 32.55 ka BP, a
rapid decrease of ~1 %o occurs within 110 years, reaching a minimum at 32.44 ka BP.
The gradual increase in 8'*Oc through the rest of the interstadial is similar to the NGRIP
81801(;13 record. After a stadial-like 8180(; increase occurs at 31.91 ka BP, another
interstadial-like decrease in 8180(; values occurs in the JPC26 8180(; record at 31.8 ka
BP. This interstadial-like return to lighter 8180(; in JPC26 is not observed in the NGRIP
record (Figure 5f). G. ruber §'*O¢ values then gradually increase from 31.8 —28.92 ka
BP, just before the transition into interstadial 4. No 8]80(; changes are observed across
H3. Interstadials 3 and 4 are marked by one point decreases in 8'*Oc¢ values. However,

constraining these portions of the record is difficult due to decreased sedimentation rates
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in this section of the core.

The stadial after interstadial 3 is also marked by variable 6180c values, but trend
to heavier values. The most positive 8'*Oc value (0.97 %o) occurs at 24.39 ka BP, just
before the transition into H2. H2 is then marked by a large ~0.85 %o 8'*Oc decrease

centered at 23.88 ka BP.

6.2. G. ruber Mg/Ca and Reconstructed Sea Surface Temperatures

Schmidt and Lynch-Stieglitz [2011] previously measured Mg/Ca ratios in G.
ruber from JPC26 and their results showed a calculated core top temperature of 27.6°C
using equation [2]. This estimated SST is nearly identical to the modern average annual
SST at the core site of 27.5°C in the Florida Straits [Locarnini et al., 2006], well within
the =1°C calibration uncertainty of equation [2] [Anand et al., 2003]. Within the portion
of JPC26 that represents MIS 2, the LGM has an average SST of 23.7°C (20 — 22.3 ka
BP), which suggests a temperature difference that is ~3.8°C cooler than modern SSTs in
the Florida Straits. The average Mg/Ca — SST across the entire record from 20 — 35.45
ka BP is 24.8°C. The coolest SSTs occur from 22.32 — 20 ka BP. Across the portion of
the JPC26 that represents MIS 3, the lowest SSTs are ~23.5°C and generally occur
during stadials, whereas the maximum SSTs are ~26.5°C and generally occur during
interstadial portions of the record with the highest resolution (interstadials 5 and 7)
(Figure 5b).

The highest resolution portion of the record from 32.57 — 30.85 ka BP shows a
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clear warming during interstadials 5. In contrast, interstadial 6 shows a slight cooling of
1°C and interstadial 3 shows no temperature change. Interstadials 6 and 3 occur during
the lowest resolution sections of the core (with five data points across interstadial 6 and
three across interstadial 3); it is possible these temperature changes are associated with
regional atmospheric temperature shifts.

Based on the tuned JPC26 age model, the bottom of the core is likely located
near the transition into interstadial 7 (35.45 ka BP). Reconstructed SSTs in this
interstadial show a cooling on the transition into the next stadial of approximately 2.5°C
(35.45 —34.7 ka BP). Interstadial 6 (three data points) shows a ~1°C cooling with a
~2°C warming across the transition into its corresponding stadial. The transition into
interstadial 5 is not abrupt, but a warming of ~2°C occurs. The transition out of the
interstadial is characterized by a gradual cooling of ~2°C. Similar to the previous
stadial, Mg/Ca — SSTs begin to increase by ~1.5°C over 1,200 years. The rest of MIS 3
is characterized by a gradual decrease in SST of approximately 1.5°C (30.5 — ~27 ka
BP). H3 is characterized by a slight SST cooling on the order of ~1.5°C. Similar to H3,
H2 is also characterized by a slight SST cooling on the order of ~1.5°C.

MIS 2 Mg/Ca — SSTs in JPC26 are characterized by an initial gradual cooling at
24.7 ka BP. Furthermore, a significant warming of ~4°C is recorded from 23.3 —23.1 ka
BP, corresponding to interstadial 2. After this event, an abrupt cooling of 2°C occurs

from 22.4 — 22.3 ka BP where SSTs drop to LGM values of 23.7°C.
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6.3. Calculated 6'®0sy and 620,vr.sw Record

G. ruber Mg/Ca — SST values are combined with paired 5'*O¢ measurements to
calculate 8" Ogw using equation [1] [Bemis et al., 1998] (Figures 6a and 5c). Interstadial
7 is initially characterized by heavier SISOSW values, with a negative excursion occurring
at 34.9 ka BP. The transition out of the interstadial is pronounced, with a 0.7 %o increase
in 8'"*Ogw at 34.5 ka BP. A short, two point negative 8'*Ogw excursion occurs during the
transition into interstadial 6 around 33.5 ka BP. Another pronounced §'*Ogy increase of
0.9 %o occurs at the transition into the next Greenland stadial at 33.3 ka BP. These
heavier 8'*Ogyw values characterize the stadial until the transition into the interstadial 5.
A large and abrupt ~1.1 %o negative 5'*Ogw excursion occurs at 32.5 ka BP. A gradual
increase of 8'*Osw values continues into the next stadial (sawtooth-like pattern);
however, a short negative 0.5 %o 5'80gw decrease is centered at 31.8 ka BP. A one point
decrease in 8'%0gw of ~0.5 %o occurs at 28.8 ka BP, which is centered on interstadial 4.
A decreasing trend of 8'*Osw decrease characterizes the next short stadial. Interstadial 3
is also characterized by a short, ~0.4 %o SIBOSW decrease centered at 27.6 ka BP. A trend
towards more positive values occurs from 25.7 — 24.8 ka BP. Also, a very small 8% 0qw
decrease 1s observed across H3, but overall, this time period is characterized by very
positive 8'*Ogw values relative to the rest of the record.

A pronounced 8'*Ogy change occurs during H2. Initially, 5'*Ogw values are very
positive before a three point, 203 year 8'*Ogw decrease of ~0.7%o that occurs around

24.1 ka BP. The observed lighter 6]805W values in the Florida Straits during H2 are then
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quickly reversed by a return to heavier ' *Ogy values. This large increase in 8'*Ogw of
~1 %o after H2 is driven by the observed increase in G. ruber Mg/Ca — SSTs.

Next, a correction was made to the 81805W record to account for global SISOSW
change due to continental ice volume variation between 20 — 35.45 ka BP [Schrag et al.,
1996; Yokoyama et al., 2000; Waelbroeck et al., 2002]. Subtraction of global §¥0gw
change (Figure 6b) results in the ice volume corrected §'*Osw, 8'*Oryr.sw record
(Figures 6¢ and 5d).

It is apparent that millennial-scale salinity oscillations occurred in the Florida
Straits during MIS 3 portion of JPC26. Because the highest sedimentation rates occur
over the interstadial 5 time period, it is possible to resolve this event with high
confidence. In general, 8" 0vE.sw minima (freshening) occur during interstadials, while
stadials are characterized by more positive 58 0vr.sw values (saltier).

At the end of interstadial 7, 5"80vr.sw values increase by 0.7 %o at 34.5 ka BP.
A short, two point negative 81801VF_SW excursion occurs during the transition into
interstadial 6 around 33.5 ka BP. Another pronounced §'*Oyr.gw increase of 0.8 %o
occurs at the transition into the next Greenland stadial at 33.3 ka BP. These heavier
8" Orvr-sw (salty) values characterize the stadial until the transition into interstadial 5. A
large and abrupt ~1.1 %o negative SIBOIVF_SW excursion (freshening) occurs at 32.5 ka
BP. A gradual increase of SlgOIVF_SW values continues into the next stadial (sawtooth-
like pattern). A one point decrease of ~0.5 %o SISOIVF_SW occurs at 28.8 ka BP, which is
centered on interstadial 4. Fresher conditions generally characterize the next short

stadial. Interstadial 3 is also characterized by a short, ~0.4 %o 818OIVF_SW decrease
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centered at 27.6 ka BP. A trend toward more positive 5" 0r.sw values occurs from
25.7 —24.8 ka BP. A small decrease in calculated SlgOWF_gW values occurs across H3;
however, this beginning of H2 is characterized by very positive 8'*Oyr.sw values,
suggesting very salty conditions. In contrast, a pronounced decrease in 8 *Oyvr.sw
occurs during H2. Initially, conditions are very salty before a three point, ~200 year

8" 0pyr.sw decrease of ~0.7%o that occurs around 24.1 ka BP. The observed freshening
in the Florida Straits during H2 is then quickly reversed by a return to salty conditions.
This large increase in 8" 0vr.sw of ~1 %o after H2 is driven by the observed increase in
G. ruber Mg/Ca — SSTs.

Because 8'*Ogw covaries linearly with SSS [Craig and Gordon, 1965; Charles
and Fairbanks, 1990], it is possible to estimate salinity changes using this reconstructed
8'"®0vr.sw Florida Straits record. Most of the waters at the Florida Straits study site
originate in the Caribbean and tropical Atlantic [Schmitz and Richardson, 1991], so it is
possible to estimate past salinity using the same modern 8'®*Ogw — SSS relationship for
the open Caribbean [Schmidt et al., 1999 database]:

8" 0gw %o =0.3 * SSS - 9.8 [3]

Using the modern day 81805W — SSS relationship from the open-ocean
Caribbean, SSS may be calculated the JPC26 G. ruber 5'*Oyr.sw values (e.g., Schmidt
and Lynch-Stieglitz, 2011). Modern annual sea surface salinity off shore of the Dry
Tortugas averages ~36.1 [Antonov et al., 2010] and modern calculated 8]805W 18 0.95%o0
[Schmidt and Lynch-Stieglitz, 2011]. Based on equation [3], the calculated average SSS

in the JPC26 record from the LGM (from 20 — 22.3 ka BP) is 37.1 and the average early
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MIS 3 SSS from 35.45 — 24.2 ka BP is 37.7. The average SSS for interstadial 5 is 36.5,

very close to modern values.

