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[1] Mg/Ca ratios in the planktonic foraminifera Globigerinoides ruber from Colombian Basin core ODP
999A suggest that Caribbean sea surface temperatures (SSTs) were from 2.1 to 2.7°C colder than the
present during the last three glacial maximums. In comparison, faunal derived SSTs (SIMMAX method)
show that August SSTs in the Caribbean varied <2°C over the past 360 kyr, whereas February SSTs varied
between 21.0°C and 26.5°C. Changes in the Mg/Ca-SST record contain a strong 23 kyr periodicity,
suggesting the Mg/Ca-SST record reflects a warm season weighted SST average rather than an annual
mean SST. Combining several dissolution indices, we identify brief periods of decreased carbonate
preservation in our record and show that MIS 11 stands out as the most intensive dissolution cycle in the
Caribbean over the last 460 kyr. Comparison of Caribbean SST change with a similar estimate of tropical
SST variability in the western Pacific over the past 360 kyr reveals shifts in the east-west tropical SST
gradient that are coeval with glacial-interglacial climate change and consistent both with a southward
migration of the glacial ITCZ and with a glacial El Nifio-like mode of tropical circulation.
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Figure 1.

Average summer (September) and winter (March) SST in the western tropical Atlantic and the eastern

tropical Pacific [Conkright et al., 2002]. The locations of ODP 999A in the Colombian Basin and the Tobago Basin
are also indicated. The dashed white line represents the seasonal location of the ITCZ.

1. Introduction

[2] Numerous ocean-atmosphere model results
point to the tropics as playing a major role in
forcing global climate and past climate change
[Bush and Philander, 1998; Cane and Clement,
1999; Cane, 1998; Clement and Cane, 1999;
Clement et al., 1999; Kukla et al., 2002]. These
studies suggest that changes in the seasonal distri-
bution of insolation due to orbital configuration
variability may influence global climate through
their influence on El Nifio/Southern Oscillation
(ENSO). The tropics are also a major source of
water vapor, one of the atmosphere’s main green-
house gases. Atmospheric moisture content is
strongly influenced by sea surface temperature
(SST), so tropical SST variability should influence
global climate on glacial-interglacial timescales
[Pierrehumbert, 1995]. Quantifying the magnitude
and timing of SST change across the tropics
therefore is an important step toward evaluation
of hypotheses calling for the tropics as a driver of
past climate change.

[3] The Caribbean Sea plays an important role in
the transport of heat and water mass to the high
latitude north Atlantic because tropical equatorial
surface currents flow through the Caribbean before
forming the strong western Atlantic boundary
current, the Gulf Stream. The Gulf Stream carries
heat and salt to the high latitude Atlantic, where
water vapor escapes from surface currents and
warms the northern hemisphere atmosphere
[Roemmich and Wunsch, 1985]. The resulting cold,
dense surface waters then sink to great depth and
circulate southward, thereby maintaining North
Atlantic meridional overturning circulation
(MOC). During periods of reduced overturning
circulation, the high latitudes cool and the tropical
western and south Atlantic warm as the northward
heat transport is diminished [Manabe and Stouffer,
1997; Ruhlemann et al., 1999; Seidov and Maslin,
2001].

[4] To investigate the history of tropical SST
change in the Atlantic basin during the late Quater-
nary, we present a continuous planktonic forami-
niferal Mg/Ca record from the Caribbean (average
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1.3 kyr sampling resolution) over the past four
glacial cycles (460 kyr) and a faunal-SST recon-
struction (average 2.6 kyr sampling resolution) over
the past three glacial cycles (360 kyr). A number of
studies have already generated continuous Pacific
SST records over parts of the last several glacial
cycles using Mg/Ca paleothermometry, linking SST
and hydrologic changes in the tropics to both
orbital- and millennial-scale high latitude climate
change in both the northern and southern hemi-
spheres [Koutavas et al., 2002; Lea et al., 2000;
Rosenthal et al., 2003; Stott et al., 2002; Visser et
al., 2003]. In this study, (1) we present data that
allow us to assess the impact of dissolution on our
Mg/Carecord, (2) we demonstrate that the extended
Caribbean Mg-SST record shows a strong preces-
sional component, suggesting that the Mg/Ca-SST
record reflects a warm season weighted SST aver-
age, rather than annual mean SST, and (3) we
compare our new long-term Caribbean SST record
with a previously published record of SST change
in the western tropical Pacific to gain a more
complete picture of tropical climate variability
through time.

2. Study Area and I'TCZ Variation

[s] Paired §'®0 and Mg/Ca measurements are
presented from the surface dwelling foraminifera
Globigerinoides ruber (white variety) from Ocean
Drilling Program (ODP) Site 999A (12°45'N,
78°44'W; 4 cm/kyr sed. rate) located in the western
Caribbean (Figure 1). Core 999A was raised from
the Kogi Rise at a depth of 2,827 m, about 1000 m
above the turbidite-laden floor of the Colombian
Basin [Mutti, 2000]. The site is directly influenced
by the warm Caribbean Current and is ideally
suited to reconstruct changes in southern Caribbean
surface water hydrography as demonstrated by the
recent study of calcareous nannofossil populations
over the same interval at Site 999A [Kameo et al.,
2004].

[¢] The Atlantic Intertropical Convergence Zone
(ITCZ) extends from the west coast of Africa to
northern South America and is defined as the region
where the northeast and southeast Atlantic trade
winds meet, resulting in a band of atmospheric
convection and high precipitation located over
the warmest surface waters [Philander et al.,
1996]. Thus the position of the ITCZ is controlled
by seasonal insolation and varies throughout the
year. Under modern conditions in the tropical
western Atlantic, the ITCZ extends as far north
as the upper Amazon and Orinoco basins and to the

Costa Rica/Nicaragua border during the boreal
summer and as far south as the Amazon Basin
and southern Colombia and Ecuador during boreal
winter [Poveda et al., 2006] (Figure 1). The
meridional migration of ITCZ therefore exerts a
strong control on the annual hydrologic cycle of
Central and South America and on the Caribbean
Sea. As a result, climate in the modern Colombian
Basin is characterized by two distinct seasons: a
warm, wet season in late summer and early fall
when the ITCZ is located farthest to the north, and
a cool, dry season during boreal winter when the
ITCZ migrates south [Stidd, 1967]. The modern
annual SST in the Colombian Basin averages
27.7°C, attaining a minimum of 26.6°C in March
and a maximum of 28.5°C in September and
October [Conkright et al., 2002] (Figure 1).

