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Decadal- to centennial-scale tropical Atlantic climate variability
across a Dansgaard-Oeschger cycle
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[1] The patterns and forcing mechanisms of climate variability on decadal to centennial
time scales represent a major void in our current understanding of Earth’s climate system.
Furthermore, the response of the low latitudes to abrupt climate change is also not well
understood, as most high-resolution paleoclimate studies are from midlatitudes and high
latitudes. This study explores the tropical Atlantic response to a Dansgaard-Oeschger cycle
(Interstadial 12) using ultra-high resolution (~2-3 years) foraminiferal census data from
Cariaco Basin sediments. The interpretation of the abundance records for the onset of
Interstadial 12 is complicated by the competing effects of rising sea level on Ekman-
induced upwelling within the Cariaco Basin and migrating Intertropical Convergence
Zone—associated variations in trade wind location and fluvial nutrient delivery to the basin.
The foraminiferal abundance records for the latter part of the interstadial suggest a
southerly shift in the average annual position of the Intertropical Convergence Zone that
acted to enhance upwelling and productivity within the Cariaco Basin. Sea level eventually
reached a critical point in the transition back to stadial conditions that led to upwelling
of nutrient-depleted waters and a decline in productivity within the basin. Spectral analyses

of the Globigerina bulloides absolute abundance records reveal significant variability
ranging from subdecadal- to centennial-scale. Atlantic multidecadal-scale climate
variability is only evident in the warmest interval of Interstadial 12, suggesting that
variability on this scale may only operate during warm climate periods, something that has
significant implications for modern and near-future climate variability.
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1. Introduction

[2] Climate variability occurs on a number of different
time scales, ranging from glacial-interglacial cycles to much
shorter interannual fluctuations such as the El Nifio—Southern
Oscillation (ENSO). Early ice core records revolutionized
our view of climate change with the discovery of Dansgaard-
Oeschger (D-O) cycles in Greenland ice core data
[Dansgaard et al., 1982, 1993]. Originally thought to be
restricted to the high-latitude North Atlantic, expressions of
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D-O cycles are found globally [Voelker, 2002; Clement and
Peterson, 2008], including the subtropical Pacific [Beh!l and
Kennett, 1996], the Gulf of California [Schrader et al.,
1980], the tropical Atlantic [Peterson et al., 2000], and
Antarctica [Steig et al., 1998]. The high-latitude response to
D-O cycles appears to be largely temperature-related
[Dansgaard et al., 1993; Steig et al., 1998], but this is not the
case at lower latitudes. For example, sediment records from
the Santa Barbara and Guaymas Basins indicate variations in
North Pacific Intermediate Water intensity and subsequent
ventilation of eastern Pacific middepth waters across D-O
cycles [Schrader et al., 1980; Behl and Kennett, 1996].

[3] Studies from the Cariaco Basin using sediment reflec-
tivity and trace element composition show variations in
sediment organic carbon content and oxygenation of the
basin’s deep waters associated with D-O cycles [Peterson
et al., 2000]. Paired oxygen isotope and Mg/Ca paleother-
mometry records from the Cariaco Basin across Marine Iso-
tope Stage (MIS) 3 indicate warmer and fresher conditions
during interstadials, with an increase of ~3-4°C at stadial-
interstadial transitions [McConnell et al., 2007]. This study
explores the tropical Atlantic response to a single D-O event
(Interstadial 12 (IS12)) using ultrahigh resolution foraminiferal
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census data from Cariaco Basin sediments. The micro-
paleontological approach provides a different perspective on
abrupt climate change in the tropics than previous geochemical-
based reconstructions. Furthermore, and to the best of our
knowledge, the high-resolution sampling performed as part
of this study allows us to characterize subdecadal- to centennial-
scale climate faunal variations at a higher resolution than
any previous investigation of D-O cycles from the global
marine archive.

2. Study Area

[4] The Cariaco Basin, situated on the northern continental
shelf of Venezuela, is an ideal location to study past climate
change on multiple time scales. It has served as the setting
for numerous paleoclimate studies of the tropical Atlantic
[e.g., Peterson et al., 1991,2000; Hughen et al., 1996a; Black
etal., 1999, 2007; Tedesco and Thunell, 2003a; Peterson and
Haug, 2006]. High-resolution climate reconstructions from
the Cariaco Basin are possible because of the basin’s high
sediment accumulation rates and predominantly anoxic
conditions, which result in the preservation of varves [Hughen
et al., 1996b].

[5] The basin is divided into two major subbasins, each
reaching a maximum depth of ~1400 m, separated by a
central saddle at ~900 m water depth [Richards, 1975;
Schubert, 1982]. Modern connections to the Caribbean Sea
occur via two shallow passages—the Centinela Channel in
the northwest and the Tortuga Channel in the northeast, with
water depths of 146 m and 135 m, respectively [Alvera-
Azcarate et al., 2009]. However, sea level was signifi-
cantly lower during the focus of our study, with the sill depth
likely fluctuating between 60 and 80 m. Today, surface
waters within the basin can exchange freely with Caribbean
surface waters, but waters below the sill depth are poorly
ventilated.

