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Records of the climatic impacts of the North Atlantic Bond cycles over the subtropical Southern Hemisphere re-
main scarce, and theirmechanism is a topic of active discussion.Wepresent here an alkenone-based reconstruct-
ed sea surface temperature (SST) of a sediment core retrieved from the Brazilian Southwestern Tropical Atlantic
(SWTA), Rio de Janeiro, togetherwith a sediment SST record from the Cariaco Basin. The sediment cores span the
period 2,100 B.P. – 11,100 B.P. Morlet-wavelet analysis detected marked periodic signals of ~0.8, ~1.7 and
~2.2 kyr, very similar and with comparable phases to the hematite-stained-grain time series from the Northern
North Atlantic in which the cyclic pattern was recognized as Bond cycles. Our result corroborates the modeled
surface ocean anti-phase thermal relation between the North and the South Atlantic. We attribute this behavior
to the slowing of the AtlanticMeridional Overturning Circulation. The relative SST warming at Rio de Janeiro and
the relative cooling at Cariaco were comparativelymore pronounced during the early Holocene (from 11 to 5 kyr
B.P.) than in more recent time.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is consid-
ered to be the primary ocean process in which heat is delivered
meridionally between the two hemispheres through the Atlantic
Ocean. It carries warm surface waters towards the North Atlantic,
where they cool and sink. It is estimated that the AMOC redistributes
as much as ~25% of the global combined atmosphere–ocean heat flux
(Cunningham et al., 2010) and that it explains the mild climate condi-
tions observed at the Eastern North Atlantic Ocean sector. It has been
speculated that a weakening of the AMOC is likely to occur in the near
future due to the effects of anthropogenic greenhouse gas emissions
(Cubasch et al., 2001; Bryden et al., 2005;Meehl et al., 2007). Thisweak-
ening would result in excess melt-water influx from the Arctic and
Greenland, which in turnwould trigger further climate changes. Never-
theless, the additional meltwater influx is probably not the only cause
for AMOC weakening. Results from modeling experiments of Gregory
et al. (2005) have indicated that weakening would be caused more by
changes in ocean surface heat flux than by changes in surface water
flux. In all of the 11 climate models investigated by their work, the
elista).
AMOC does not collapse strongly despite the final concentrations of
CO2 reaching 4 times modern values.

During the last glacial, rapid air temperature increases followed by
intense cooling are clearly evident in NGRIP Greenland ice core
(Andersen et al., 2007), North Atlantic sediment cores (Clement and
Peterson, 2008) and Northern Hemisphere palynology (Correa-Metrio
et al., 2012). These events were named Dansgaard-Oeschger (D-O)
and Heinrich events. They were attributed to influx of meltwater that
promoted significant reduction in the strength of AMOC inwhich effects
were globally synchronous. It has been proposed that D-O events were
pretty regular with cyclicity around 1470 years (Rahmstorf, 2003). Al-
though much less intense, an apparently analogous climate fluctuation
during the Holocene was also recorded from petrologic tracers present
in sediment cores from the North Atlantic with a cyclicity of ~1470 ±
500 years and namedBond cycles (Bond et al., 1997). The same cyclicity
was found by Bianchi and McCave (1999) using sediment grain-size
data that they employed as a proxy of the deep-water flow, an impor-
tant component of the thermohaline circulation in the Iceland basin.
Their grain-sizedata indicated increasedwater speedswhen the climate
of Northern Europe was warmer.

During the last 12 kyr, eight occurrences of hematite-stained-grain
(HSG) peaks were recognized as ice-rafted debris. Significant correla-
tions obtained between the stacked marine records and cosmogenic
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radionuclides, whose activity concentrations are thought to be modu-
lated by the solar-terrestrial geomagnetic activity, suggested originally
that changes in solar activity could be the major forcing agent of these
events (Bond et al., 2001). A later study conducted on the cyclicity pat-
tern of the time series using spectralwavelet analysiswas able to distin-
guish between the solar forcing and the oceanic forcing to show that the
1500-year cycle was basically an ocean-related climate phenomenon
(Debret et al., 2007).

The consensus is that the influx of excess meltwater into the North-
ern North Atlantic, whether forced by anthropogenic causes or due to
natural forcings like the Bond events, would have important implica-
tions to the regional ocean circulation dynamics. It is proposed that if
the AMOC collapses, it would reduce the inter-hemispheric northward
heat transport and consequently induce a positive temperature anoma-
ly in the tropical Southern Ocean and induce a bipolar see-saw pattern
characterized by a cooling of the northern Atlantic Ocean and warming
of the South Atlantic (Crowley, 1992). Nevertheless, no robust experi-
mental evidence from marine records from the Southern Atlantic
Ocean exists to show this north–south synchronicity in ocean heat
transport. In this work we present reconstructed SST record from Rio
de Janeiro that may help to clarify the South Hemisphere response to
Holocene Bond cyclicity and that extends our knowledge of the global
impact of the Pleistocene ~1500 yr cyclicity.