[7] Several studies have linked North Atlantic
cooling to a southward migration in the mean
position of the Atlantic ITCZ on centennial, mil-
lennial, and orbital timescales [Black et al., 1999;
Hughen et al., 1996; Lin et al., 1997; Peterson and
Haug, 2006; Peterson et al., 2000; Schmidt et al.,
2004; Yarincik et al., 2000]. According to these
studies, cool periods in the North Atlantic such as
the Last Glacial Maximum (LGM), the Younger
Dryas (YD) and the Little Ice Age are associated
with a southward shift in the ITCZ, resulting in a
dryer Circum-Caribbean climate. Modeling studies
also suggest a southward displacement of the ITCZ
associated with periods of reduced North Atlantic
MOC and northern hemisphere cooling [Schiller et
al., 1997; Vellinga and Wood, 2002], resulting in
reduced rainfall in northern South America coupled
with a wetter tropical South American climate
[Peterson and Haug, 2006].

3. Materials and Methods

[s] Sediment from each core interval was disag-
gregated in ultra-pure water, wet sieved over a 63
pm mesh and dried at room temperature. To
minimize intraspecific variation in shell geochem-
istry at each core interval, specimens of G. ruber
(white variety) were only collected from the 250—
350 pm size fraction [Lea et al., 2000; Spero et al.,
2003]. Statistical analyses have demonstrated that
it is necessary to analyze a large number of shells
from each interval to be confident that the oxygen
isotope value obtained off the mass spectrometer is
a good approximation of the population mean for a
given period of time [Schiffelbein and Hills, 1984;
Spero, 1992]. Therefore we used at least 25 shells
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Figure 2. Measured Mg/Ca ratios (blue diamonds), Mn/Ca (red triangles), Fe/Ca (green circles), and Al/Ca (black
squares) in the planktonic foraminifer G. ruber (white) (250—350 pm size fraction) from ODP 999A versus depth.

per stable isotope analysis for all down-core meas-  oxidizing solutions, transfers into new acid-leached
urements. Samples for stable isotopes were soni-  micro-centrifuge vials, and finally leaches with a
cated in methanol for 3—8 seconds, roasted in  dilute ultra-pure acid solution. All clean work was
vacuo at 375°C for 30 minutes, and analyzed at  conducted in laminar flow benches under trace
UC Davis on a Micromass Optima IRMS using an ~ metal clean conditions. Samples were then dis-
Isocarb common acid bath autocarbonate system at  solved and analyzed on a Finnigan Element-2
90°C and calibrated using NBS 19 and UCD-  ICP-MS at UC Santa Barbara using the established
SM92. procedures described by Lea and Martin [1996],
Mashiotta et al. [1999] and Lea et al. [2000]. G.
ruber samples from every interval were divided in
half and each replicate was analyzed for minor and
trace elements (Figure 2). Thus each reported Mg/
Ca ratio is the average of at least two analyses
(Figure 3). A full suite of trace and minor element
measurements were made on each sample includ-
ing, Ca, Mg, Sr, Na, Ba, La, Ce, Nd, U, AL, Mn,
and Fe.

[s] Sea surface temperatures were determined us-
ing Mg/Ca ratios measured on different shells but
from the same population and size fraction of G.
ruber (white variety) specimens that were used for
the stable isotope analyses. Approximately 600 g
of shell/sample (50—60 shells/interval) was cleaned
for trace and minor element analysis without the
DTPA step [Lea et al., 2000; Mashiotta et al.,
1999]. Samples underwent a multistep process
consisting of initial rinses in ultra-pure water, [10] Below a depth of 1.5 m in the core, Mn/Ca
followed by treatments with hot reducing and  ratios in ODP 999A exceed 200 pmol/mol and
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Figure 3. (a) §'®0, and (b) Mg/Ca ratios in G. ruber

(white) from ODP 999A over the past 465 kyr. (c)
Average shell weight for each interval. (d) Abundance
of G. ruber (pink and white) in each faunal assemblage
(% G. ruber). (e) Black line is the fragmentation index
(% Fragments). The red bars highlight intervals where
the foraminiferal hardness index was <2, indicating the
G. ruber shells were notably soft as a result of partial
dissolution. The gray bars indicate intervals where the
fragmentation index is between 10 and 20%, and the
yellow bar indicates the interval where the fragmenta-
tion index is >20%. Numbered marine isotope stages at
the top of the plot indicate intervals where the Mg/Ca
ratios may have been reduced due to dissolution.
Vertical black lines indicate glacial termination events
I-V.

appear to oscillate on glacial-interglacial timescales
(Figure 2). Although there is not a statistically
significant relationship between Mg/Ca and Mn/
Ca in the overall record, discrete intervals do show
a statistically significant relationship. Because liv-
ing planktonic foraminifera only incorporate a
trace amount of Mn into their shells, most of the
measured Mn in our cleaned foraminiferal calcite
must be due to diagenetic overprinting, possibly

the result of a mixed (Mn,,Mg,)CaCO3 mineral
phase that precipitates on shell surfaces under
anoxic conditions in the sediment [Pena et al.,
2004, 2005]. The molar ratio of Mn:Mg in authi-
genic Mn-carbonates from the Panama Basin is
~10:1 [Pedersen and Price, 1982; Pena et al.,
2005]. Assuming a similar Mn:Mg ratio in the Mn-
carbonate from site 999A, the Mg/Ca contribution
from these diagenetic overgrowths would be <0.05
pmol/mol, or <1.4% of the average Mg/Ca ratio in
our record (Figure 2). A ~ 9% change in Mg/Ca
equates to a 1°C SST change based on Mg/Ca-SST
calibrations [Dekens et al., 2002], so at the levels
measured in our record, this diagenetic source of
Mg does not significantly contribute to the primary
Mg/Ca signal used for SST reconstructions.