[6] The Cariaco Basin sits near the northern limit of the
annual latitudinal range of the Intertropical Convergence
Zone (ITCZ) [Haug et al., 2001]. Between January and
March, the ITCZ is located in a position just south of the
equator, and strong easterly trade winds blow along the
northern coast of Venezuela leading to Ekman-induced
upwelling of cool, nutrient-rich waters and high primary
productivity [Scranton et al., 2006]. This time of year is also
the local dry season as the ITCZ and its associated precipi-
tation lie far to the south. The intense upwelling during this
period contrasts sharply with the diminished trade winds and
weakened upwelling over the basin that accompanies the
northward shift of the ITCZ during the Venezuelan rainy
season, which begins in June or July. The regional rainy
season also results in the enhanced delivery of terrigenous
material to the basin from local rivers [Peterson et al., 2000;
Martinez et al., 2010].

[7] The strong seasonal climatology is reflected in the
biological variations within the surface waters of the Cariaco
Basin, including that of the planktonic foraminifera. The
spatial and temporal distributions of the planktonic forami-
nifera species are related to environmental parameters such
as temperature, salinity, nutrients, and food supply [7edesco
and Thunell, 2003b]. Cariaco Basin sediment trap data col-
lected between January 1997 and December 1999 quantified
seasonal variations in planktonic foraminiferal flux and
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assemblage composition [Tedesco and Thunell, 2003b].
Nine species/varieties of planktonic foraminifera constitute
>85% of the assemblage: Orbulina universa, Globiger-
inoides ruber (pink and white varieties), Globigerina bul-
loides,  Globigerina  quinqueloba, Neogloboquadrina
dutertrei, Globorotalia crassaformis, Globorotalia menar-
dii, and Globigerinita glutinata [Tedesco and Thunell,
2003b]. While these species are present throughout the
year, their flux and relative contribution to the population
vary both seasonally and interannually. This study will focus
on three of these species: G. bulloides, N. dutertrei, and
G. ruber (white).

3. Materials and Methods

[8] In May 2003, five Calypso piston cores were collected
from the Cariaco Basin aboard the R/V Marion Dufresne as
part of the Paléoclimatologie Isotopes CAlypso pour les Séries
Sédimentaires Océaniques (PICASSO) campaign of the
International Marine Past Global Change Study (IMAGES) XI
program. MD03-2622 (10°42.69" N 65°10.15" W, 877 m
water depth), the core used in this study, was recovered from
the western side of the central saddle and has a length of
48.3 m. The core recovered a complete and continuous
sequence spanning back through Termination II and into
MIS 6. The average sedimentation rate for the entire core is 35
cm per thousand years. The core shows virtually no evidence
of disturbance from the coring procedure, and an abundance of
aragonitic pteropods in the recovered sediments indicates
excellent carbonate preservation. This study explores the
transitions into and out of IS12 (47,800 —~44,800 years BP),
which was selected for its distinct “sawtooth” appearance in
both the North Greenland Ice Core Project (NGRIP) 8180
record [Rasmussen et al., 2006] and sediment reflectivity data
(Figures la and 1b). Sediment deposited during the stadial
preceding IS12 is bioturbated, while sediment deposited dur-
ing IS12 is visibly laminated throughout almost the entire
interstadial (Figure 2) and largely devoid of benthic micro-
fauna, indicating deposition under anoxic conditions. Focus-
ing on the transitions into and out of IS12 allows us to compare
conditions in the tropical North Atlantic across a period of
abrupt warming and gradual cooling in the high-latitude North
Atlantic.

[9] Sediment from IS12 was sampled at consecutive one
mm intervals over the interval of 19.0 to 20.5 m in the core
and freeze-dried. Approximately two thirds of each sample
was rehydrated and disaggregated with deionized water, and
then wet-sieved through a 63 pm mesh. The coarse fraction
(>63 pm) was dried and sieved again through a 150 pm
mesh. While all of the IS12 samples went through initial
processing, foraminiferal census counts were performed on a
subset of the samples (1 mm intervals from 19.96-20.50 m
and 19.00-19.54 m), which cover the critical intervals
spanning the onset and termination of IS12, respectively. For
each sample in these intervals, the >150 ym fraction was
split using a Sepor microsplitter until a suitable aliquot
of at least 300 foraminifera was reached to minimize
counting errors [/mbrie and Kipp, 1971]. The abundances
of Globigerina bulloides, Neogloboquadrina dutertrei, Orbu-
lina universa, Globigerinella aequilateralis, Globorotalia
crassaformis, Globorotalia menardii, Globigerinoides ruber
(pink and white varieties), Globigerinoides sacculifer,
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Figure 1. (a) NGRIP 6'®0 record (blue line) used as a proxy for air temperature over Greenland
[Rasmussen et al., 2006]. More depleted 6'%0 values indicate cooler temperatures, while enriched §'%0
values indicate warmer temperatures. (b) MD03-2622 sediment reflectivity (black line) across IS12, where
darker, less reflective sediments are indicative of a higher content of organic matter. (¢) MD03-2622 iron
spectra (red line) across IS12 collected via XRF scanning. Beige shaded regions indicate the two sections
of MD03-2622 where foraminiferal census data were collected. NGRIP §'%0 record is plotted against the
NGRIP age model, while sediment reflectivity and iron spectra are plotted against depth in MD03-2622.
Globigerina  rubescens, Globorotalia  truncatulinoides, samples, and counting errors only involved misidentification of