6.4. G.ruber Ba/Ca

The lowest Ba/Ca ratios in JPC26 occur near the bottom of the core (~0.7
pumol/mol) (Figure 7¢). Ba/Ca ratios increase by ~0.1 pmol/mol on the transition into
interstadial 5. Afterwards, stadial Ba/Ca ratios tend to be higher than interstadials ratios
by ~0.2 pmol/mol. There is an abrupt increase in Ba/Ca ratios of ~0.15 pmol/mol at
30.5 ka BP, followed by decreasing ratios for the next 800 years (including across H3).
Another abrupt increase of ~0.2 umol/mol is centered at 28.4 ka BP, which occurs at the
end of interstadial 4. This is followed by a substantial decrease of ~0.25 umol/mol at
27.9 ka BP. A small 0.15 pmol/mol increase occurs during interstadial 3 with an even
larger (~0.3 pumol/mol) increase during the next stadial. An overall increasing trend to
high Ba/Ca ratios is observed from 27 —22.3 ka BP.

There 1s no significant change in Ba/Ca ratios across H2. However, a substantial
increase of ~0.3 pmol/mol occurs at 23.2 ka BP , corresponding to the transition into the
interstadial 2. Ba/Ca ratios at the beginning of the LGM at 22.4 ka BP are ~1.1
pmol/mol and slowly decrease to ~0.9 umol/mol towards the start of this record at 20 ka

BP.
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6.5. Neogloboquadrina dutertrei

The number of N. dutertrei per gram of sediment is used to qualitatively
determine relative upper water column salinity or productivity in the JPC26 record
basins [Ruddiman, 1971; Cullen, 1981; Fairbanks et al., 1982; Kennett et al., 1985;
Maslin and Burns, 2000; Schmuker and Schiebel, 2002; Rasmussen and Thomsen, 2012].
Initial observations suggest that a larger number of N. dutertrei were present during
interstadials than during stadials (Figure 5¢). These N. dutertrei data match the NGRIP
80k extremely well, which gives more confidence to the JPC26 age model
considering it was tuned using a different variable (5'*O¢).

During interstadial 7, the average number of N. dutertrei per gram was 26.5.
There are two noticeable spikes, one during the middle of the interstadial and another
during the very end, but interstadial levels are maintained throughout this period. A
decrease in the amount of N. dutertrei occurs during the interstadial — stadial transition
and continues to decrease throughout the rest of the stadial. The transition into
interstadial 6 is extreme and a change from 14.4 N. dutertrei per gram to 42.3 N.
dutertrei per gram is centered at 33.6 ka BP, which is directly in the middle of the
interstadial. The transition into the next stadial is marked by a drastic decrease in N.
dutertrei, in which N. dutertrei were absent in nearly half of the corresponding intervals.

The transition into interstadial 5 is again marked by a rapid increase in the
number of N. dutertrei per gram of sediment. There is a prominent saw-tooth pattern of

N. dutertrei during the transition into the next stadial. Unlike the preceding stadials, the
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number of N. dutertrei per gram of sediment begins an interstadial-like rise at 31.8 ka
BP and maintains these values until stadial-like conditions return at 31 ka BP. The rest
of the stadial maintains a low population of N. dutertrei. Similar to the 0 wr.sw
record, there are no changes in N. dutertrei population abundance during H3 (Figure 5e).
The transition into interstadial 4 is marked by another increase of N. dutertrei and
remains high until 28.4 ka BP, before dropping dramatically during the middle of the
next stadial. There is a very small increase in N. dutertrei abundance during interstadial
3 although this time period is not very well constrained due to reduced sedimentation
rate at this time. An increase in the abundance of N. dutertrei from ~5 per gram to ~18
per gram is centered at 26.5 ka BP and is short in duration. There is a large increase in
N. dutertrei (~3 per gram to ~26 per gram) centered at 24 ka BP, which occurs during
H2. The rest of MIS 2 and the LGM are characterized by a very small abundance of N.

dutertrei, but continuously present population (Figure 5e).
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7. DISCUSSION

7.1. LGM and MIS 3 Sea Surface Temperature Changes

The millennial-scale sea surface temperature oscillations in the new JPC26
record appear to correlate to high-latitude climate change as recorded in the Greenland
ice core records (Figure 5, B and F) [Dansgaard et al., 1993; NGRIP members, 2004].
In general, interstadials result in higher Mg/Ca ratios in G. ruber and therefore warmer
SSTs, consistent with warming observed in Greenland ice cores. A comparison of the
whole JPC26 Mg/Ca record to the NGRIP 5'80;cg record yields a correlation coefficient
of 0.06. However, across the highly resolved interstadial 5 portion of the JPC26 record,
the correlation coefficient is 0.30. Both Heinrich events 2 and 3 are associated with a
cooling of ~1.5°C (H3 is centered at 30 ka BP and H2 is centered at 23.98 ka BP).

Changes in tropical Northern Hemisphere precession could also be an important
influence on the JPC26 SST record over longer time scales. Precession in the northern
tropics was at a maximum around interstadial 5 at 30.5 ka BP and gradually decreased
into the LGM (Figure 8). This may explain a portion of the SST decrease associated
with LGM, which is a period when continental ice sheets were at their greatest extent.

In addition, there are several millennial-scale SST oscillations in the JPC26
record. The transition into interstadial 5 (32.47 — 32.23 ka BP) is marked by a large SST
increase (~2°C). During the early part of this interstadial, G. ruber Mg/Ca — SSTs peak
to near modern values, suggesting an abrupt return to near interglacial conditions (Figure

5b). A rapid resumption of AMOC during interstadials, as suggested by Boyle [2000]
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and Rasmussen and Thomsen [2004], may have increased Florida Current transport and
increased northward transport of heat out of the tropical Atlantic.

Hill et al. [2006] used Mg/Ca ratios in G. ruber (pink variety) to reconstruct sea
surface temperatures in the Orca Basin (northern Gulf of Mexico) (Figure 1) from 28 —
45 ka BP. Their core is located just south of the mouth of the Mississippi River and their
study site experienced different physical conditions from JPC26. This is because their
site is more restricted to Gulf of Mexico ocean dynamics and was significantly
influenced by enhanced discharge of the Mississippi River [Hill et al., 2006] during the
last glacial cycle. In their methods, Hill et al. [2006] did not use a reductive step in their
cleaning steps. The reductive step of trace metal cleaning results in a loss of
approximately 10% of foraminiferal Mg/Ca [Barker et al., 2003; Rosenthal et al., 2004].
In order to better compare the Hill et al. [2006] Orca Basin SST reconstruction to the
JPC26 SST reconstruction, an initial reduction of 10% from their Mg/Ca values was
calculated. The new raw Mg/Ca values were then converted to SST using equation [2]
[Anand et al., 2003].

Hill et al. [2006] suggested that the reconstructed G. ruber Mg/Ca — SSTs
tracked summertime Antarctic warming from 28 — 45 ka BP rather than millennial-scale
temperature changes in the Greenland ice core records. However this result is in conflict
with two other SST reconstructions from the North Atlantic during MIS 3 that show an
in-phase relationship with Greenland (Figure 9). An alkenone-based SST reconstruction
from the Bermuda Rise closely tracked the Greenland ice core record during MIS 3

[Sachs and Lehman, 1999] and a foraminiferal fauna-based and alkenone-based SST



reconstruction from the Blake Outer Ridge also broadly tracked Greenland air
temperatures during MIS 3 [Vautravers et al., 2004] (Figure 9). Therefore, the Orca
Basin SST reconstruction is the only regional SST record that appears to be in phase
with warming events in Antarctica during MIS 3. The finding from Hill et al. [2006]
suggests that the northern Gulf of Mexico may have been isolated from large-scale
regional temperature changes in the western tropical Atlantic during MIS 3.

Previous modeling studies suggested high-latitude cooling related to AMOC
slowdown is readily transferred to low latitude regions in the Northern Hemisphere
through both atmospheric and oceanic processes [Stouffer et al., 2006; Chiang et al.,
2008; Wan et al., 2009]. Modeling results show that atmospheric circulation changes

associated with AMOC weakening results in a surface cooling in the entire tropical
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North Atlantic [Chiang et al., 2008; Wan et al., 2009]. In addition, cooler SSTs during

stadials in JPC26 probably occurred due to decreased surface current flow from the

warm equatorial regions resulting from a slowdown of AMOC. Increased wind strength

during stadials may have also resulted in cooler SSTs due to increasing the evaporative

heat flux at our study site [Chiang et al., 2008]. During interstadials, an increase in the

flow of warm, tropical waters northward due to a stronger AMOC may have caused the

observed SST increases in the Florida Straits. Furthermore, a decrease in the surface
water evaporative heat flux due to decreased interstadial wind strength may have also
resulted in warmer SSTs [Chiang et al., 2008].

A decrease of this magnitude is consistent with modeling studies that show

cooler atmospheric temperatures in the tropical North Atlantic in response to a
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freshwater-induced weakening of AMOC [Chiang et al., 2008; Wan et al., 2009]. A
reduction in AMOC would have reduced northward heat transport, thereby leading to
decreases in the calculated JPC26 Mg/Ca — SSTs during H events in JPC 26 due to both
atmospheric and oceanic processes [Chiang et al., 2008; Wan et al., 2009]. A decrease
in AMOC may also have led to increased surface water evaporative heat flux, thereby

decreasing SSTs [Chiang et al., 2008].