[11] Mg/Ca ratios are converted to SST utilizing
the depth-corrected G. ruber Mg/Ca-SST calibra-
tion of Dekens et al. [2002] for the tropical
Atlantic:

Mg/Ca = 0.38 exp 0.09[SST — 0.61(water depth km)].

For water depth, a value of 2.8 was used for ODP
999A.

[12] Elemental ratios of Fe/Ca and Al/Ca are used
to monitor cleaning efficacy (Figure 2). Analyses
with anomalously high Fe/Ca or Al/Ca ratios were
rerun or rejected. In addition, analyses with a post-
cleaning percent recovery of <15% had anoma-
lously low Mg/Ca ratios so these samples were
either rerun or rejected. Although Fe/Ca ratios
gradually increased with depth in the core (but
rarely exceeded 175 pmol/mol), Al/Ca ratios
remained uniformly low (Figure 2), and typically
less than 40 pmol/mol, indicating that Mg contam-
ination associated with detrital sediment in cleaned
samples was not an issue. Mg/Ca did not correlate
with Fe/Ca or Al/Ca, indicating that the mineral
phases containing these metals in the cleaned
samples did not affect Mg/Ca ratios in the forami-
niferal calcite. All geochemical data are posted on
the Web and are available at http://
www.ngdc.noaa.gov/paleo/paleo.html.

4. Error Analysis

[13] Analytical precision for the §'*0. measure-
ments is better than £0.06%o (1o). Mg/Ca analyt-
ical reproducibility, determined by the analysis of
consistency standards matched in concentration
and Mg/Ca ratio to dissolved foraminifera solu-
tions is estimated at +0.7% (1o). The pooled
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Table 1. AMS '*C and Calendar Ages

Core Section Depth, cm CAMS # AMC 4C AMS Age Error, years Calendar Age, kyr B.P.
ODP 999A 1H-01 0-2 80931 —363.1 3,625 +35 3,522
ODP 999A 1H-01 20-22 80932 —489.6 5,400 +35 5,745
ODP 999A 1H-01 42-44 80933 —700.9 9,685 +35 10,318
ODP 999A 1H-01 47-49 94699 —731.0 10,540 +35 11,647
ODP 999A 1H-01 65-67 94700 —828.1 14,145 +40 16,381
ODP 999A 1H-01 95-97 94701 —902.8 18,720 +70 21,646

standard deviation of replicate Mg/Ca analyses
from ODP 999A is £1.9% (1 SD, df = 324) based
on 348 analyzed intervals. The overall precision of
replicates in this study is slightly better than other
tropical cores (typically ~3%) [Lea et al., 2000,
2003], most likely reflecting the stability of the
water column in the Colombian Basin during the
last 460 kyr.

5. Micropaleontology Study

[14] Before the preparation for isotopic and minor/
trace metal geochemistry measurements, split sam-
ples representing 1/8 of the initially sieved samples
were reserved for micropaleontological analysis.
Identification of planktonic foraminifera species
from the >150 pm sized fraction was performed
on a representative sub-samples containing at least
300 whole specimens and usually more than 400.
The taxonomy was based on Kennett and Srinivasan
[1983].

[15] Faunal SST estimates for August and February
were calculated using the SIMMAX method
[Pflaumann et al., 1996] and a data-base of 947
core tops from the north and south Atlantic
[Pflaumann et al., 2003]. Results were obtained
by selecting the 5 best analogs from the database
with the dissimilarity coefficient threshold set at
0.85 and without the distance weighting procedure.
The statistical reliability of the faunal-SST recon-
structions can be assessed by examining the number
of intervals that failed to be reconstructed (6 out of
130) or by the number of intervals that cannot find
5 SIMMAX database analogues within the 0.85
similarity coefficient threshold (7 out of 130). In
addition, the average value for the similarity coef-
ficient for the reconstructed samples (n = 124) is
0.92, indicating that faunal-SST reconstructions for
the Colombian Basin over the last 3 glacial cycles
can be regarded with a good degree of confidence.
However, the method was not able to find 5
analogues for 10% of the samples examined at Site

999A (13 out of 130), so there remains a need for
the development of a better regional database.

[16] Faunal counts were also used to calculate the
% G. ruber in the planktonic foraminifera commu-
nity through time. The % G. ruber can be used to
evaluate carbonate dissolution effects and to deter-
mine changes in surface and subsurface hydrolog-
ical conditions.

[17] Planktonic foraminifera fragments were also
counted in the same sub-samples based on the
criteria that a test with less than one half of a
whole test was counted as a fragment, even if the
species could still be recognized. Because we do
not consider that shells are fragmented into several
pieces >150 pm as proposed by Le and Shackleton

Table 2. Tie Points Used to Correlate the ODP 999A
G. ruber 80, Record to SPECMAP From 22 to
465 kyr

Continuous

Section Interval, cm Depth, cm Age Cal B.P.
1H-02 2-5 153 322
1H-02 95-97 246 55.2
1H-02 140-142 291 66.4
1H-04 2-4 453 109.0
1H-04 52-54 503 121.4
1H-04 71-73 522 130.8
1H-04 130-132 581 142.9
1H-05 65-67 666 167.2
1H-06 15-17 716 181.5
2H-01 2-4 763 196.0
2H-01 25-27 786 205.0
2H-01 65-67 826 228.0
2H-01 95-97 856 231.0
2H-01 115-117 876 238.0
2H-02 25-27 936 251.0
2H-02 110-112 1021 267.0
2H-03 38-40 1099 286.0
2H-03 85-87 1146 298.0
2H-04 19-21 1230 319.0
2H-04 55-57 1266 331.0
2H-04 105-107 1316 343.0
2H-05 30-32 1391 360.0
2H-06 90-92 1601 436.0
2H-07 30-32 1691 465.0
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Figure 4. Caribbean SST records from Mg/Ca ratios (closed blue diamonds) and faunal SST reconstructions for
August (red crosses) and February (blue pluses) calculated from the foraminiferal assemblages using SIMMAX 28
[Pflaumann et al., 1996]. Gray bars indicate interglacial marine isotope stages.