Pulleniatina obliquiloculata, Globigerina quinqueloba, and
Neogloboquadrina pachyderma were determined using a
standard binocular microscope. These are the most abun-
dant foraminifera species in the Cariaco Basin sediment
record, and the abundances of several of these species
have been used in prior studies from the basin as signifi-
cant indicators of past climate variability [Overpeck et al.,
1989; Peterson et al, 1991; Black et al, 1999]. Any
other species present were grouped into an “other” category.
Replicate counts were performed approximately every ten

a single G. bulloides specimen in ten replicate samples. The
minimum number of G. bulloides counted for any interval was
97 individuals, thus any potential counting error of this species
would have a minimal overall impact on the total foraminiferal
population of the sample. Relative and absolute abundances
were then calculated from the foraminiferal census data to
examine changes in the contribution of each species to the total
assemblage, and the controls on the abundances of each indi-
vidual species. The relative abundance is calculated as a per-
centage value of the total counted foraminiferal population,
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Figure 2. Composite photograph of sediment core MD03-2622 representing the interval that contains
IS12 from 2050-1900 cm depth. Note the visible laminations in the core interval during IS12, suggesting
that these sediments were deposited under anoxic conditions.
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Figure 3. Example 10 mm section of sediment XRF iron
counts used to establish a chronology for the IS12 section
of MD03-2622. Blue arrows represent the minimum number
of iron peaks counted in this section, and red arrows repre-
sent the additional peaks counted toward the maximum
number of peaks in the section.

while the absolute abundance is calculated as the number of
foraminifera normalized to per gram of dry sediment.

3.1.

[10] Prior studies have demonstrated that variations in
Cariaco Basin sediment color are in phase and synchronous
with Greenland climate change within the limits of dating
error [Hughen et al., 1996a; Peterson et al., 2000]. On this
basis, an initial age model for the IS12 section of the sedi-
ment core was created by visually matching tie points
between the MD03-2622 sediment reflectance data and the
well-dated North Greenland Ice Core Project (NGRIP) 6 %0
chronology [Rasmussen et al., 2006], and linearly interpo-
lating between these points (Figures la and 1b). However,
given the inherent error in visually matching tie points and
the low resolution in which the sediment reflectivity data
was collected, it was important to develop a more accurate,
higher-resolution age model comparable to the resolution of
the census data.

[11] To accomplish this, an “independent” age model for the
IS12 section of MD03-2622 was created by examining
downcore variations in elemental iron abundance throughout
the section. Cariaco Basin sediments exhibit a distinct annual
peak in iron abundance associated with increased delivery of
terrigenous sediment during the regional rainy season
[Peterson et al., 2000; Peterson and Haug, 2006]. In principal,
using sediment iron abundance in the core is analogous to
counting tree rings—one should be able to determine the age
of the sediments by counting yearly peaks in iron abundance.
Elemental abundances of iron were measured for the IS12 core
section using scanning X-ray fluorescence (XRF) at 100 pm
intervals (Figure 1¢). We divided the XRF data into 10 mm
sections and counted what we considered the minimum and
maximum number of iron peaks for each section (Figure 3).
The minimum and maximum values for the 10 mm interval
were then averaged to take into account that there may be more
distinct peaks or even double peaks during some years, or
weak and even no peaks during other years. Error for each
section was calculated as the difference between the minimum
and maximum year values for each 10 mm interval, and
cumulative error upcore was calculated as the sum of the errors

Age Model Development
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over preceding intervals. We excluded sections of core that
contained visible microturbidites from our peak counts, which
accounted for 65mm of the core section, or ~4% of the entire
IS12 interval of MD03-2622. Finally, we pinned the base of
our iron peak age model to a starting point in the NGRIP §'*0
chronology [Rasmussen et al., 2006] using the sediment
reflectivity correlation. At the top of our section of core, the
difference between the iron-based age model and one based
entirely on sediment reflectivity-NGRIP §'®0 correlations is
331 years (Figure 4). The cumulative error in the iron-based
age model at the end of the section is +/—233 years, thus a
minimum difference between the age models could be
~100 years. This is likely due to the inherent error in
visually matching tie points between records, and the reso-
lution differences in which the sediment reflectivity and ice
core §'%0 data were collected. The iron-based chronology
indicates that our 1 mm sampling results in a temporal
resolution of approximately 2-3 years per sample, allowing
for an unprecedented level of detail for a D-O cycle
reconstruction.

4. Results

[12] Population data were collected for thirteen species of
planktonic foraminifera. While we focus primarily on var-
iations in G. bulloides, data from two other species, N.
dutertrei and G. ruber (white), provide supporting informa-
tion for the interpretation of the G. bulloides record. The
remaining ten species either make up only a small portion of
the total assemblage, or their population response to modern
climate variability and hydrographic conditions is not suffi-
ciently well understood to extrapolate into the past.

4.1. The Onset of Interstadial 12

[13] Foraminiferal census data were collected on 540 sam-
ples representing the preceding late stadial conditions
(~47,800-47,400 years BP), the abrupt onset of IS12
(~47,40047,250 years BP), and early IS12 (~47,250-
46,660 years BP). In the late stadial preceding IS12, G. bul-
loides abundances (Figure 5¢) fluctuate on centennial scales
between ~500 G. bulloides/g and ~1,200 G. bulloides/g.
From a relative percent perspective (Figure 6b), G. bulloides is
the dominant species during stadial conditions, comprising
between ~70-85% of the foraminiferal assemblage until the
abrupt onset into IS12. During the transition into IS12, noted
by the abrupt decline in sediment reflectance, G. bulloides
abundances remain relatively constant at ~300 G. bulloides/g,
while the species contribution to the total foraminiferal popu-
lation declines abruptly from ~60 to 30%. During the early
part of IS12, G. bulloides abundances gradually increase from
~200 G. bulloides/g to maximum values of ~1800 G. bul-
loides/g between 47,100-46,845 years BP before declining
again. This peak in G. bulloides abundance at 46,845 years BP
also corresponds to the peak in total foraminiferal abundance
for the onset of IS12, with values reaching nearly 3,000 fora-
minifera/g (Figure 5b). Globigerina bulloides comprises ~40—
60% of the foraminiferal assemblage during early IS12.