7.2. LGM AND MIS 3 Sea Surface Salinity Changes

The calculated 8'*Oyyr.sw record from JPC26 suggests significant surface salinity
changes in the Florida Straits across interstadial-stadial transitions from 20 — 35.45 ka
BP. Interstadial 3'*Opyp.sw values tend to be more negative (fresher) and stadial
8" Orvr.sw values tend to be more positive (saltier) (Figure 5¢). Comparison of the
8" Orvr.sw and NGRIP 8'®0jcg; records yields a correlation coefficient of -0.34 from 20 —
35.45 ka BP and a correlation coefficient of -0.42 across the highest resolution part of
our record from 30.85 — 32.6 ka BP. The abrupt transition to interstadial 5 takes place
on the order of 100 years. SlgOIVF_SW values peak to near modern values, suggesting an
abrupt return to near interglacial conditions (Figure 10a). These light 8'*Oyr.sw values
in the Florida Straits upper water column persist for approximately 500 years before
ultimately transitioning back to stadial conditions. Unlike the NGRIP 8'*Ocg
temperature record, however, salty stadial conditions after interstadial 5 are short-lived

and after ~200 years interstadial-like conditions briefly return to the Florida Straits at
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31.8 ka BP. A gradual transition (~550 years) back to stadial conditions then occurs at
31.25 ka BP.

Previous studies showed that a northward shift of the ITCZ results in more
precipitation into the Caribbean and the Florida Straits whereas stadial periods are
characterized by less precipitation, and therefore high SlgOWF_sw values (increased
salinity), and most likely result from a southward displacement of the ITCZ during cold
events in the North Atlantic [Vellinga and Wood, 2002; Lohmann, 2003; Dahl et al.,
2005; Zhang and Delworth, 2005; Stouffer et al., 2006; Schmidt et al., 2006]. As annual
precipitation increased in the tropical North Atlantic and western Caribbean during
interstadials, the regional E — P would also decrease, resulting in lower surface salinity
and more negative 5'80vr.sw values in the JPC26 record.

Peterson et al. [2000] analyzed the color reflectance and elemental chemistry of a
sediment core from the Cariaco Basin, located north of Venezuela. This high-resolution,
well-preserved core was characterized by significant decreases in percent reflectance and
an increase in counts of iron and titanium during the interstadials. These changes were
related to the total amount of rainfall over northern South America, and are thought to
result from north-south shifts in the position of the zone of heavy rainfall in the tropics
known as the ITCZ [Peterson et al., 2000]. Excursions in the JPC26 8'*Orvr.sw
reconstruction are similar in timing and duration of the Cariaco Basin Fe record (Figure
11c). Both records suggest greater amounts of precipitation during interstadials and
drier stadial conditions in the tropical North Atlantic, which is probably because both of

these study sites are directly affected by ITCZ migrations.
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The offset in the timing of the observed rapid hydrologic changes in the JPC26
and Cariaco Basin records may result from each record being tuned to a different
Greenland ice core record. The JPC26 record is tuned to the NGRIP &'*Oycg record and
the Cariaco record is tuned to the GISP2 SISOICE record (Figure 11, a and c¢). The
transition into interstadial 5 occurs at 32.52 ka BP and full stadial conditions are reached
at 32.02 ka BP in the NGRIP SISOICE record. In the GISP2 81801@5 record, however, the
transition into interstadial 5 occurs at 32.43 ka BP and full stadial conditions are reached
at 31.62 ka BP. If the GISP2 8'%0cr and NGRIP 8'®0cg records were tuned to one
another, the hydrologic cycle changes that are present in the JPC26 and Cariaco records
would be synchronous.

Additionally, a Southern Hemisphere high-resolution 5'*0 speleothem
reconstruction from Botuverd Cave in southern Brazil resolved rainfall variations that
occurred during the last glacial cycle [Wang et al., 2007] (Figure 1). This cave is located
in a prime area to indirectly record ITCZ fluctuations by recording South American
Monsoon strength changes, which are affected by the mean position of the ITCZ [Wang
et al., 2007]. A southward shift of the ITCZ during stadials is also consistent with
reconstructed wet periods in Brazil [Wang et al., 2007] (Figure 12 d). Wang et al.
[2007] showed that negative &' excursions in cave records from southern Brazil imply
a more southerly position of the ITCZ across northern South America during stadials.

Another recently published speleothem record from Peru also showed how the
ITCZ affected low latitude Southern Hemisphere monsoon patterns [Kanner et al.,

2012]. Similar to the Botuvera Cave record [Wang et al., 2007], this record is anti-
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phased with Northern Hemisphere millennial-scale monsoon dynamics and has the
appearance of the NGRIP 81801(;15 record, indicating similar climate forcings (Figure 12,
c and d). Therefore, hydrologic changes at this site are also anti-phased with those in the
JPC26 SISOIVF_SW record (Figure 12, a, c, and d).

In contrast, Hill et al. [2006] concluded that their calculated Orca Basin SST and
SSS records tracked summer warming in Antarctica, resulting in melting of the southern
margin of the LIS. They argue 8"0r.sw changes in the Orca Basin were anti-phased
with Greenland air temperatures during MIS 3. Hill et al. [2006] used a different
SST:5'%0 relationship for their calculated JPC26 8" 0gw record than the JPC26
SST:5'0 relationship. Their calculation used the Orbulina universa high light equation
from Bemis et al. [1998], whereas the JPC26 §'*Ogy record was calculated by using the
Orbulina universa low light equation from Bemis et al. [1998]. For a better comparison
between the Orca Basin and Florida Straits records, their raw data were used to
recalculate 8'®Ogyw using the Orbulina universa low light equation [1]. Furthermore, Hill
et al. [2006] used the Siddall et al. [2003] sea level curve to calculate the global ice
volume effect on ocean &' *Ogw by using the relationship of a change of 0.083 %o per 10
m sea level change [Adkins and Schrag, 2001]. To convert their raw data into
comparable SISOIVF_SW values similar to the calculated JPC26 6]801VF_SW record, the
Waelbroeck et al. [2002] sea level curve was used and the global ice volume change of
0.0875 %o per 10 m sea level change was applied [Schrag et al., 2002] to correct for ice
volume change (Figure 13 c).

If enhanced melting of the LIS occurred during summer warming in Antarctica



44

during MIS 2 and 3, as suggested by Hill et al. [2006], these effects were localized to the
Gulf of Mexico and did not affect our site or other sites in the North Atlantic (Figure

13). This contradicts the hypothesis that outflow from the Mississippi River had a
profound impact on AMOC strength, and therefore rapid climate change, during the last
glacial [Flower and Kennett, 1990; Clarke et al., 2001; Flower et al., 2004, Hill et al.,
2006]. No surface freshening events occurred in the Florida Straits during periods of
low surface salinity recorded in the Orca Basin 8'80vr.sw record. Therefore, regardless
of their findings, the Florida Straits JPC26 5" 0vr.sw reconstruction suggests that
Mississippi River discharges may not have had a significant effect on Florida Straits
surface salinity change from 20 — 35.45 ka BP.

An alternate source of freshwater into the North Atlantic is iceberg armadas that
were released during Heinrich events. Evidence suggests that large amounts of icebergs
were discharged into the North Atlantic during Heinrich events [Heinrich, 1988; Bond et
al., 1992; Bard et al., 2000]. The melting of these icebergs could have increased
freshwater input and led to upper water column stratification at sites where deepwater
forms in the North Atlantic. The geochemical and micropaleontological records from
JPC26 show H3 did not have a large impact on SSS in the Florida Straits. It is possible
that decreased sedimentation rates across H3 preclude the possibility of constraining
hydrographic changes across this event.

In comparison, a substantial decrease in upper water column salinity is recorded
across H2 in the G. ruber 8]80(; and SISOIVF_SW records. The beginning of H2 is marked

by an extremely short transition to lower salinities and slightly colder SSTs. The large
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decrease (~ 0.75 %o) in SISOWF_SW values are driven by the G. ruber 8180(; and probably
represent '°O-depleted glacial meltwater entering the oceans from the Mississippi River
and entrained in the Loop Current or from meltwater entering the northern North

Atlantic that was eventually advected into the subtropical gyre and the Florida Straits.

7.3. N. dutertrei Abundance Record

N. dutertrei generally inhabit the more productive areas of tropical and
subtropical regions of the oceans and are most dense near the deep chlorophyll
maximum [Fairbanks et al., 1982; Curry et al., 1983; Ortiz et al., 1995]. They also
inhabit regions of the oceans directly affected by nutrient-rich, low salinity river water
[Maslin and Burns, 2000; Schmuker and Schiebel, 2002; Rasmussen and Thomsen,
2012]. Previous paleoceanographic studies have linked the downcore abundance of N.
dutertrei to eutrophic and/or fresher conditions thought to result from continental
meltwater pulses [Ruddiman, 1971; Cullen, 1981; Fairbanks et al., 1982; Curry et al.,
1983; Rasmussen and Thomsen, 2012].

The new JPC26 N. dutertrei abundance record supports our calculated 8'*Opyr-sw
record as a robust proxy for SSS change in the Florida Straits. Comparison of the
8" Oyvr.sw and N. dutertrei abundance records yields a correlation coefficient of -0.25
(Figure 5, d and e). Although the correlation coefficient does not signify a strong
relationship between these two variables across the entire record, they are extremely

similar in shape during periods of fresher conditions. Furthermore, fewer N. dutertrei
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were observed during periods of heavier SlgOIVF_SW values. Significant increases in the
amount of N. dutertrei are observed during interstadials 7, 6, 5, and 4 (Figure 5e),
consistent with the fresher conditions implied by the calculated SlgOWF_gW record at
these times. Interstadial 3 is associated with a very small increase in N. dutertrei, but no
increase is observed across interstadial 2. In general, much fewer N. dutertrei are
present during stadial periods; in fact, they are absent in the stadials just before
interstadial 5 and H2.