[1992], the percentage of fragments were calculat-
ed according to Howard and Prell [1994] and
Berger [1970] as follows:

% fpf = 100 * (#fpf /#fpf + #wpf),

where # is number, fpf is fragment of planktonic
foraminifera, and wpf is whole planktonic
foraminifera.

6. Age Model

[18] The age model for ODP 999A from the core
top to 22 kyr is based on linear interpolation
between calibrated radiocarbon ages from selected
depths (Table 1). All AMS "C dates were gener-
ated at the LLNL Center for Accelerator Mass
Spectrometry and are based on the planktonic
foraminifera G. ruber (white). The Calib rev. 4.3
program [Stuiver and Reimer, 1993] was used to
convert '*C dates into calendar age (kyr B.P.)
assuming a reservoir age of 420 years [Hughen et
al., 1996, 1998]. Beyond the '*C-based age model
(21.6 kyr B.P.), the age model is based on corre-
lation of the G. ruber 6'%0, record to SPECMAP
[Bassinot et al., 1994b] and to estimates of sea
level change from coral U-Th dates [Chappell et
al., 1996] during Termination II. Table 2 lists the

tie points used to develop a SPECMAP based age
model for ODP 999A.

7. Results

[19] The G. ruber §"0¢ record from the upper 17
m of ODP 999A shows four complete glacial
cycles back to MIS 12 at 460 kyr (Figure 3a).
The §'®0, record across Terminations I, Il and TV
displays a glacial-interglacial difference of ~2%o,
which falls within the range observed in other
tropical Atlantic and Caribbean cores [Emiliani,
1966; Ruhlemann et al., 1999; Wolff et al., 1998].
Termination III and V display reduced glacial-
interglacial differences of only 1.13%. and
1.50%o, respectively. The Holocene and intergla-
cials MIS 5e, 7a and 9 attain minimum values of
about —2.00%o0, but MIS 7e and 11 have more
positive 'O, values of —1.52%0 and —1.58%o,
respectively. The LGM and MIS 12 stand out in the
record with the most positive §'%0, values. Glacial
maxima during MIS 6, 8, and 10 have §'%0c values
close to —0.2%o, but at the LGM and MIS 12,
§'80, values exceed 0%o.

[20] The Mg/Ca record yields an average Holocene
SST of 28.2° + 0.3°C (n = 11) (Figure 4), in good
agreement with the average modern annual SST for
the Colombian Basin (27.7°C) and in even closer
agreement with the regional average May—October
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Figure 5. Comparison of the ODP 999A Mg/Ca-SST record (closed blue diamonds) over the past 55 kyr with the
Tobago Basin faunal SST (modern analog technique) reconstruction for summer months (Tw) (red crosses) and for

winter months (Tc) (blue pluses) [Hiils and Zahn, 2000].

average SST (28.2°C) [Conkright et al., 2002]. The
core-top — LGM (18-24 kyr) Mg/Ca change
equates to temperature difference of 2.1 + 0.4°C
(n = 7), consistent with previous estimates for the
Caribbean [Hastings et al., 1998; Prell et al.,
1976]. Our Mg/Ca-SST record from site 999A is
similar to the Tobago Basin SST reconstruction for
the summer months based on faunal census counts
(modern analog technique) over the past 55 kyr
[Hiils and Zahn, 2000] (Figure 5). However, the
Tobago Basin SST reconstruction estimates signif-
icantly cooler winter months over the same time
period, suggesting that the G. ruber Mg/Ca-SST
record is biased toward the warmer months of the
year. The Mg/Ca-SST record from ODP 999A also
shows that MIS 4 (60—70 kyr) was warmer than
MIS 2 and 3, with an average SST of 27.0 + 0.3°C
(n = 9). The long-term SST record shows that
glacial-interglacial cooling is not uniform across
the last four glacial termination events, with a
maximum glacial-interglacial temperature differ-
ence of 3.2°C occurring at the MIS 6/5¢ transition
(Figure 4). In addition, the Mg/Ca ratios from MIS
11 (362—423 kyr) are lower than all other intergla-
cial intervals in the record, yielding an average
SST of 26.4 + 0.5°C (n = 25).

[21] The Mg/Ca-SST record from the last three
glacial cycles shows the presence of apparent
warming events prior to the onset of maximum

glacial conditions. These warming events (1.5 to
2°C of temperature increase) occur during MIS 6,
8 and 10 and are centered at 147, 272 and 354 kyr,
respectively (Figure 4). Although smaller in mag-
nitude, MIS 3 also shows a 1.0°C warming event at
35 kyr that is followed by a decrease to an average
LGM SST of 26.1 + 0.4°C.

[22] The faunal derived SSTs show nominal Au-
gust SST variation (less than +1°C), ranging be-
tween 28.5°C and 26.5°C with an average of
27.8°C. However, the pattern of SST fluctuation
is not straightforward when compared to the gla-
cial/interglacial delimitations. In fact, both the
warmest and the coldest SSTs occur during glacial
intervals (Figure 4). In contrast, February faunal-
SST values show considerably more variability,
ranging between 21.0°C and 26.2°C, with an
average of 24.8°C. On the basis of an earlier
faunal-SST reconstruction, Imbrie and Kipp
[1971] found a similar Caribbean seasonal contrast
over the same time interval. Faunal winter SST
values during the MIS 3 - 2 transition are consid-
erably colder than the two previous glacial inter-
vals, MIS 6 and MIS 8. In contrast, the Mg/Ca-SST
reconstruction shows very similar glacial temper-
atures during MIS 2, 6, and 8. Note that the Mg/
Ca-SST reconstructions lie between the average
August and February faunal-SST values during
glacial intervals, but that Mg/Ca-SST values briefly
exceed August faunal-SST estimates during certain
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Table 3. Regression Analysis Results of Shell Weight
Versus Mg/Ca Ratios in Discrete Glacial-Interglacial
Intervals

P-Value®
MIS 1 0.5715
MIS 2,3,4 0.4984
MIS 5 0.5090
MIS 6 0.1487
MIS 7 0.1224
MIS 8 0.5306
MIS 9 0.0719
MIS 10 0.4775
MIS 11° 0.0007
MIS 12 0.9824

4 P-value <0.05 indicates a statistically significant relationship at the
95% confidence level.
Significant relationship.

interglacial periods (MIS 1, 5e, 7a, 7c, 7e, and 9)
(Figure 4).