[14] Throughout the preceding late stadial the abundances
of N. dutertrei (Figure 5f) do not vary significantly, aver-
aging ~20 N. dutertrei/g, and the species does not contribute
significantly to the total foraminiferal assemblage
(Figure 6¢). During the transition into IS12, abundances of
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Figure 4. Age-depth comparisons of iron peak (red line with error bars) and reflectivity (blue line) based age
models. Error bars were calculated as the difference between the minimum and maximum number of iron
peaks for each 10 mm section. Cumulative error upcore was calculated as the sum of the current 10 mm sec-

tion and the error of all of the preceding sections.

N. dutertrei rise abruptly, increasing by nearly an order of
magnitude in less than 50 years and comprising ~50% of the
foraminiferal population. After the species’ abrupt increase
during the transition into IS12, abundances and relative
percent decline and remain low during early IS12, contrib-
uting ~10% to the foraminiferal assemblage.

[15] The abundances of G. ruber decline steadily over the
preceding stadial and the transition into IS12 (Figure 5g),
with relative percentages declining from ~7 to 2%
(Figure 6d). Throughout early IS12, abundances of G. ruber
are very low and G. ruber contributes ~1% to the forami-
niferal assemblage.

4.2. The Transition out of Interstadial 12

[16] Foraminiferal census data were also collected on 540
samples representing the latter portion of IS12 and the
transition into the following stadial (~45,885-44,820 years
BP). The abundance record of G. bulloides for the latter part
of IS12 (Figure 5e) begins relatively high although highly
variable, and then values decrease between ~45,700 and
45,550 years BP. Abundances increase again at 45,450 years
BP, peaking around 45,350 years BP, after which G. bul-
loides abundance values steadily decrease through the end of
the interstadial and the transition back to stadial conditions.
The relative percent of G. bulloides (Figure 6b) does not
show any distinct long-term trends, but instead oscillates
around a mean of 55%, with fluctuations never exceeding
~70% or dropping below ~35%.

[17] The N. dutertrei abundance record (Figure 5f) is very
similar to that of G. bulloides. Abundance values start rela-
tively high but variable before values decrease between
~45,700 to 45,500 years BP. Abundances increase again at
~45,450 years BP, peaking at ~45,350 years BP, after

which N. dutertrei abundance values steadily decrease
through the end of the interstadial. The contribution of N.
dutertrei to the total foraminiferal population (Figure 6¢) for
late IS12 is ~20% and declines to ~10% on the transition
back to stadial conditions. The major patterns of variability
in the G. bulloides and N. dutertrei absolute abundance
records (Figures 5e and 5f) closely match the overall total
foraminiferal abundance (Figure 5b) for the transition out of
IS12.

[18] The abundance record of white G. ruber during the
IS12 termination (Figure 5g) contains two very abrupt
peaks at ~45,340 years BP and ~45,400 years BP, and a
smaller peak around ~45,525 years BP. Aside from these
abundance maxima, abundance levels remain <~50 indivi-
duals/g for the remainder of the record. White G. ruber
generally contributes <5% to the total foraminiferal popu-
lation (Figure 6d), except for periods associated with the
abundance peaks, at which time white G. ruber makes up
~20% of the total population. Relative percent values
increase from <1% to ~10% during the early stadial con-
ditions following IS12.

5. Discussion

[19] Several prior studies of Cariaco Basin sediments have
used the abundances of planktonic foraminifera to recon-
struct past climate variability [Overpeck et al., 1989; Peterson
et al., 1991; Black et al., 1999]. These studies focused on the
abundance of G. bulloides as a proxy for upwelling and
hence indirectly as an index for trade wind intensity and
ITCZ position, although more recent work suggests that the
Cariaco G. bulloides population can respond to local nutrient
input from fluvial sources as well [Peterson et al., 2000;

50f12



PA3218

HERTZBERG ET AL.: TROPICAL ATLANTIC D-O CYCLE

Age (kyr BP)
45.0 45.4 45.8 46.8 47.2 47.6

e e

Stadial
Conditions

4000

Peak IS12
Conditions

% Reflectance

(B#) @duepunqy eiajiuiwelod [ejo |

10000

8000

6000

Arz et al. [2007]
(uncorrected)
ATz et al. [2007]

4000 " (temperature corrected!

orre
= Siddall et al. [2003]

Iron (counts/sec)

-60
-70

-80
2000

1600 0

(w) Juasaid 0} aAje|3Y |[9AdT] BOS

1200

800

G. bulloides Abundance (#/g)

600

400

200

(B/#) @ouepunqy re48np ‘N

G. ruber (w) Abundance (#/g)

I M
P ot il g
i I T 1 1 N 1 n 1 n

45.0 45.4 45.8 46.8 47.2 47.6
Age (kyr BP)