The sharp increase in the number of N. dutertrei across interstadial 5 could
indicate a rapid freshening at this time, consistent with the negative excursion in the
8" 0vrsw values. There is no increase across H3, consistent with a small 8'*Oyp.sw
change across the event. H2 is punctuated by a significant increase in the population of
N. dutertrei, which may have resulted from melting icebergs/ice sheets and advection of
these fresh waters to the Florida Straits from either the Mississippi River or the northern

North Atlantic.

7.4. G.ruber Ba/Ca

The previous discussion of the calculated BIBOIVF_SW record from JPC26 is based
on the assumption that evaporation and precipitation are the only active variables
affecting 8'*Oyvr.sw. However, it is possible that §'*O-depleted glacial meltwater
discharged from the Laurentide ice sheet influenced the calculated 8'*Oyyr.sw values of

MIS 2 and 3, especially during the abrupt warming events any associated melting of
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continental ice sheets [Hill et al., 2006; Schmidt and Lynch-Stieglitz, 2011]. Because
riverine waters have elevated barium concentrations, an increased influence of meltwater
should be characterized by both isotopically light 8'*Oyyr.sw values and high Ba/Ca
ratios in G. ruber.

Due to the proximity of the Florida Straits to the Mississippi River and the
dynamics of Gulf of Mexico (GOM) ocean circulation patterns, the potential exists that
increased discharge into the GOM may have been recorded in the surface-dwelling
planktonic foraminifera Globigerinoides ruber Ba/Ca ratios during the last glacial cycle.
The largest Mississippi River flood in recent times occurred in 1993, and properties of
this discharge were documented by Ortner et al. [1995] and Gilbert et al. [1996]. Hu et
al. [2005] also tracked a Mississippi River-sourced freshwater plume to the Florida
Straits and Gulf Stream during late Summer/early Autumn in 2004 and observed a much
higher chlorophyll abundance but only slightly higher nutrient concentrations. The
unique physical conditions that must be satisfied to entrain Mississippi River water and
transport it to the Florida Keys are a northward position of the Loop Current, highly
stratified surface waters, high Mississippi River discharge rates, and eastward winds
[Ortner et al., 1995; Gilbert et al., 1996; Hu et al., 2005].

Schmidt and Lynch-Stieglitz [2011]’s deglacial Ba/Ca record from JPC26
suggested that meltwater pulses affected salinity in the Florida Straits during the
deglacial, and that these events were linked to enhanced melting of the Laurentide ice
sheet. Therefore, periods of abrupt warming (e.g., interstadials) may be correlated to

maxima of Ba/Ca ratios in the planktonic foraminiferal record because of enhanced
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melting of the North American continental ice sheet.

However, the reconstructed Florida Straits Ba/Ca record from 20 to 35.45 ka BP
does not suggest increased riverine input affected salinity during interstadials.
Comparison between the reconstructed Ba/Ca and SlgOWF_gW records yields a correlation
coefficient of only 0.18 and comparison of the reconstructed Ba/Ca and N. dutertrei
abundance records yields a correlation coefficient of -0.37. This would suggest that
more N. dutertrei are present (fresher conditions) during periods of lower barium
concentrations (reduced riverine input). If increased riverine input into the Gulf of
Mexico (higher Ba/Ca) were the driver of the surface salinity decreases in the Florida
Straits, a positive correlation would be expected with N. dutertrei abundance. Therefore,
it is unlikely that changes in the JPC26 Ba/Ca record are driven by variations in
meltwater input to the Gulf of Mexico during MIS 3.

An alternate potential source of dissolved barium to continental shelves is coastal
sediments [Moore, 1999]. Sea level rise may cause previously adsorbed barium on open
shelf sediments to desorb as a response to coming into contact with saline waters [Moore
and Shaw, 1997; Hall and Chan, 2004]. This mechanism of saltwater encroachment and
resultant release of dissolved barium in groundwater has been reported from Floridian
freshwater aquifers [Moore and Shaw, 1998]. However, from 35.45 — 20 ka BP, sea
level was decreasing [Yokoyama et al., 2000; Waelbroeck et al., 2002], so there should
be minimal influence from barium in coastal sediments.

Another factor that may potentially influence the G. ruber Ba/Ca record is

enhanced weathering due to sea level changes. A correlation coefficient of -0.79 was
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calculated when comparing the JPC26 Ba/Ca record to the spliced Yokoyama et al.
[2000] and Waelbroeck et al. [2002] sea level curves (Figure 7, ¢ and d), indicating
higher Ba/Ca ratios during sea level lowstands. This suggests that a relationship may
exist between Ba/Ca ratios from the Florida Straits and eustatic sea level changes during
MIS 2 and 3. Because sea level was decreasing relative to modern from 35.45 — 20 ka
BP [Yokoyama et al., 2000; Waelbroeck, 2002], there would have been an associated
increase in the total area of shelf sediments that were exposed to the air and therefore
atmospheric processes. Enhanced erosion of recently exposed shelf sediments may have
played a role in the coeval changes between sea level and planktonic foraminiferal
Ba/Ca ratios.

As noted above, a substantial decrease in upper water column salinity is recorded
across H2 in the G. ruber §'%0¢ and 8'*Oyvr.gw records (Figure 5, a and d).
Simultaneous increases in the abundance of N. dutertrei during H2 also suggest that the
upper water column freshened at this time. However, the G. ruber Ba/Ca record shows
no positive anomaly during H2. Because glacial meltwater from the Mississippi River
would also have elevated barium concentrations, it is unlikely that the source of the
isotopically light 8'*Oyr.sw values during H2 resulted from a freshwater discharge into
the northern Gulf of Mexico. Ultimately, the source for the isotopically light waters in
the subtropical Atlantic at this time may have been in the high-latitudes, originating from
the iceberg discharge associated with H2.

Importantly, the JPC26 Ba/Ca record suggests that millennial-scale meltwater

injections into the Gulf of Mexico did not significantly influence surface salinity in the
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Florida Straits from 20 — 35.45 ka BP. Therefore, the calculated SISOWF_SW values are
probably not affected by local '*O-depleted glacial meltwater routed through the
Mississippi River and eventually to the Florida Straits. Instead, the calculated S0 vr.sw
record most likely represents regional changes in E — P in the western tropical Atlantic

and Caribbean.

7.5. Interstadial 4.2

Interestingly, both the calculated 8'80vr.sw record and the JPC26 N. dutertrei
abundance record from JPC26 suggest a return to interstadial-like conditions in the
Florida Straits at 31.8 ka BP, shortly after the start of the stadial between interstadials 5
and 4 at 32 ka BP (yellow shaded bar on Figures 5, 7, 10, 11, and 12). However, there is
no corresponding interstadial at this time in the NGRIP 880 ¢ record (Figure 51).
Furthermore, this return to interstadial-like conditions was not isolated to the Florida
Straits. It is also observed in the Cariaco Basin Fe record [Peterson et al., 2000] (Figure
11c) and in the Southern Hemisphere cave record from Peru [Kanner et al., 2012]
(Figures 11d and12c). As shown in Figure 11, there is a slight lead in the timing of this
event between the Cariaco Basin Fe record [Peterson et al., 2000] and the JPC26 record.
This may be due to the fact that the Cariaco Basin record is tuned to the GISP I §'*Oycg
record used in this study, as discussed above. Tuning the Cariaco Basin record to the
NGRIP §'%0;cg record would result in a more synchronous change with the JPC26

8" Oyvr.sw and N. dutertrei abundance records during this event.
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A northward migration of the ITCZ to an interstadial-like position would result
in greater amounts of precipitation in northern South America and Central America [€.9.,
Peterson et al., 2000; Vellinga and Wood, 2002; Lohmann, 2003; Dahl et al., 2005;
Zhang and Delworth, 2005; Stouffer et al., 2006; Correa-Metrio et al., 2012] and the
Florida Straits, consistent with the return to fresher conditions in the JPC26 BISOWF_SW
record at 31.8 ka BP. This short-lived, rebound of the ITCZ to a more northward
position would have also resulted in drier conditions in the southern tropics/subtropics,
explaining shift to heavier oxygen isotope values in the Peru speleothem record (Figure
11d) [Kanner et al., 2012]. Because this brief climate event is not present in the
Greenland ice core records, it seems likely this return to interstadial-like conditions was
limited to the tropics. If this event was only experienced in the tropics as we speculate,
it suggests a driver of tropical hydrological cycle dynamics independent of high-latitude

climate change at this time.

7.6. Estimating Geostrophic Currents from 820 in Benthic Foraminifera

Several attempts have been made to reconstruct AMOC strength directly or
indirectly during the last glacial cycle in order to determine its influence on climate
[Lynch-Stieglitz et al., 1999a; McManus et al., 2004; Piotrowski et al., 2005; Lund et
al., 2006; Praetorius et al., 2008; Lynch-Stieglitz et al., 2011]. These studies link a
reduction in inferred AMOC strength to cold temperatures in the northern hemisphere

utilizing different proxies. Although glacial-interglacial and some high-frequency
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events are resolvable, an extremely high-resolution record of AMOC variability
spanning MIS 2 and 3 currently does not exist.

The Florida Straits is located where reconstructions of geostrophic currents can
be used to infer past changes in Florida Current transport related to AMOC strength.
Lynch-Stieglitz et al. [1999b] pioneered a study that showed that the '*0 in modern
benthic foraminifera (Planulina spp. and Cibicidoides spp.) reflect the density of waters
on either margin of the Florida Straits (Florida and Bahamas platforms). The flow of
water through the Florida Straits is geostrophic, with the Coriolis force (a function of
latitude and water velocity) being balanced by a pressure gradient that is faithfully
recorded in benthic 8'*O¢ [Lynch-Stieglitz et al., 1999b; Lund et al., 2006; Lynch-
Stieglitz et al., 2011]. Increased flow results in a greater cross-straits density gradient,
while a reduction in Florida Current transport results in a smaller cross-straits density
gradient.