[23] The primary limitation with the Mg/Ca ap-
proach is shell dissolution and subsequent reduc-
tion in Mg/Ca during descent or after deposition on
the seafloor [Brown and Elderfield, 1996; Dekens
et al., 2002; Lohmann, 1995; Rosenthal and
Lohmann, 2002]. Because of the replacement of
North Atlantic Deep Water by Antarctic Bottom
Water during glacial times, as traced by variations
in the §'3C and Cd/Ca of benthic foraminifera
[Boyle and Keigwin, 1987; Oppo and Lehman,
1993], the deep Atlantic below 2000 m was more
corrosive during glacial intervals. Unlike the open
Atlantic, the Caribbean displays a reverse preser-
vation pattern. At tropical latitudes in the modern
north Atlantic, the nutrient depleted (high §'°C)
Upper North Atlantic Deep Water (UNADW)
mixes with nutrient rich (low §'>C) Antarctic Inter-
mediate Water (AAIW) and Upper Circumpolar
Deep Water (UCDW) between 900—1900 m and
enters the Caribbean Sea through its deepest sill
(Anegada-Jungfern Passage) at depth of 1900 m
[Johns et al., 2002]. Therefore a mixture of both
northern and southern sourced water masses forms
the bottom waters of the Caribbean during inter-
glacials periods like today. The southern sourced
AAIW and UCDW have a lower [CO3] content and
are therefore more corrosive than UNADW. During
glacial intervals, nutrient depleted (less corrosive)
Glacial North Atlantic Intermediate Water replaced
the southern sourced waters at mid-depths in the
tropical north Atlantic [Oppo and Fairbanks, 1987,
Oppo and Lehman, 1993] and in the Caribbean,
resulting in better carbonate preservation in the
glacial Caribbean. Because glacial intervals were
periods of enhanced preservation in the Caribbean,

dissolution is less likely to have influenced our
reconstructed glacial Mg/Ca-temperatures.

[24] In order to determine if dissolution has affect-
ed the Mg/Ca ratios in the interglacial intervals of
ODP 999A, we present the results from three
quantitative and one qualitative parameters that
can be used as dissolution indices: shell weight,
the percentage of total G. ruber, the percentage of
fragments, and the foraminiferal hardness index
(FHI) (Figures 3c, 3d, and 3e). The shell weight
index [Lohmann, 1995] is predicted to decrease
with increasing calcium carbonate dissolution.
Therefore, if our Mg/Ca ratios were appreciably
affected by dissolution, Mg/Ca ratios would covary
with shell weight (Figures 3b and 3c). However,
regression analyses of discrete glacial and intergla-
cial intervals demonstrate that the only statistically
significant relationship between Mg/Ca ratios and
shell weights occurs during MIS 11 (Table 3),
suggesting that this section of our Mg/Ca record
is strongly affected by dissolution. Nevertheless,
shell weight can be influenced by both pre- and
post-depositional processes, so the relationship
between shell weight and carbonate dissolution
intensity must be used with caution [Barker and
Elderfield, 2002; Bijma et al., 1999; Broecker and
Clark, 2001; de Villiers, 2004].

[25] Planktonic foraminiferal assemblages at the
sediment interface are strongly influenced by the
distribution of living planktonic foraminifera with-
in the upper water column [Bé and Tolderlund,
1971]. Numerous experimental studies [Berger,
1967, 1970; Berger and Piper, 1972; Honjo and
Erez, 1978] or studies based on depth transects
[Adelseck, 1978; Bé et al., 1975; Berger, 1968,
1970, 1982; Bonneau et al., 1980; Coulbourn et
al., 1980] have established a planktonic foraminif-
era dissolution resistance scale [Berger, 1970]. In
particular, species of the genus Globigerinoides are
recognized as dissolution-sensitive species. There-
fore the abundance of total G. ruber (pink and
white varieties) in the total faunal assemblage
(expressed as % G. ruber) can be used as a
dissolution index because the % G. ruber is pre-
dicted to decrease with increasing dissolution. Use
of the % G. ruber index as a dissolution proxy for
the Caribbean was first proposed by Imbrie and
Kipp [1971]. They concluded that the high % G.
ruber occurring during interglacial periods ruled
out major dissolution as a control on faunal
assemblages in the Caribbean.

[26] However, ecological and biological responses
to changes in the physical and chemical hydrogra-
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phy of the Colombian Basin on glacial-interglacial
timescales can also affect the % G. ruber at site
999A, resulting in a range of natural variability that
is not related to dissolution. Across the interval
from the LGM (18 kyr) through MIS 4 (70 kyr), a
period considered to be characterized by enhanced
preservation in the Caribbean (supported by in-
creased shell weights and a low fragmentation
index (Figures 3c and 3e)), the % G. ruber ranges
from a low of 30% to a high of 55%, suggesting a
large range of natural variability due to factors
other than dissolution. If we assume that the low
end of this natural variability in the % G. ruber is
~30%, the only intervals with lower G. ruber
abundance occur at times of increased % fragmen-
tation (>10%) at 113 kyr (MIS 5d) and 240 kyr
(MIS 7e) and for a sustained period during MIS 11
from 390 to 428 kyr (Figure 3d). Therefore periods
of exceptionally low G. ruber abundance suggest
that dissolution was most intense during these
isolated time intervals.