Figure 5. (a) MD03-2622 sediment reflectivity (black line) across IS12. (b) Absolute foraminiferal abun-
dance (purple line) across IS12 expressed as the total number of foraminifera counted per sample per gram
of sediment. (c) XRF iron spectra (red line) across IS12. (d) Records of global sea level change (expressed
relative to present-day sea level) reconstructed from sediment cores from the Red Sea. Siddall et al. [2003]
data (red line) are based on central Red Sea planktic foraminiferal isotopes, while 47z et al. [2007] data (blue
lines) are based on northern Red Sea benthic isotopes. Both versions of the A7z et al. [2007] sea level records
are plotted with the temperature corrected (light blue line) and uncorrected (dark blue line) data. Differences in
the timing of the sea level changes in both records are likely due to the different methods in which the respec-
tive age models were constructed. (e) Globigerina bulloides (dark blue line), (f) Neogloboquadrina dutertrei
(pink line), and (g) Globigerinoides ruber (white) (light blue line) absolute abundances calculated as the num-
ber of individuals per gram of sediment. Green shaded region indicates stadial conditions and beige shaded
region indicates peak IS12 conditions.
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Figure 6. (a) MDO03-2622 sediment reflectivity (black line) across IS12. (b) Globigerina bulloides (dark
blue line), (c) Neogloboquadrina dutertrei (pink line), and (d) Globigerinoides ruber (white) (light blue
line) relative abundances calculated as the percentage of each species to the total foraminifera population
for each sample. Green shaded region indicates stadial conditions and beige shaded region indicates peak

IS12 conditions.

Black et al, 2001]. We take a similar approach in
interpreting the foraminiferal census records presented here,
although we also bring two other species into the discussion:
N. dutertrei and G. ruber (white). Within the Cariaco Basin,
G. bulloides is the dominant planktonic foraminifera species
during the modern upwelling season, with fluxes reaching
~4000 shells m 2 day ' and comprising between 50% and
75% of the total flux during this period [Tedesco and
Thunell, 2003b]. The abundance of G. bulloides is con-
trolled primarily by variations in surface water productivity
[Thunell and Reynolds, 1984; Reynolds and Thunell, 1985],
thus its maximum flux and population contribution occur
during the upwelling season. Neogloboquadrina dutertrei
thrives in a well-stratified photic zone, and lives within the
thermocline close to the chlorophyll maximum, a zone of
high productivity and maximum food supply [Fairbanks
et al., 1982]. Chlorophyll values are highest in the basin
during spring upwelling when the chlorophyll maximum
shoals to 0-25 m [Muller-Karger et al., 2001]; this period

coincides with the peak flux of N. dutertrei [Tedesco and
Thunell, 2003b]. Globigerinoides ruber inhabits the surface
mixed layer [Deuser, 1987] and is most abundant in sub-
tropical to tropical oligotrophic waters [Miro, 1971]. Like
most taxa in the Cariaco Basin, G. ruber (white) experiences
maximum flux during upwelling. However, this species
accounts for less than 10% of the total annual flux, but con-
stitutes 20-30% of the total assemblage when the percentage
of G. bulloides is at a minimum and SSTs are beginning
to decrease just prior to upwelling [Tedesco and Thunell,
2003b]. Using these species’ ecological preferences we
attempt to elucidate aspects of tropical Atlantic climate
variability during 1S12.

5.1. The Onset of Interstadial 12

[20] While previous studies have used G. bulloides abun-
dance as a proxy for trade wind strength and ITCZ position,
interpreting the G. bulloides abundance record at the onset
of IS12 is not straightforward due to the competing effects of
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rising sea level on Ekman-induced upwelling within the
Cariaco Basin and migrating ITCZ-associated variations in
trade wind location and fluvial nutrient delivery to the basin.
The relationship between G. bulloides abundance and sedi-
ment reflectivity does not behave as expected (i.e., strongly
correlated, Figures 5a and Se), thus interpreting this species’
abundance fluctuations strictly as an upwelling indicator
should be treated with caution. Indeed, a previous study of
Cariaco Basin sediments noted that carbonate accumulation,
largely driven by foraminiferal productivity in the basin, was
inversely correlated with sediment reflectivity [Peterson et al.,
2000]. Therefore, the relation between G. bulloides abundance
and productivity appears more complex than originally
thought.

[21] Sea level is thought to have been 90-95 m below
present just prior to IS12 (Figure 5d) [Siddall et al., 2003,
2008; Rohling et al., 2008], comparable to sea level at
12,600 years BP (radiocarbon age) [Fairbanks, 1989]. It is
important to note that we base our discussion of the effects
of sea level on our records on the Red Sea reconstruction of
Siddall et al. [2003], as a later reconstruction from the Red
Sea [Arz et al., 2007] using a different method obtained
slightly different magnitudes and overall sea level changes
across IS12 (Figure 5d). Peterson et al. [1991] suggested
that the Cariaco Basin upwelling zone was displaced to the
north, outside of the Cariaco Basin prior to 12,600 years BP
as a result of significantly lower sea level, exposure of the
Unare Platform to the south, and resulting effects on Ekman
dynamics within the basin under low-stand conditions. In
addition, diminished productivity has been inferred for the
stadial preceding IS12 based on low dinoflagellate cyst
accumulation in Cariaco Basin sediments of that age
[Gonzdlez et al., 2008]. Under modern conditions in the
Cariaco Basin, high-nitrate Subtropical Underwater (SUW)
enters the basin and is brought to the surface during the
spring upwelling season, elevating nutrient concentrations in
the upper water column and stimulating phytoplankton
growth [Muller-Karger et al., 2001]. It has been suggested
that periods of reduced productivity in the Cariaco Basin
during MIS 3 are likely due to shallow sill depths, inhibiting
the inflow of Subtropical Underwater and restricting the
availability of nutrients [Gonzdlez et al., 2008]. In addition,
studies from the Bahama Bank and central Caribbean sug-
gest that SUW was depleted in nutrients during glacial
intervals [Slowey and Curry, 1995; Kameo et al., 2004],
with even greater nutrient depletions during Heinrich Events
[Vink et al., 2001]. However, G. bulloides abundances dur-
ing the late-stadial preceding IS12 are not distinctly lower
than those observed during and after the interstadial onset
(Figure 5e); in fact, they are greater. Furthermore, percen-
tages of G. bulloides are higher during the late-stadial and
decline as one moves into the interstadial (Figure 6b),
showing an inverse correlation with sediment reflectivity.
While it is possible that G. bulloides was able to out-
compete companion foraminifera species during reduced
productivity conditions, this would be the opposite of what
is observed in the basin today [Tedesco and Thunell, 2003b].