Lynch-Stieglitz et al. [2011] used JPC26 to reconstruct Florida Current transport
across the last deglacial and found that the Florida Current was significantly reduced
during the Younger Dryas cold period. This weakening would have resulted in a
reduction in heat transport of warm, equatorial waters to the high latitudes, and inducing
significant cooling in the North Atlantic.

Lynch-Stieglitz et al. [in prep] also developed companion benthic §'*O¢ records
from both margins of the Florida Straits in order to reconstruct past changes in Florida
Current transport from 20 — 35.5 ka BP. Because 8'*Oc changes on the Bahamas Margin

primarily reflect sea level changes and changes in temperature [Lynch-Stieglitz et al., in
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prep], changes in the ice-volume corrected benthic 5'*O¢ record from the Florida Margin
in core JPC26 can be used to infer Florida current and AMOC strength during MIS 3.
Furthermore, the G. ruber record in JPC26 reflects atmospheric circulation changes, as
discussed above. Therefore, it is possible to infer the timing of atmospheric and ocean
circulation changes across the abrupt climate events from the LGM to 35.45 ka BP.

It is clear the transition into interstadial 5 is marked by an initial freshening
recorded in the N. dutertrei abundance record (Figures 10b and 11b). The calculated
5'"® 0rvr.sw and the benthic 8'%0c values lag the N. dutertrei abundance increase by
approximately 75 years and 8 cm deeper in the core. The actual timing of the G. ruber
8'"®OvE.gw rise can be questioned because of the uncertainties involved in calculating
8" Oyvr.sw. Errors associated with instrumental analyses and errors associated with
empirical calculations (equations 1 and 2) are compounded when calculating 8 *Oryr.sw.
Therefore, more confidence is placed on the timing of the N. dutertrei abundance record
as a proxy for past salinity change because of the simplicity of that calculation. As
shown in Figures 5 and 10, the N. dutertrei abundance record closely resembles the
calculated SISOIVF_SW record, which is to be expected if N. dutertrei are sensitive to
upper ocean salinity changes. The N. dutertrei abundance record leads the benthic
8" Oyvr.c change on the transition into interstadial 5 (Figure 10). This suggests that
tropical atmospheric reorganizations may lead oceanic circulation (AMOC) changes on
the transition into the interstadials during the last glacial cycle. This lead in atmospheric
circulation changes is similar to Schmidt and Lynch-Stieglitz [2011]’s finding that

atmospheric changes occurred before oceanic changes during the transition out of the
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Younger Dryas cold period.

Otto-Bliesner and Brady [2010] used a coupled ocean-atmosphere climate model
under LGM boundary conditions and their results suggested that atmospheric responses
led oceanic circulation changes during the transition out of the Younger Dryas. In their
model, the ITCZ rebounded to its northward interstadial position before AMOC
strengthened after a freshwater induced weakening of AMOC [Otto-Bliesner and Brady,
2010]. They suggested that this response may have been viable under MIS 3 conditions.

In contrast, the transition to stadial conditions is approximately synchronous; no
lead/lag response is observed between the benthic 8" 0vr.c record and the N. dutertrei
abundance record on the transition into the stadial around 32 ka BP (Figure 10). This
implies that tropical hydrologic cycle changes were synchronous with AMOC changes
on the transition into this stadial event. This is also consistent with Schmidt and Lynch-
Stieglitz [2011]’s findings on the transition into the YD.

Another major abrupt climate event recorded by the benthic and planktonic
foraminifera occurred across H2. Based on the JPC26 benthic §'*Oyyr.c record Florida
Straits transport decreased during the onset of H2, suggesting that AMOC was reduced
at this time. This oceanic response occurs ~220 years before and 4 cm deeper in the core
than the surface ocean response that was recorded in the JPC26 calculated 8'*Opyr.sw
and N. dutertrei abundance records (Figure 14). The decrease in 8'*Oyyr.sw values and
the increase in N. dutertrei abundance was most likely caused by the advection of low

salinity waters from the high-latitude North Atlantic into the Florida Straits.
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Subtropical gyre currents may have directed these low salinity waters from the
North Atlantic to the Florida Straits, resulting in the SlgOWF_gW decrease (freshening) and

the N. dutertrei abundance increase.
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8. CONCLUSIONS

Abrupt sea surface temperature and hydrologic cycle variations in the Florida
Straits were linked to temperature variations recorded in the NGRIP 51801@5 record from
20 — 35.45 ka BP. The millennial-scale climate oscillations of MIS 3 known as
Dansgaard-Oeschger cycles and Heinrich events, were recorded in the foraminiferal
geochemical and faunal abundance proxies analyzed in core JPC26. Some interstadials
are associated with increased G. ruber Mg/Ca ratios and decreased 8'*Oyyr.sw values,
suggesting warm conditions and reduced surface salinities (decreased E — P) in the
Florida Straits, whereas stadials are generally marked by more positive §'*Oyp.sw values
and lower Mg/Ca ratios reflecting cooler, saltier conditions (increased E — P).

Based on the G. ruber record from 20 — 35.45 ka BP, long-term changes in the
barium concentration of Florida Straits surface waters are not linked to enhanced
riverine input into the Gulf of Mexico, but instead track sea level changes. Our results
indicate that there is no evidence for increased Mississippi River meltwater influence on
surface waters in the Florida Straits from 20 — 35.45 ka BP. These findings contradict
the previous hypothesis that enhanced discharge from the Mississippi River affected
AMOC strength and played an important role in abrupt climate changes during the last
glacial cycle [Flower and Kennett, 1990; Clark et al., 2001].

Furthermore, Heinrich events 2 and 3 affected the Florida Straits in different
ways. H2 conditions were extremely fresh and cooler and the benthic §'*Oyyr.c record

suggests that the Florida Current weakened, whereas no substantial changes in the
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Florida Straits salinity or Florida Current transport decrease through H3.

Comparison of the planktonic-based SISOIVF_SW reconstruction and the N.
dutertrei abundance record from 20 — 35.45 ka BP with the benthic 8'*0Opyr.c record in
core JPC26 suggests that reorganizations of the tropical hydrologic cycle may have
occurred before large-scale oceanic circulation changes (€.9., AMOC) during the
transition into interstadial 5. Whether or not the lead in atmospheric processes occurred
during each transition to millennial-scale interstadial events of MIS 2 and 3 is still
unknown, although a recent proxy reconstruction from the Florida Straits using the same
core in this study showed a lead in atmospheric circulation changes before the Florida
Current fully recovered at the end of the YD at about 11.6 ka BP [Schmidt and Lynch-
Stieglitz, 2011]. In addition, modeling results also suggest this sequence of events
during the transition into interstadial warm periods during the last glacial cycle [Otto-
Bliesner and Brady, 2010]. Decreased sedimentation rates across much of the record,
relative to interstadial 5 sedimentation rates, preclude the ability to resolve each
millennial-scale event with high confidence. However, there is a growing body of
evidence [Benway et al., 2006; Leduc et al., 2007; Otto-Bliesner and Brady, 2010;
Schmidt and Lynch-Stieglitz, 2011; this study] that suggests the tropics played a very
important role in the initiation of abrupt warming events (interstadials) of MIS 2 and 3.

The rapid hydrologic cycle changes recorded in JPC26 most likely reflect
changes in the position and strength of the ITCZ on millennial time scales and are
consistent with several other proxy reconstructions for this time interval [Peterson et al.,

2000; NGRIP members, 2004; Correa-Metrio et al., 2012; Kanner et al., 2012]. Our



results suggest that the tropical Atlantic hydrologic cycle plays an active role in

millennial-scale climate change.
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APPENDIX A

20°W 110°W 100°W

Figure 1 Study Area. The location of the core used in this study (red circle), KNR166-
2 JPC26 on the northern margin of the Florida Straits. Also noted are the positions of
the Orca Basin in the northern Gulf of Mexico, the Blake Ridge and Bermuda Rise in the
North Atlantic, the Cariaco Basin in the western tropical Atlantic, and Pacupahuain and
Botuvera caves from South America (yellow circles) (map generated using

GeoMapApp).
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Figure 3 Age Model. (A) Most probable calendar ages for JPC26 based on '*C dates
from mixed samples of G. ruber and G. sacculifer shell material and (B) tuned calendar
ages for JPC26. Radiocarbon years were calibrated to calendar years using CALIB 6.0
[Stuiver et al., 2011] and a standard marine reservoir age correction of 400 years
[Hughen et al., 2004]. Gold triangles on the x-axis indicate intervals with radiocarbon
dates and their associated error. Red triangles on the x-axis in figure A indicate new
tuned values. Dashed black lines in figure A indicate where 5'80¢ values were tuned to
NGRIP 8'®0ycg record using intervals where radiocarbon ages were measured. Dashed

purple lines indicate points where 8'*O¢ values were tuned to NGRIP §'*Oycg record.
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years were calibrated to calendar years using CALIB 6.0 [Stuiver et al., 2011] and a

standard marine reservoir age correction of 400 years [Hughen et al., 2004].