[27] On the basis of depth transect observations
[Berger, 1982; Johnson et al., 1977; Peterson and
Prell, 1985], foraminiferal fragmentation increases
as dissolution increases [Bassinot et al., 1994a;
Howard and Prell, 1994]. Shells are more easily
broken as shell walls are thinned during dissolution
[Bé et al., 1975]. This proxy has proved to be a
good qualitative dissolution tracer for deep-sea
records (>2500 m) that experience a range of
dissolution variability as a result of changing water
masses at glacial-interglacial transitions [Bassinot
et al., 1994a; Howard and Prell, 1994; Le and
Shackleton, 1992]. At a time when preservation
was enhanced in the Caribbean during the last
glacial cycle (MIS 2—4), the fragmentation index
varied from 3 to 10% (Figure 4e), suggesting that
variability below this threshold is typical for well-
preserved foraminiferal calcite at site 999A. MIS
11 is the only interval in our record characterized
by a fragmentation index >20% (yellow bar in
Figure 3), indicating the most intense period of
dissolution. Nevertheless, there are several inter-
vals in our record with a fragmentation index
between 10 and 20% (gray bars in Figure 3), which
may have been affected to a lesser degree by
dissolution.

[28] The relative hardness of G. ruber shells can
also be used to determine intervals of more intense
dissolution. Pooled shells are crushed between
glass slides prior to cleaning for trace metal anal-
ysis. As the shells break, the ease of fragmentation
was recorded on a scale of 1 to 5 with 1 being the

softest and 5 being the hardest). This foraminiferal
hardness index (FHI), while qualitative, showed
that those intervals with the softest shells (FHI < 2)
(red bars in Figure 3e) corresponded to intervals
where the fragmentation index is >10%. Because
dissolution is predicted to thin shell walls and
make foraminiferal calcite softer, this index con-
firms that parts of MIS 5d, 7a, 7c, 7e, 8, 9 and all
of MIS 11 experienced more intense dissolution.

[29] Remarkably, MIS 11 stands out as the period
of most pronounced dissolution because it is
marked by low shell weights, the lowest % G.
ruber, and the highest % fragments (more than
twice the % fragments than in the other interglacial
intervals). These data suggest MIS 11 was the most
intense period of dissolution in the Caribbean over
the past four glacial cycles. It should be noted that
the dissolution peak recorded simultaneously by
both the minimum of % G. ruber and the maxi-
mum of % fragment is concurrent with a mid-MIS
11 increase in G. ruber shell weight. We hypoth-
esize that as dissolution increases, less massive
shells fragment, leaving behind the more massive,
dissolution resistant individuals. MIS 11 Mg/Ca
ratios are more typical of glacial rather than inter-
glacial temperatures, suggesting that dissolution
has affected the minor element geochemistry in
this part of our record. MIS 11 dissolution may
have also increased the G. ruber §'%0, values,
resulting in §'®*0, values that are more enriched
relative to younger interglacial intervals (MIS 1,
Se, 7 and 9) (Figure 3a) [Lohmann, 1995]. On the
basis of these results, we conclude that the Mg/Ca
ratios and §'*0, values from MIS 11 (375-423
kyr) do not represent a primary signal and therefore
cannot be included in our subsequent discussion of
Caribbean late Pleistocene SST evolution.

[30] We recognize that it is difficult to quantify the
dissolution effect on the G. ruber Mg/Ca ratios
from intervals with a fragmentation index between
10 and 20% (gray bars in Figure 3). At times, both
shell weights and the % G. ruber decrease (MIS
5d, 7a, 7e, 8, and 9), suggesting that dissolution
may have reduced the Mg concentration in these
intervals. Broecker and Clark [2002] documented a
dramatic dissolution event in the western Atlantic
at the MIS 5e/5d transition, which they attribute to
the invasion of corrosive Southern Ocean water
farther northward into the western Atlantic. Similar
invasions of southern waters into the Atlantic could
also explain earlier dissolution cycles in our record.
However, during MIS 7c¢, both shell weights and
the % G. ruber increase, making it difficult to
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Figure 6. (a) ODP 999A G. ruber (white) §'°0,

record and (b) Mg/Ca-SST record (fine line with
weighted 3-point running mean) versus (c) July
insolation variation at 12°N over the past 360 kyr. (d)
Vostok CO, record [Petit et al., 1999] on the methane-
based timescale [Ruddiman and Raymo, 2003]. Vertical
black lines indicate glacial termination events I-IV.

determine the impact of dissolution on intervals
where the fragmentation index is between 10 and
20%. Recognizing these possible complications in
discrete sections of ODP 999A, we have chosen to
include all intermediate fragmentation intervals in
our subsequent discussion of SST variability over
the last 360 kyr.

8. Discussion

[31] Although total annual mean insolation is
controlled by the 41 kyr obliquity periodicity
[Loutre et al., 2004] and almost exclusively
dominates ice volume proxies, eccentricity-modu-
lated precession, with a 23 and 100 kyr periodic-
ity, controls seasonal insolation at a particular
latitude [Raymo and Nisancioglu, 2003; Ruddiman
and McIntyre, 1981]. Visual inspection of our
Caribbean Mg/Ca-SST record shows a strong 23
and 100 kyr periodicity, but lacks a 41 kyr

frequency (Figure 6). As argued by Lea [2004]
for Pacific SST variability, greenhouse forcing
(GHF) due to changes in atmospheric CO, content
modulates tropical SST at the 100 kyr frequency.
The predominant 23 and 100 kyr periodicities in
our Caribbean Mg/Ca-SST record therefore sug-
gest that a combination of seasonal and green-
house forcing, rather than ice volume dynamics, is
the driver of our Caribbean Mg/Ca-SST record
over the past 360 kyr. During interglacial periods
when CO, levels were >250 ppm in the Vostok ice
core record [Petit et al., 1999], GHF may have
amplified Caribbean warming (Figure 6). How-
ever, CO, amplification is an unlikely candidate to
explain the glacial warming events that occur
during MIS 4, 6, 8, and 10 because CO, is low
at these times. The predominant 23 kyr frequency
can best be explained if the Mg/Ca-SST record is
biased toward a particular season.