[22] Sea level increased 20-30 m across IS12 (Figure 5d)
[Siddall et al., 2003], raising sill depths equivalent to those
experienced during the Younger Dryas, a time when
upwelling did occur within the Cariaco Basin [Hughen et al.,
1996a]. If one looks at the onset of IS12 only after the rise in
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sediment reflectivity, G. bulloides abundance follows the
same trend—as sediments get richer in organic carbon (i.e.,
darker and less reflective), G. bulloides abundance increases.
This still leaves the relatively high G. bulloides abundances
during the late-stadial without a clear explanation, at least
from the perspective of upwelling variability.

[23] Another possible control on G. bulloides abundance,
albeit an indirect one, is fluvial nutrient delivery through the
onset of IS12. An argument for increased fluvial input to the
basin at the IS12 onset is supported by census data from M.
dutertrei and G. ruber (white). Neogloboquadrina dutertrei
prefers a well-stratified photic zone, where it dwells in the
thermocline, close to the chlorophyll maximum [Fairbanks
et al., 1982]. Abundances of N. dutertrei shift to very high
values just after the abrupt transition into the interstadial
(Figure 5f). It is clear that an ecological threshold was
reached which contributed to N. dutertrei flourishing at this
point. Given what we know about the preferred habitat of V.
dutertrei, its abundance pattern suggests an increasingly
stratified water column, most likely on a seasonal basis,
resulting from a climatically sudden increase in boreal
summer/fall precipitation as the ITCZ migrated north.
Abundance and relative percent data for N. dutertrei display
nearly identical patterns, suggesting that variations in this
species’ abundance play a role in driving the relative percent
of other species in the assemblage. The abundance patterns
of G. ruber (white) also support the notion of increased fluvial
input to the basin at the interstadial onset. The white variety of
G. ruber is a tropical to subtropical species that inhabits the
surface mixed layer between 0 and 45 m water depth [Deuser,
1987; Bé, 1982], and is most abundant in oligotrophic waters
[Fairbanks et al., 1982]; it reaches maximum abundances in
regions where salinity is relatively high [Kemle-von Miicke
and Oberhdnsli, 1999]. The gradual decline in G. ruber at
the transition into IS12 (Figure 5g) is likely related to a com-
bination of reduced salinity as regional precipitation and flu-
vial flow to the basin increased, and the resultant change from
oligotrophic waters to more eutrophic conditions with
increased productivity. Neogloboquadrina dutertrei shows an
abrupt response to the IS12 onset as the species was able
to take advantage of the increased productivity associated
with enhanced fluvial input of nutrients at the onset of IS12.
Globigerinoides ruber populations may have been weak
during the preceding stadial as a result of shallower sill
depths and decreased food supply associated with upwelling
of nutrient-depleted water. An increase in fluvial input to the
basin at the onset of IS12 would have led to a further decline
in G. ruber populations due to decreased surface water
salinity and more eutrophic conditions.

[24] One of the goals of this study was to explore the
nature of decadal- to centennial-scale variability in the
tropical Atlantic during a time when boundary conditions
were very different from today. To that end we performed
multitaper spectral analysis on the G. bulloides abundance
data to identify significant modes of variability. We divided
the onset of IS12 into two sections for spectral analysis to
allow us to directly compare stadial versus interstadial con-
ditions: the period from 47,800 to 47,398 years BP repre-
sents the late-stadial interval just prior to IS12, and the
period from 47,398 to 46,658 years BP represents the abrupt
transition into IS12. For the late stadial period prior to the
beginning of IS12, spectral analysis reveals concentrations
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Figure 7. Spectral analyses for the (a) stadial period prior to IS12, (b) transition into IS12 and peak IS12
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corresponding section of the G. bulloides abundance data used for the analysis (beige shading in inset).
Red, blue, and orange lines indicate the 99, 95, and 90% confidence intervals, respectively. For spectral
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above the peak.

of variance above the 99% confidence level in subdecadal to
decadal modes (8.5 to 9.0 years and 14.8 years) and a mul-
ticentennial mode (130 to 500 years) (Figure 7a) that is
poorly defined due to the length of the late stadial portion of
the record (402 years).