(%o VPDB)
S
P

calcite

G. ruber 0

(%o VSMOW)
sw

G. ruberd”0

20

N. dutertrei (#/gram)

10

20

i

decreased
- salinity
(E)

W TR

Calendar Age (ka BP)

(F)
warmer
| 2 [ R S
25 30 35

- -40

S

A
)

(9,) LSS eD/BIN

0,,049qn1°9

MS-3AI

(MOWSA °%)

(MOWSA °%) O,,° dI¥ON

76



77

Figure 5 G. ruber 8'®0Oc¢, Mg/Ca-SST, 8*20Osw, 820Ove-sw, N. dutertrei abundances,
and NGRIP 8"0,ce. (A) 8'®0c values in G. ruber collected from the Florida Straits
(JPC26) (green circles with weighted 3-point smooth) and corresponding unsmoothed
values (light green line). (B) Mg/Ca-SSTs (red circles with weighted 3-point smooth)
and corresponding actual SST values scale from JPC26 calculated using the general
planktonic relationship from Anand et al. [2003]: Mg/Ca = 0.38 exp 0.09(SST). The
optimistic 1o error of £0.5°C is shown. In blue along the SST axis are the high and low
annual SST values for the Florida Straits and the average annual SST. (C) Calculated
8" 0Ogw values (orange circles with weighted 3-point smooth) from the Florida Straits
(JPC26). (D) Calculated 8'*Oyr.sw values (blue circles with weighted 3-point smooth)
from the Florida Straits (JPC26). (E) Neogloboquadrina dutertrei abundances (purple
circles with weighted 3-point smooth) in Florida Straits (JPC26). (F) NGRIP 5"*Oycg
record. Gold triangles on the x-axis indicate intervals with radiocarbon dates and their

associated error.
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Figure 6 8'®0gw and 8*20ve.sw. (A) Calculated 5'*Osw values from JPC26 (dark

orange circles with weighted 3-point smooth) using the Bemis et al. [1998] relationship:

(T°C) = 16.5 - 4.80 (8"* Ocacite - 8 *Osw) and the Mg/Ca-SST relationship from Anand et

al. [2003]. (B) Global 8'*Ogw change due to continental ice volume variability (purple)

from a compilation of sea level records for 20 — 35.45 ka BP [Yokoyama et al., 2000;

Waelbroeck et al., 2002] and the relationship that a one meter increase in sea level

change equates to a change of —0.00875%o in global 8'*Oy,, values [Schrag et al., 2002].

(C) Calculated ice volume free SISOSW (BISOWF_SW) (blue circles with weighted 3-point

smooth) calculated by correcting for global 8'*Osy change due to continental ice volume

variability.
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Figure 7 "0 vr.sw, N. dutertrei, Ba/Ca, and Sea Level Comparison. (A) Calculated
8" Ovr.sw values (blue circles with weighted 3-point smooth) from JPC26 (B) N.
dutertrei abundance record (purple circles with weighted 3-point smooth) in JPC26. (C)
Foraminiferal Ba/Ca ratios in G. ruber (red circles with weighted 3-point smooth) from
JPC26 (D) Sea level changes from 20 — 35.45 ka BP [Yokoyama et al., 2000;

Waelbroeck et al., 2002].
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Figure 8 Mg/Ca-SST and Insolation Changes. (A) Mg/Ca-SST reconstructions
calculated using the traditional relationship in Anand et al. [2003] (red circles with
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35.5 ka BP.
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Figure 9 North Atlantic SST Comparison. A comparison between SST records from

the Florida Straits [this study], Orca Basin [Hill et al., 2006], Blake Ridge [Vautravers et

al., 2004] and Bermuda Rise [Sachs and Lehman, 1999] and the NGRIP §'*O;cg, record.
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Figure 10 Florida Straits Sea Surface Salinity and Florida Current Strength
Comparison Across D-O 5. (A) §"*Or.sw (blue circles with weighted 3-point smooth)
in JPC26. (B) N. dutertrei abundance record (purple circles with weighted 3-point
smooth) in JPC26. (C) Benthic §'*Oyr.c record (orange circles) in JPC26 [Lynch-
Stieglitz et al., in prep]. Note the lead in N. dutertrei/gram over benthic 8" 0wrc in gray
shaded box (interstadial 5). Yellow shaded bar represents return to interstadial-like

conditions in the tropics after interstadial 5.
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Figure 11 Tropical Hydrologic Cycle Comparison. (A) Calculated 8'*Oryr.gw values
(blue circles with weighted 3-point smooth) from the Florida Straits (JPC26). (B) N.
dutertrei abundances in Florida Straits (JPC26) (blue circles with weighted 3-point
smooth). (C) Cariaco Basin Fe record (gray circles) [Peterson et al., 2000]. (D)
Pacupahuain Cave speleothem §'*Oc record (green circles) from Peru [Kanner et al.,

2012]. (E) NGRIP 818OICE record (black circles).
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Figure 12 JPC26 Sea Surface Salinity and Speleothem Comparison. (A) Calculated
8" Ovr.sw values (blue circles with weighted 3-point smooth) from the Florida Straits
(JPC26). (B) N. dutertrei abundances in Florida Straits (JPC26) (purple circles with
weighted 3-point smooth). (C) Pacupahuain Cave speleothem &'*Oc record (green
circles with weighted 3-point smooth) from Peru [Kanner et al., 2012] (D) Botuvera

Cave 5"*Ocrecord (pink circles) from Brazil (E) NGRIP 8"80c record (black circles).
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Figure 13 Florida Straits and Gulf of Mexico Surface Salinity Comparison. (A)
Calculated 8'*Oyr.sw values (blue circles with weighted 3-point smooth) from the
Florida Straits (JPC26). (B) N. dutertrei abundances (purple circles with weighted 3-
point smooth) in Florida Straits (JPC26). (C) Orca Basin 8'*Oyyr.sw values (blue line)

[Hill et al., 2006].
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Figure 14 JPC26 Planktic and Benthic Comparison. (A) Calculated 8'*Oyg.sw (blue

circles with weighted 3-point smooth) from the Florida Straits (JPC26). (B) N. dutertrei

abundances (purple circles with weighted 3-point smooth) in Florida Straits (JPC26).

(C) Benthic §'*Oyr.c record (orange circles) in JPC26 [Lynch-Stieglitz et al., in prep].

Note the response of benthic 8]8OIVF_C values before planktic changes across H2.



APPENDIX B

Table 1. AMS *C and Calendar Ages

Core | Depth,cm | "*C Age | Error, yrs | Calendar age, Reference
ka B.P.

JPC26 848.25 20300 120 23.760 Lynch-Stieglitz
etal, 2011
JPC26 878.25 21300 95 24.896 This study

JPC26 952.25 26300 130 30.693 Lynch-Stieglitz
etal., 2011

JPC26 1014.25 28200 180 31.890 Lynch-Stieglitz
etal., 2011

JPC26 1032.25 28200 590 32.160 Lynch-Stieglitz
etal, 2011

JPC26 1074.25 29300 380 33.482 Lynch-Stieglitz
etal, 2011
JPC26 1104.25 30600 170 34.800 This study

JPC26 1118.25 30900 220 34.958 Lynch-Stieglitz
etal., 2011

91



APPENDIX C
JPC26 Geochemical Data
Probable | Tuned y
[zsr%h (égﬁs (\A(ggis 8"0c (m'\r:l]g{fr:ol) (ugzlcn?ol) ST | 80qu | ° S:VF'
BP) BP)

784.25 | 20137 | 20007 | 0.4 3.21 0.88 23.69 | 2.16 1.13
786.25 | 20251 | 20112 | 0.61 3.18 0.92 23.61 | 2.35 1.32
788.25 | 20364 | 20218 | 0.8 3.19 0.94 23.65 | 2.55 1.51
790.25 | 20477 | 20323 | 0.43 3.40 0.97 2433 | 232 1.28
792.25 | 20590 | 20428 | 0.69 2.81 0.95 2221 | 2.14 1.10
794.25 | 20703 | 20533 | 0.38 3.02 1.20 23.02 | 2.00 0.95
796.25 | 20817 | 20638 | 0.91 3.25 0.97 23.85 | 2.70 1.65
798.25 | 20930 | 20743 | 0.97 3.08 1.05 23.27 | 2.64 1.59
800.25 | 21043 | 20848 | 0.51 3.38 1.04 2427 | 2.39 1.34
802.25 | 21156 | 20953 | 0.54 3.14 1.03 2346 | 225 1.20
804.25 | 21269 | 21058 | 0.88 3.32 0.96 24.08 | 2.72 1.66
806.25 | 21383 | 21163 | 0.67 3.33 1.04 24.12 | 2.52 1.46
808.25 | 21496 | 21268 | 0.47 3.13 1.00 2341 2.17 1.11
810.25 | 21609 | 21373 | 04 3.26 1.04 23.88 | 2.20 1.14
812.25 | 21722 | 21479 | 0.31 3.43 1.09 2445 | 223 1.17
814.25 | 21835 | 21584 | 0.66 3.17 1.00 23.56 | 2.39 1.33
816.25 | 21949 [ 21689 | 0.41 3.44 1.10 2449 | 2.33 1.28
818.25 | 22062 | 21794 | 0.8 3.25 1.14 23.86 | 2.59 1.54
820.25 | 22175 | 21899 | 0.44 3.28 0.96 23.95| 2.25 1.20
822.25 | 22288 | 22004 | 0.69 3.13 1.08 2343 | 2.39 1.34
824.25 | 22402 | 22109 | 0.44 3.39 1.13 2432 | 2.33 1.28
826.25 | 22515 | 22214 | 0.65 3.23 1.15 23.78 | 2.43 1.38
828.25 | 22628 | 22319 | 0.67 3.09 1.18 2330 | 2.35 1.30
830.25 | 22741 | 22424 | 0.56 3.69 1.07 25.25 | 2.64 1.60
832.25 | 22854 [ 22529 | 0.11 3.52 1.14 2474 | 2.09 1.05
834.25 | 22968 | 22634 | 0.11 3.74 1.02 2542 | 223 1.19
836.25 | 23081 [ 22740 3.94 0.98 25.98