[32] Spectral analysis (based on the Arand-package
[Howell, 2001]) of the 360 kyr Mg/Ca-SST record
shows strong spectral power at the 1/23 kyr fre-
quency (Figure 7), suggesting that the 999A Mg/
Ca-SST is biased toward seasonal insolation vari-
ability. This conclusion is also supported by sedi-
ment flux data from the nearby Cariaco Basin,
which confirms that the greatest seasonal flux of
G. ruber (white) occurs from spring through late
summer [Zedesco and Thunell, 2003]. Spectral
analysis of the Mg/Ca-SST record also reveals a
strong 100 kyr period and a weaker 29 kyr period.
The 100 kyr cycle may be due to GHF that
amplifies interglacial temperatures at this period.
Several studies have also shown that precessional
power is transferred to the eccentricity bands
because climate is more responsive to insolation
maxima than to minima [Pokras and Mix,
1987; Short et al., 1991; Crowley, 1992; Harris
and Mix, 1999], which may also contribute to
the 1/100 frequency in our SST record. Spectral
power at the 1/29 kyr frequency is commonly
observed in §'®0 records and is thought to be
a weak nonlinear climate response that results
from an interaction between obliquity and ec-
centricity [Huybers and Wunsch, 2004; Lisiecki
and Raymo, 2005].

[33] Visual comparison of our Mg/Ca-SST record
with July insolation variability at 12°N shows that
all but 1 (at 310 kyr) of 16 precessional cycles over
the last 360 kyr correspond to SST oscillations
(Figures 6b and 6c¢). Timing offsets between the
Mg/Ca-SST record and seasonal insolation likely
reflect age model variations imparted by tuning the

11 of 17



I~

L -
" Geochemistry )’
| Geophysics ( |
b Geosystems {{ Jr

SCHMIDT ET AL.. WESTERN CARIBBEAN SST

10.1029/2005GC000957

e t p

Bandwidth for 120 lags on 357 values at t = 1.000

14.66
12.63
10.59

8.558

6.524

4.490

2.456

95% level CI

1

1 1 1 1
Freq .000 .0100 .0200 .0300 .0400
25.00

Period 100.0 50.00 33.33

20.00

1 1 1 1 J
.0500 .0600 .0700 .0800 .0900 .1000
16.67 14.29 12.50 11.11 10.00

Figure 7. Amplitude spectra of the 999A Mg/Ca-SST record over the last 360 kyr, showing strong 23 kyr and 100
kyr power. Major earth orbital periods are indicated: e = eccentricity, ¢ = tilt, p = precession.

§'%0, record to SPECMAP. Previous research
showed the Caribbean experienced large salinity
changes on glacial-interglacial timescales [Schmidt
et al., 2004], so tuning the ODP 999A planktonic
foraminiferal §'*0, record to SPECMAP is partic-
ularly difficult at this site because the global ice-
volume imprint on §'%0, can be offset by the
regional hydrologic impact on surface salinity.

[34] On the basis of modeling results, Mix [1987]
showed how the seasonal weighting of foraminif-
eral fluxes can affect the §'®0, record. If forami-
niferal productivity is sensitive to temperature, the
§'%0, value of the mean population will not record
the mean annual temperature. Instead, foraminiferal
populations will adjust their season (and/or depth)
of maximum growth to choose water temperatures
within their preferred range [Mix, 1987]. Assuming
the seasons of maximum G. ruber flux were similar
on glacial-interglacial timescales, we interpret the
Mg/Ca-SST record from ODP 999A to represent
the seasonally-weighted average SST from mid-
spring through early fall. This interpretation is
supported by the observation that the core top
Mg/Ca-SST value is 0.5°C warmer than the mod-
ern annual mean SST for the study area, and more
closely matches the average modern SST from
May to October. Although August faunal SST
reconstructions suggest that maximum glacial sum-
mer temperatures remained relatively constant in
the Colombian Basin, the duration of the warm

season was likely shorter during glacial times and
the seasonal temperature contrast was probably
greater. As the duration of the warm season short-
ened and the seasonal contrast became more ex-
treme, the G. ruber Mg/Ca-SST would have
recorded cooler average temperatures despite the
observation that August faunal SSTs remained
nearly constant. Periods of maximum Mg/Ca-SST
values (i.e., the early Holocene, MIS 5Se, 7a, 7c, 7e
and 9) likely represent periods when the Caribbean
experienced longer periods of warm, summer-like
temperatures when summer insolation and GHF
were at a maximum.

[35] During the last 30 kyr, the Tobago Basin
faunal summer month SST record (Ty,) [Hiils and
Zahn, 2000] is remarkably similar to our Colom-
bian Basin Mg/Ca-SST record (Figure 5). The
modern analog technique used by Hiils and Zahn
[2000] estimates an average SST across the entire
summer season, which may explain why their
warm season temperatures are more similar to our
seasonal G. ruber-based Mg/Ca-SST record than
the warmest month (August) faunal SSTs estimates
from 999A (Figure 4). However, from 30 to 50 kyr,
the Mg/Ca-SSTs suggests the western Caribbean
Colombian Basin was warmer than the Tobago
Basin. In addition, the nearly constant faunal
August SST record from 999A implies a steeper
glacial summer SST gradient between these two
sites. This east-west tropical Atlantic SST differ-
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Figure 8. (a) Mg/Ca-SST records from ODP 999A

(this study) (heavy blue line) and the western equatorial
Pacific core ODP 806B (0°19'N; 159°22'E) (dashed red
line) [Lea et al., 2000]. Gray bars indicate interglacial
periods. Caribbean SSTs are more similar to WEP
values during glacial intervals. (b) Stacked SPECMAP
[Bassinot et al., 1994b] §'%0 record. (c) 806B - 999A
SST gradient, calculated by interpolating the SST
records at both sites to a constant interval of 1.5 kyr
and smoothing the results with a weighted 3-point mean.
Note that the SST gradient between the Caribbean and
the WEP is reduced during glacials (i.e., closer to the
zero line) but that the WEP experiences more warming
during interglacials.

ence may be due to a southward shift in the glacial
North Equatorial Current in the open Atlantic [ Vink
et al., 2001], which would influence the Tobago
Basin but not the Colombian Basin.