[25] The 8.5 to 9.0 year period is comparable to that
associated with the North Atlantic Oscillation (NAO). In the
modern climate system the NAO is strongly correlated with

midlatitude variability but only weakly correlated with
tropical Atlantic variability [Marshall et al., 2001]. Given
that the period prior to the abrupt onset into IS12 was a cold
stadial interval, the NAO influence likely extended further
south than its modern latitudinal extent. If the ITCZ had
taken a more southerly average annual position during the
stadial prior to IS12 [Peterson et al., 2000; Schmidt and
Spero, 2011], major atmospheric circulation cells and the
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latitudinal influence of the NAO may have shifted south in
response. Thus, while the influence of the NAO in the
modern climate system is weakly correlated to the tropical
Atlantic, it is possible its influence was stronger in the tro-
pics during cold stadials of the last glacial period in response
to a shift in large-scale atmospheric circulation.

[26] A distinctly different spectral pattern emerges from
the early IS12 data. Here, concentrations of variance above
the 99% confidence level occur in interannual (4.8 years and
7.6 to 7.9 years), decadal to interdecadal (9.3 to 9.6 years
and 24 to 27 years), multidecadal (76 to 90 years), and
multicentennial modes (200 to 500 years) (Figure 7b). Like
the prior stadial interval, it is difficult to make any signifi-
cant inferences about the multicentennial mode given the
length of the available time series (740 years). Unlike the
colder stadial interval, the warmer interstadial displays sig-
nificant interannual, interdecadal, and multidecadal vari-
ability. When compared to a spectrum of modern G. bulloides
abundance [Black et al., 1999], the largest difference is a
pronounced multidecadal mode in the IS12 record.

[27] The interannual variability observed during the IS12
onset could be related to either the El Nifio—Southern
Oscillation (ENSO) [e.g., Hughen et al., 1999; Tudhope
et al, 2001], or a phenomenon that is similar to
ENSO, but weaker, known as the Atlantic Nifo [Latif
and Grotzner, 2000]. Analyses of instrumental data
suggest that ENSO exerts a prominent influence on the
tropical North Atlantic, primarily through variations in
latent heat flux during the spring following an El Nifio
[Chang et al., 2006]. However, previous paleoclimate
records from the Cariaco Basin spanning the last millennium
have not been able to identify specific large-magnitude El
Nifio events [e.g., Black et al., 1999, 2007]. Alternatively,
warm events of the Atlantic Nifio reach their maximum
strength in the latter half of the year, with manifestations
focused primarily near the equator [Latif and Grotzner,
2000; Wang, 2002]. During the warm phase, trade winds in
the equatorial western Atlantic are weak and SST is high in
the eastern equatorial Atlantic. Ascending motion associated
with the Gulf of Mexico/Caribbean Sea—Amazon heat source
extends eastward and weakens the Atlantic Walker circula-
tion. This decreases surface equatorial easterly wind in the
western Atlantic, which in turn further increases SST in the
equatorial eastern Atlantic [Wang, 2005]. The reverse occurs
during a cold phase. The Atlantic Nifio is mostly indepen-
dent of ENSO variability with a shorter characteristic time
scale and is not related to the tropical Atlantic response to the
Pacific ENSO. It has also been observed that the Atlantic
Hadley circulation strengthens during the warm phase of the
Atlantic Nifio [Wang, 2005]. It is more likely that the inter-
annual variability in the G. bulloides time series from IS12 is
related to the Atlantic Nifio as the impacts are more direct.
However, the Atlantic Nifio has an observed period range of
3-5 years [Chang et al., 2006], which is at the Nyquist fre-
quency of our record, thus it is not possible to make inter-
pretations about Atlantic Nifio variability based solely on the
spectral analysis results alone.

[28] The multidecadal variability in the G. bulloides time
series for the latter interval of the onset of IS12 may be
related to something similar to the modern Atlantic Multi-
decadal Oscillation (AMO). The AMO, which has a period
of ~60-80 years, is highly correlated with tropical Atlantic

HERTZBERG ET AL.: TROPICAL ATLANTIC D-O CYCLE

PA3218

climate patterns such as rainfall in the Nordeste of Brazil and
the African Sahel, as well as Atlantic hurricane variability
[Knight et al., 2006]. Some studies have suggested that
multidecadal variability in the North Atlantic is related to
fluctuations in Atlantic meridional overturning circulation
(AMOC) [Latif et al., 2004; Knight et al., 2006]. Stadial
conditions such as those experienced during the earliest
portion of our record may represent a state where AMOC is
in a stable “off” mode [Broecker et al., 1985, 1990], and that
instabilities in the coupled ocean-atmosphere system are
introduced when AMOC intensifies. Given that multi-
decadal variability is not present during the earlier interval
prior to the onset of IS12, it is possible that multidecadal
climate fluctuations similar to the AMO operate primarily
during warm climate intervals, something that has signifi-
cant implications for modern and near-future climate vari-
ability. The observed decadal and interdecadal modes of
variability during the onset of IS12 (for both the earlier and
latter intervals) represent periodicities that have no modern
analogs, thus it is difficult to infer what climate phenomena
they may be related to. As IS12 occurred under boundary
conditions that are different from today it is likely that there
were modes of climate variability during IS12 that we do not
see in the modern climate system.