838.25 | 23194 | 22845 | 0.7 3.57 1.11 2489 | 2.71 1.67
840.25 | 23307 | 22950 | 0.2 3.33 1.05 24.13 | 2.05 1.01
842.25 | 23420 | 23055 | 0.54 439 1.20 27.18 | 3.02 1.99
844.25 | 23534 | 23160 | 0.73 4.20 1.15 26.70 | 3.11 2.09
846.25 | 23647 | 23265 | 0.67 3.99 0.97 26.12 | 2.93 1.91
848.25 | 23760 | 23370 0 3.06 0.88 23.18 | 1.65 0.63
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850.25 23836 | 23472 | 0.84 3.56 0.89 2485 | 2.84 1.82
852.25 23911 23573 | 0.56 3.68 0.99 2522 | 2.63 1.62
854.25 23987 | 23675 [ 0.8 3.40 1.03 2433 | 2.69 1.68
856.25 24063 23777 | 0.46 3.43 1.05 24.43 | 2.37 1.36
858.25 24139 | 23879 | 0.15 3.43 1.01 24451 2.07 1.06
860.25 24214 | 23980 [ 0.27 3.26 0.96 23.89 | 2.07 1.07
862.25 24290 | 24082 [ 0.26 3.43 1.00 24.46 | 2.18 1.18
864.25 24366 | 24184 [ 0.7 3.71 1.00 25.32 | 2.80 1.80
866.25 24442 | 24286 [ 0.48 3.59 0.97 24.96 | 2.50 1.51
868.25 24517 | 24387 [ 0.97 3.45 1.02 24.51 | 2.90 1.91
870.25 24593 24489 [ 0.9 3.55 24.83 | 2.89 1.91
872.25 24669 | 24591 [ 0.38 3.41 1.05 24.37 | 2.28 1.29
874.25 24745 24693 | 0.81 3.47 1.02 24.57 | 2.75 1.77
876.25 24820 | 24794 | 0.89 4.04 1.13 26.27 | 3.18 2.21
878.25 24896 | 24896 [ 0.54 3.82 1.04 25.65 | 2.71 1.73
880.25 25053 25057

882.25 25209 | 25218

884.25 25366 | 25379

886.25 25523 25540 [ 0.2 3.59 1.01 24.96 | 2.22 1.28
888.25 25679 | 25701 [ 0.18 3.36 0.83 2421 ] 2.05 1.11
890.25 25836 | 25862 [ 0.66 3.62 1.06 25.03 | 2.70 1.76
892.25 25993 26022 | 0.25 3.45 1.04 24.51 | 2.18 1.25
894.25 26149 | 26183 | 0.63 3.67 0.97 25.19 | 2.70 1.78
896.25 26306 | 26344 [ 0.17 3.54 0.94 2478 | 2.16 1.24
898.25 26463 26505 [ 0.48 4.02 0.93 26.20 | 2.76 1.85
900.25 26619 | 26666 [ 0.41 3.54 1.11 2479 | 2.40 1.50
902.25 26776 | 26827 | 0.55 3.28 1.05 23.93 | 2.36 1.46
904.25 26933 26988 [ 0.22 3.22 0.87 23741 1.99 1.10
906.25 27089 | 27149 [ 0.56 3.43 0.82 24.45 | 2.48 1.60
908.25 27246 | 27310 [ 0.7 3.32 0.91 24.08 | 2.54 1.66
910.25 27403 27471 | 0.23 3.46 0.89 24.53 | 2.16 1.29
912.25 27559 | 27632 | -0.07 3.43 0.86 24.44 | 1.84 0.99
914.25 27716 | 27793 | 0.4 3.23 0.77 23771 2.17 1.33
916.25 27873 27953 | 0.32 3.44 0.81 2447 2.24 1.40
918.25 28030 | 28114 [ 0.61 3.48 0.85 24.60 | 2.56 1.73
920.25 28186 | 28275 | -0.07 3.58 1.13 2492 | 1.94 1.13
922.25 28343 28436 | 0.46 342 0.99 2441 | 2.37 1.56
924.25 28500 | 28597 | 0.09 4.14 1.02 26.54 | 2.44 1.64
926.25 28656 | 28758 [ 0.23 3.48 0.86 24.61 | 2.18 1.39
928.25 28813 28919 | 0.56 3.67 0.93 2521 | 2.63 1.86
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930.25 28970 | 29080 [ 0.51 3.40 0.84 2434 | 240 1.64
932.25 29126 | 29241 [ 0.42 3.80 0.90 25.58 | 2.57 1.81
934.25 29283 29402 [ 0.6 3.44 0.89 24.48 | 2.52 1.76
936.25 29440 | 29563 [ 0.28 3.80 1.02 25.59 | 2.43 1.68
938.25 29596 | 29724 | 0.44 3.38 0.77 2428 | 2.32 1.58
940.25 29753 29884 [ 0.54 3.47 0.83 24.59 | 2.48 1.75
942.25 29910 | 30045 | 0.33 3.66 0.87 25.17 | 2.40 1.66
944.25 30066 30206 3.55 0.93 24.83

946.25 30223 30367 | 0.61 3.63 0.99 25.07 | 2.65 1.93
948.25 30380 | 30528 | 0.23 3.80 1.11 25.59 | 2.38 1.66
950.25 30536 30689 [ 0.38 3.94 0.91 2599 | 2.62 1.90
952.25 30693 30850 | 0.26 3.52 0.84 24774 | 2.24 1.53
954.25 30732 30881 | 0.14 4.20 0.84 26.69 | 2.52 1.81
956.25 30770 | 30911 | 0.19 3.90 0.93 25.87 | 2.40 1.69
958.25 30809 30942 [ 0.49 3.61 0.91 25.03 | 2.53 1.82
960.25 30847 30973 | 0.07 3.48 0.98 24.62 | 2.02 1.31
962.25 30886 31003 | 0.455 3.80 0.82 25.58 | 2.60 1.90
964.25 30925 31034 | 0.56 3.92 0.93 2593 | 2.78 2.08
966.25 30963 31065 | 0.41 3.69 0.89 25.25 ] 2.49 1.79
968.25 31002 31095 [ 0.28 3.67 0.79 25.19 | 2.35 1.65
970.25 31041 31126 | 0.325 3.74 0.78 25.41 | 2.44 1.74
972.25 31079 31156 | 0.1 3.65 0.81 25.13 | 2.16 1.45
974.25 31118 31187 | 0.66 3.39 0.79 2431 | 2.55 1.84
976.25 31156 31218 | 0.06 3.69 0.74 2526 | 2.14 1.44
978.25 31195 31248 | 0.38 3.98 0.88 26.11 | 2.64 1.94
980.25 31234 | 31279 4.09 0.76 26.40

982.25 31272 31310 [ 0.18 3.58 0.82 2492 2.19 1.49
984.25 31311 31340 | 0.16 3.49 0.75 24.63 | 2.11 1.41
986.25 31349 31371 | 0.04 3.56 0.73 24.86 | 2.04 1.34
988.25 31388 31402 [ 0.41 3.51 0.78 24.69 | 2.38 1.68
990.25 31427 31432 | 0.54 3.66 0.73 25.16 | 2.60 1.91
992.25 31465 31463 [ 0.07 3.79 0.79 25.55 | 2.21 1.52
994.25 31504 | 31494 | 0.05 3.65 0.82 25.13 | 2.11 1.41
996.25 31542 31524 | 041 3.77 0.93 25.48 | 2.54 1.85
998.25 31581 31555 | 0.23 3.86 0.75 25.76 | 2.42 1.72
1000.25 | 31620 | 31585 | 0.13 4.06 0.78 26.31 | 2.43 1.74
1002.25 | 31658 31616 | 0.12 3.44 0.75 2449 | 2.04 1.35
1004.25 | 31697 31647 | -0.07 3.76 0.77 25.46 | 2.06 1.37
1006.25 | 31736 31677 | 0.15 3.31 0.76 24.05 [ 1.98 1.29
1008.25 | 31774 | 31708 | 0.13 3.56 0.77 24.85 | 2.13 1.44
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1010.25 | 31813 31739 [ 0.37 3.59 0.82 24941 2.39 1.70
1012.25 | 31851 31769 | 0.06 3.51 0.79 2471 | 2.03 1.34
1014.25 ) 31890 | 31800 | -0.29 3.38 0.79 2429 1 1.59 0.91
1016.25 | 31936 31827 | 0.04 3.37 0.73 24271 1.92 1.23
1018.25 | 31981 31853 | 0.25 3.33 0.75 24.10 | 2.09 1.41
1020.25 | 32027 31880 | 0.34 3.73 0.89 25.37 | 2.45 1.76
1022.25 | 32072 31907 | 04 3.12 0.62 23.41 | 2.10 1.41
1024.25 | 32118 31933 0 3.46 0.81 24.56 | 1.94 1.25
1026.25 | 32163 31960 [ 0.39 3.29 0.72 24.00 | 2.21 1.53
1028.25 | 32209 31987 | 0.23 3.63 0.71 25.09 | 2.28 1.60
1030.25 | 32254 | 32013 | -0.03 3.56 0.75 24.86 | 1.97 1.29
1032.25 | 32300 | 32040 | -0.04

1034.25 | 32356 32067 | -0.1 3.51 0.73 24.69 | 1.87 1.18
1036.25 | 32413 32093 | -0.11 3.73 0.89 25.37 | 2.00 1.31
1038.25 | 32469 32120 | -0.04 3.44 0.80 24.48 | 1.88 1.20
1040.25 | 32525 32147 | -0.22 3.77 0.78 25.50 | 1.91 1.23
1042.25 | 32581 32173 | -0.41 3.63 0.76 25.06 | 1.63 0.95
1044.25 | 32638 32200 | -0.5 4.00 0.79 26.16 | 1.77 1.09
1046.25 | 32694 | 32227 | -0.38 4.10 0.88 2643 | 1.95 1.26
1048.25 | 32750 | 32253 | -0.35 3.74 0.82 2540 | 1.76 1.08
1050.25 | 32807 32280 | -0.37 3.74 0.77 2542 | 1.75 1.06
1052.25 | 32863 32307 4.07 0.87 26.34