[36] Comparison of our long-term Caribbean Mg/
Ca-SST record with a similar G. ruber Mg/Ca-SST
record from the western equatorial Pacific (WEP)
site ODP 806B (0°19'N, 159°22'E) [Lea et al.,
2000] shows that average SSTs in the WEP are
higher than in the Caribbean during interglacial
periods (Figure 8a). Although the SST gradient
between sites 806B and 999A is greater during
MIS 7 and 9 relative to the Holocene and MIS 5
(Figure 8c), this shift may be due in part to secular
changes in carbonate preservation in the Caribbean
prior to MIS 6. The largest SST differences be-
tween the WEP and the Caribbean occur during
interglacial intervals where the fragmentation index

in ODP 999A is >10% (Figures 3e and 8c).
Nevertheless, the east-west SST gradient between
the Caribbean and the WEP collapses during gla-
cial episodes when preservation is enhanced at
both sites, reducing the interhemispheric SST gra-
dient between these two locations. Similar to the
Caribbean, maximum seasonal G. ruber productiv-
ity in the WEP occurs from late spring through fall
[Kawahata et al., 2002]. Figure 8c shows that the
SST difference between 806B and 999A over the
past 360 kyr closely tracks global ice-volume as
recorded by SPECMAP. The correlation between
SPECMAP ice volume and the SST difference
between 806B and 999A suggests these two
regions are linked through orbital-scale shifts in
tropical atmospheric circulation.

[37] Modeling studies suggest that orbitally driven
changes in the amount of seasonal solar insolation
in the tropics influences ENSO variability, corre-
lating warm periods (early Holocene and MIS 5Se)
with enhanced La Nifia circulation and continental
ice growth with stronger El Nifo forcing [Bush and
Philander, 1998; Cane and Clement, 1999; Cane,
1998; Clement and Cane, 1999; Clement et al.,
1999; Kukla et al., 2002]. Recent geochemical
proxy data from the tropical Pacific also suggest
a link between North Atlantic stadials and EI Nifio-
like events in the tropics [Koutavas et al., 2002;
Stott et al., 2002; Visser et al., 2003]. Not surpris-
ingly, ENSO variability directly impacts climate in
the tropical north Atlantic, resulting in reduced
rainfall, warmer spring SSTs, and weaker trade
winds in the western Tropical Atlantic during
an El Nifo event [Alexander and Scott, 2002;
Alexander et al., 2002; Giannini et al., 2001;
Poveda and Mesa, 1997]. Furthermore, the analy-
sis of 40 years of data on the position of the ITCZ
shows that its mean position is displaced south-
ward during an El Nifio phase, resulting in a
rainfall deficit in Central America [Hastenrath,
2002]. Therefore a shift to a more El Nifo-like
glacial circulation mode should produce a warmer,
drier Caribbean. Taken together with the recent
report of increased glacial surface salinities in the
Caribbean [Schmidt et al., 2004], our Caribbean
Mg/Ca-SST record of only 2.1°C of cooling at the
LGM is consistent with both a southward migra-
tion of the glacial ITCZ and a glacial El Nifio-like
mode of tropical circulation.

[38] During a modern La Nifa-state, spring trade
winds in the tropical Atlantic are stronger, resulting
in cooler Caribbean SSTs [Alexander and Scott,
2002; Alexander et al., 2002; Enfield and Mayer,
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1997; Saravanan and Chang, 2000] and warmer
SSTs in the tropical western Pacific [Delcroix and
McPhaden, 2002]. Therefore a shift to a more
permanent La Nifa-like interglacial climate state
may explain the larger interglacial SST gradient
between the Caribbean and the WEP.

9. Conclusions

[39] We evaluate how glacial-interglacial changes
in preservation have impacted Mg/Ca ratios in
planktonic foraminifera from the southwest Carib-
bean by measuring down-core changes in shell
weight, the % G. ruber, and the degree of frag-
mentation. We show that it is possible to use these
dissolution-sensitive records to identify intervals
where dissolution has significantly reduced Mg/Ca
ratios in G. ruber shells. Although we identify
several brief periods of increased dissolution in
our record, we show that MIS 11 stands out as
the most intensive dissolution cycle in the
Caribbean over the last 460 kyr. Therefore it is
critical that future Mg/Ca paleothermometry
studies fully consider how secular changes in
preservation can affect Mg/Ca ratios in forami-
niferal calcite.

[40] Our orbital-scale Mg/Ca-SST record from the
Caribbean suggests that the last three glacial
maximums were 2.1 to 2.5°C cooler than modern.
A faunal August SST reconstruction from the same
core shows only about 1°C cooling during glacial
times, suggesting that maximum summer SSTs
during glacial periods were not much cooler than
the modern. Spectral analysis of the G ruber Mg/
Ca-SST record shows strong 23 and 100 kyr
periods, which we interpret as indicating that the
Mg/Ca-SST reconstruction is seasonally weighted
toward warm months rather than reflecting the
mean annual SST in the Colombian Basin. We
suggest that summer insolation variability and
GHF are the main drivers of SST variability in
our Mg/Ca-SST record.

[41] Comparison of the 999A Mg/Ca-SST record
over the past 360 kyr with a previously
published record of Mg/Ca-SST change in the
western tropical Pacific shows systematic
changes in the east-west SST gradient on glacial-
interglacial timescales. During glacial periods, the
Caribbean-WEP SST gradient diminishes. A
reduction in the SST difference between the
Caribbean and western Pacific is consistent with
a shift to a glacial El Nifio-like mode of tropical
circulation.

[42] Changes in the mean annual position of the
ITCZ have a profound impact on climate in
the Caribbean region. However, the position of
the ITCZ is forced more by changes in the north-
south SST gradient rather than by changes in mean
tropical SST. A latitudinal SST anomaly of only
1°C from 15°N to 5°S in the tropical Atlantic can
displace the ITCZ by hundreds of kilometers
[Chiang et al., 2002], causing significant changes
in tropical atmospheric circulation [Yin and
Battisti, 2001]. Therefore additional studies are
needed to quantify the magnitude and timing of
SST change across a range of latitudes before we
can determine how temporal shifts in the tropical
hydrologic cycle are linked to global climate
change.
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