[20] Cross-spectral analyses (not shown) were performed
between the XRF iron spectra data and the absolute abun-
dance records of all three species (G. bulloides, N. dutertrei,
and G. ruber (white)) to determine whether the records
contain statistically similar frequency components. For these
analyses, the onset of IS12 was not split into two separate
intervals. Both G. bulloides and N. dutertrei display spectral
coherency with the iron data, with coherent peaks above the
80% confidence interval for several periods between 4 and
7 years. Spectral coherency between N. dutertrei and the
iron data is also evident at longer periods (8, 10, and 14 years);
however, these may be harmonics of shorter periods. Cross-
spectral analysis between G. ruber abundance and the iron
spectra did not yield any statistically significant spectral
coherency. The coherent peaks between both the G. bulloides
and N. dutertrei and the iron spectra data between 4 and
7 years suggests that the dominant driver of variability on
these periods is either ENSO or the Atlantic Nifo.

5.2. The Transition out of Interstadial 12

[30] The latter portion of the study interval in MD03-2622
represents the gradual transition out of IS12 and back to
stadial conditions. As already discussed, the interpretation of
the G. bulloides record for the onset of IS12 is not straight-
forward as the transition into the interstadial was marked by
abruptly rising sea level and its influence on upwelling
within the basin, and a rapid northerly shift in ITCZ position,
also influencing upwelling in the Cariaco. Unlike the IS12
onset, G. bulloides absolute abundances for the transition out
of IS12 and back to stadial conditions more closely follows
changes in sediment reflectivity across the transition. The
contrast in behavior is probably due to the upwelling zone
remaining within the basin at the end of the interstadial. IS12
occurred after Heinrich event 5, amplifying the initial sea
level rise. While sea level rose between 20 and 30 m during
the transition into IS12 (a level equivalent to 60—70 m below
present levels), sea level regressed only ~10 m (a level
equivalent to 70—80 m below present levels) during the more
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gradual transition out of the interstadial (Figure 5d) [Siddall
et al., 2003]. Thus, G. bulloides absolute abundance and
sediment reflectivity indicate a gradual decline in upwelling
intensity at the end of the interstadial (Figures 5a and 5e),
eventually leading to the transition back to oxic conditions
within the basin. One complicating factor in this interpreta-
tion is that while gradually declining sea level would have
slowly cut off the external nutrient supply to the basin, the
ITCZ was also shifting southward [Peterson et al., 2000],
something that should have enhanced upwelling within the
Cariaco Basin. Declining values for both G. bulloides
absolute abundance and sediment reflectivity after ~45,300
years BP may be due to sea level reaching a critical point for
diminishing nutrient supply, with the century-long pulse in
G. bulloides abundance just prior to this time representing a
last surge of ITCZ migration-related upwelling before sur-
face nutrient input from the Caribbean Sea to the basin was
effectively removed. This is not to say upwelling was nec-
essarily reduced, but rather the water being upwelled was
nutrient-depleted. In addition, the southward shift of the
ITCZ during stadials acted to decrease regional precipitation
around the Cariaco Basin, resulting in a decrease in fluvially
derived nutrients [Peterson et al., 2000].

[31] The absolute abundance record of N. dutertrei for the
latter part of IS12 is nearly identical to that of G. bulloides,
suggesting that the same forcing mechanism is likely driving
the patterns seen in both records. While N. dutertrei may
prefer a highly stratified water column, it also inhabits a
region close to the chlorophyll maximum, thus its response to
upwelling during the latter part of IS12 may be due to
increased phytoplankton driven by enhanced upwelling.
Therefore, G. bulloides and N. dutertrei likely exhibit similar
patterns during this interval as both are responding to
enhanced upwelling. This is in contrast to the onset of IS12
when N. dutertrei abundances were likely driven by an abrupt
onset of stratification within the basin as the ITCZ migrated
northward. Indeed, the highest fluxes of N. dutertrei in the
modern Cariaco Basin have been shown to occur during the
upwelling season [Tedesco and Thunell, 2003b].

[32] As was done for the G. bulloides abundance record
for the onset of IS12, multitaper spectral analysis was per-
formed on the G. bulloides abundance record for the IS12
termination. The spectral analysis was performed on the full
record of the transition out of IS12 (45,885 to 44,821 years BP).
Concentrations of variance occur in interannual (4.3 years),
decadal to interdecadal (14.5-15.5 years, 17-18 years, 20-21
years), and multicentennial (200400 years) modes (Figure 7c).
The interannual variance in the record is again possibly related
to the Atlantic Nifio and its associated influence on the trade
wind system, although ENSO cannot be ruled out if it existed at
the time. Similar to the IS12 onset, the decadal and interdecadal
modes for the IS12 termination have no modern analogs, thus it
is difficult to infer what climate phenomena they may be related
to. The lack of pronounced multidecadal variability in both the
preceding stadial (Figure 7a) and during the IS12 termination
again strongly suggests that AMO-type variability may only
operate during relatively warm climate periods.

6. Conclusions

[33] We present foraminiferal census data from the Cariaco
Basin spanning the onset and termination of IS12 at a
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temporal resolution of 2—3 years, making this one of the most
detailed records of climate variability across a D-O cycle to
date. Our results support a northward shift of the ITCZ
associated with the interstadial onset first noted in Cariaco
sediment reflectance studies [Peterson et al., 2000]. How-
ever, the productivity history within the Cariaco Basin is
complicated due to the combined effects of ITCZ migration
and rising sea level. The transition out of IS12 behaves as
one might expect, with G. bulloides abundance generally
tracking sediment reflectivity, and hence sediment organic
carbon content. Multidecadal variability similar to the AMO
in scale was only noted during the warmest part of the
interstadial, and thus may be a function of relatively warm
climate states, while being absent during colder, stadial and
near-stadial conditions.
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