1054.25 | 32919 32333 | -0.39 3.53 0.89 24.75 1 1.59 0.90
1056.25 | 32975 32360 | -0.34 3.35 0.73 2419 | 1.52 0.84
1058.25 | 33032 32387 | -0.07 3.93 0.80 2595 | 2.16 1.47
1060.25 | 33088 32413 | 0.1 3.92 0.82 2593 | 2.32 1.64
1062.25 | 33144 | 32440 | -0.53 3.59 0.76 24951 1.49 0.80
1064.25 | 33201 32467 | -0.31 3.33 0.69 24.10 | 1.53 0.85
1066.25 | 33257 32493 [ 0.29 4.10 0.84 2643 | 2.62 1.93
1068.25 | 33313 32520 | 0.18 3.34 0.77 24.14 | 2.03 1.35
1070.25 | 33369 32547 | 0.53 3.54 0.78 24.80 | 2.52 1.83
1072.25 | 33426 32573 | 0.01 3.50 0.73 24.67 | 1.97 1.28
1074.25 | 33482 32600 | 0.01 3.77 0.77 25.51 | 2.15 1.46
1076.25 | 33570 | 32747 | 0.05 3.60 0.71 2499 | 2.08 1.39
1078.25 | 33658 32893 [ 0.22 3.80 0.77 25.57 | 2.37 1.68
1080.25 | 33746 33040 | -0.17 3.81 0.73 25.62 | 1.99 1.30
1082.25 | 33833 33187 | 0.45 3.69 0.74 2527 | 2.54 1.85
1084.25 | 33921 33333 | 0.42 3.56 0.64 24.85 | 2.42 1.73
1086.25 | 34009 33480 | -0.21 3.25 0.77 23.84 | 1.58 0.89
1088.25 | 34097 33627 | -0.05 3.31 0.78 24.05 [ 1.78 1.09
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1090.25 | 34185 33773 | 0.01 3.66 0.77 25.17 ] 2.07 1.38
1092.25 | 34273 33920 [ -0.09 3.51 0.67 24772 1 1.88 1.18
1094.25 | 34361 34067 | -0.27 4.02 0.70 26.21 | 2.01 1.31
1096.25 | 34449 | 34213 | -0.09 3.24 0.84 23.81 ] 1.69 0.99
1098.25 | 34536 | 34360 [ 0.15 3.40 0.70 2436 | 2.05 1.34
1100.25 | 34624 | 34507 | -0.04 3.67 0.74 25.19 | 2.03 1.33
1102.25 | 34712 | 34653 | -0.4 3.19 0.72 23.62 | 1.34 0.64
1104.25 | 34800 | 34800 [ -0.19 3.22 0.72 23.76 | 1.58 0.88
1106.25 | 34823 34882 | -0.3 3.54 0.70 2479 1 1.69 0.98
1108.25 | 34845 34963 [ 0.17 3.73 0.71 2539 | 2.28 1.57
1110.25 | 34868 | 35045 | -0.01 3.45 0.59 2450 | 1.92 1.21
1112.25 | 34890 | 35127 | -0.45 3.72 0.63 25.34 ] 1.65 0.94
1114.25 | 34913 35209 [ 0.17 3.77 0.81 25.50 | 2.30 1.60
1116.25 | 34935 35290 3.92 0.90 25.94

1118.25 | 34958 | 35372 | -0.04 3.87 0.78 25.80 | 2.16 1.45
1120.25 | 34981 35454 | -0.29 4.07 0.72 26.35 | 2.02 1.32
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APPENDIX D

JPC26 Foraminiferal Abundance Data

Depth (cm) Probable Ages | Tuned Ages N. dutertrei per
(Years BP) (Years BP) gram
784.25 20137 20007 10.7
786.25 20251 20112 6.9
788.25 20364 20218 5.5
790.25 20477 20323 4.7
792.25 20590 20428 6.0
794.25 20703 20533 9.6
796.25 20817 20638 2.4
798.25 20930 20743 1.9
800.25 21043 20848 1.4
802.25 21156 20953 2.8
804.25 21269 21058 10.4
806.25 21383 21163 7.4
808.25 21496 21268 11.0
810.25 21609 21373 3.6
812.25 21722 21479 7.2
814.25 21835 21584 6.3
816.25 21949 21689 7.4
818.25 22062 21794 7.0
820.25 22175 21899 6.8
822.25 22288 22004 10.5
824.25 22402 22109 5.0
826.25 22515 22214 9.8
828.25 22628 22319 9.1
830.25 22741 22424 9.2
832.25 22854 22529 10.9
834.25 22968 22634 15.9
836.25 23081 22740 12.9
838.25 23194 22845 11.3
840.25 23307 22950 6.3
842.25 23420 23055 15.0
844.25 23534 23160 8.7
846.25 23647 23265 5.4
848.25 23760 23370 10.5
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850.25 23836 23472 19.9
852.25 23911 23573 6.1

854.25 23987 23675 12.0
856.25 24063 23777 12.1
858.25 24139 23879 12.6
860.25 24214 23980 26.3
862.25 24290 24082 16.4
864.25 24366 24184 3.0

866.25 24442 24286 0.0

868.25 24517 24387 9.3

870.25 24593 24489 6.5

872.25 24669 24591 9.8

874.25 24745 24693 7.2

876.25 24820 24794 6.0
878.25 24896 24896 3.5

880.25 25053 25057

882.25 25209 25218

884.25 25366 25379

886.25 25523 25540 11.6
888.25 25679 25701 8.2

890.25 25836 25862 7.2

892.25 25993 26022 0.0
894.25 26149 26183 6.9

896.25 26306 26344 12.8
898.25 26463 26505 18.3
900.25 26619 26666 14.7
902.25 26776 26827 8.9

904.25 26933 26988 5.0
906.25 27089 27149 10.2
908.25 27246 27310 9.3

910.25 27403 27471 5.5

912.25 27559 27632 13.5
914.25 27716 27793 14.5
916.25 27873 27953 8.7
918.25 28030 28114 9.2
920.25 28186 28275 15.2
922.25 28343 28436 23.1
924.25 28500 28597 24.2
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926.25 28656 28758 18.2
928.25 28813 28919 18.4
930.25 28970 29080 7.6
932.25 29126 29241 13.1
934.25 29283 29402 7.5
936.25 29440 29563 9.5
938.25 29596 29724 5.4
940.25 29753 29884 3.5
942.25 29910 30045 8.4
944.25 30066 30206 9.7
946.25 30223 30367 3.4
948.25 30380 30528 8.9
950.25 30536 30689 10.7
952.25 30693 30850 7.0
954.25 30732 30881 10.8
956.25 30770 30911 3.5
958.25 30809 30942 7.7
960.25 30847 30973 9.8
962.25 30886 31003 7.2
964.25 30925 31034 13.3
966.25 30963 31065 22.7
968.25 31002 31095 19.0
970.25 31041 31126 5.0
972.25 31079 31156 24.0
974.25 31118 31187 25.6
976.25 31156 31218 11.3
978.25 31195 31248 9.4
980.25 31234 31279 22.5
982.25 31272 31310 13.4
984.25 31311 31340 8.8
986.25 31349 31371 16.2
988.25 31388 31402 14.7
990.25 31427 31432 29.8
992.25 31465 31463 23.4
994.25 31504 31494 26.5
996.25 31542 31524 33.5
998.25 31581 31555 21.7
1000.25 31620 31585 13.4
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1002.25 31658 31616 23.4
1004.25 31697 31647 28.7
1006.25 31736 31677 19.6
1008.25 31774 31708 22.7
1010.25 31813 31739 23.2
1012.25 31851 31769 15.8
1014.25 31890 31800 49.5
1016.25 31936 31827 31.2
1018.25 31981 31853 7.9
1020.25 32027 31880 15.0
1022.25 32072 31907 1.9
1024.25 32118 31933 13.9
1026.25 32163 31960 20.6
1028.25 32209 31987 3.5
1030.25 32254 32013 28.4
1032.25 32300 32040 13.6
1034.25 32356 32067 12.1
1036.25 32413 32093 20.4
1038.25 32469 32120 32.7
1040.25 32525 32147 31.4
1042.25 32581 32173 44.3
1044.25 32638 32200 26.5
1046.25 32694 32227 12.7
1048.25 32750 32253 23.8
1050.25 32807 32280 38.1
1052.25 32863 32307 21.2
1054.25 32919 32333 35.1
1056.25 32975 32360 17.3
1058.25 33032 32387 33.5
1060.25 33088 32413 36.1
1062.25 33144 32440 19.8
1064.25 33201 32467 19.0
1066.25 33257 32493 19.4
1068.25 33313 32520 8.8
1070.25 33369 32547 11.0
1072.25 33426 32573 0.0
1074.25 33482 32600 7.5
1076.25 33570 32747 0.0
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1078.25 33658 32893 0.0
1080.25 33746 33040 3.0
1082.25 33833 33187 10.3
1084.25 33921 33333 16.9
1086.25 34009 33480 30.7
1088.25 34097 33627 423
1090.25 34185 33773 17.8
1092.25 34273 33920 14.4
1094.25 34361 34067 16.0
1096.25 34449 34213 18.5
1098.25 34536 34360 23.6
1100.25 34624 34507 27.8
1102.25 34712 34653 31.3
1104.25 34800 34800 28.0
1106.25 34823 34882 24.8
1108.25 34845 34963 12.1
1110.25 34868 35045 22.7
1112.25 34890 35127 18.0
1114.25 34913 35209 56.0
1116.25 34935 35290 33.7
1118.25 34958 35372 12.0
1120.25 34981 35454 25.9
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