2. Methods

2.1. Site description

The oceanographic system at the coring site has two main compo-
nents: (1) the prevailing action of the Brazil and the North Brazil Cur-
rents (BC and NBC) that constitute low density tropical waters flowing
south/southwest along the Brazilian coast partially over and mostly off
the continental shelf; and (2) the South Atlantic Central Water
(SACW) that rises at the coast coming from thewest, which ismost pro-
nounced during austral spring and summer seasons (Coelho-Souza
et al., 2012; (Fig. 1). The SACW component is responsible for an impor-
tant quasi-seasonal upwelling phenomenon that occurs in Cabo Frio at
Fig. 1. Main oceanographic features and marine currents at Rio de J
around latitude 23°S. The upwelling itself occurs when a prevailing
northeasterly trade wind dominates in the region (Calado et al., 2008)
as a result of a north–south to east–west change in the orientation of
the South American shoreline. The intense and constant flow of the BC
and NBC waters, accompanied by a relatively low volume of regional
fluvial terrigenous sediment delivery, makes the Southwestern Atlantic
coast a region of low sedimentation rates (Mahiques et al., 2005). Along
the Southwestern Brazilian coast the BC occupies the top 200 m of the
water column. The SACW is located just below it to the domain of the
Antarctic Intermediary Waters. The sediment core was retrieved on
the continental shelf, which is the domain of the Plataform Waters
(mostly confined near shore) that is fed by meanders of the BC and is
seasonally influenced by the oligotrophic waters of the SACW.

2.2. Sediment core recovery

The sediment core (ID: CF02-02A) used in the studywas collected by
the PSV Astro Garoupa Vessel (Astromarítima/PETROBRAS), on 15th
August 2002, at 124 m water depth (23°16′00″S, 41°48′02″W). A
Kullenberg piston corer was used to recover 228 cm of sediment from
a shelf mud patch made up of grayish hemipelagic mud. The core was
sub-sampled continuously at 1 cm intervals; the sub-samples were
oven dried at b50 °C and ground in an agate mortar. Core X ray stratig-
raphy was performed by the SCOPIX method (Migeon et al., 1999).

2.3. Sea surface temperature (SST) reconstruction method

Past SSTs were obtained from the unsaturations ratio of long-chain
C37 alkenones: the alkenone unsaturation index, UK′

37. These com-
pounds are biosynthesised exclusively by a group of prymnesiophyte
algae, principally the coccolithophorid Emiliania huxleyi (Prahl et al.,
1988; Marlowe et al., 1990; Volkman et al., 1995). Because of the
presence of a natural compound in the sampleswith the same retention
time as the 5-α-cholestane employed as a quantitative standard and in
order to avoid quantification problems, UK′

37 was calculated using the
peak areas of C37:2 and C37:3 instead of their absolute concentrations—
therefore, UK′

37 = (C37:2 peak area) ÷ (C37:2 peak area + C37:3 peak
aneiro core site. The 500 m isoline limits the continental shelf.



Fig. 2. Core general lithology, core depth vs. calibrated age curve and X-ray imaging scan-
ning (“SCOPI data”).
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area). Alkenone compositions were obtained using an improved meth-
od (Peltzer et al., 1984; Ternois et al., 1998). Approximately 2 to 4 g of
dried sample were solvent extracted three times, first with 20 ml of
methylene chloride, a second time with 20 ml of methylene chloride
and methanol (1:1), and finally a third time with 20 ml of methanol.
For each extraction, the samples were ultrasonicated for 15 min and
centrifuged at 2500–3000 rpm for 10 min. All extracts were mixed
and concentrated just to dryness using a rotary evaporator and trans-
ferred to 4 ml vials. Lipids were partitioned into compound classes
(Peltzer et al., 1984). Compound classes were separated into 7 fractions
using Pasteur pipettes filled with silica gel (Merck, 0.063–0.100mm, 5%
deactivated) and eluting with increasing polarity solvents and then
stored in 4 ml vials. All fractions were evaporated under a nitrogen
stream. Alkenones (fraction 4) were first identified on a ThermoQuest
Trace 2000 Series gas chromatograph equipped with a Varian coated
fused silica CPSil-5-CB capillary column (60 m × 0.32 mm i.d., 0.25 μm
film thickness) coupled to a Finnigan Polaris mass spectrometer.
Alkenones were then quantified on a Perkin Elmer Autosytem XL gas
chromatograph equipped with the same column and a flame ionization
detector. The oven temperature was programmed from 50 to 150 °C at
30 °C min−1, followed by 7 °C min−1 heating until 250 °C and a final
ramp of 1.5 °C min−1 until 310 °C and an isothermal hold for 60 min.
Heliumwas used as a carrier gas for both types of analysis. Compounds
were identified andquantified using Scalibur and TurbochromPC-based
chromatographic software. Reconstructed Rio de Janeiro SSTs (SSTRJ)
are based on alkenones and calculated using the equation T (°C) =
(UK′

37 − 0.044) / (0.033) (Müller et al., 1998). Analytical error was
0.9 °C, calculated as three times the standard deviation of random rep-
licate analysis.

2.4. Sediment core dating and stratigraphy

Chronology was established using bulk organic matter radiocarbon
AMS dating (Angulo et al., 2005). The age control was made using
CALIB software. Twelve samples from the core CF02-02A were dated
at the L.M.C.14 Laboratory (UMS2572—Laboratoire de Mesure du
Carbone 14, CNRS/IRD/CEA/IRSN/MC, Saclay—France). Radiocarbon dat-
ing was based on bulk organic matter, and radiocarbon ages were cali-
brated using CALIB 5.0.1 software (http://calib.qub.ac.uk/calib/) and
applying the regional reservoir effect correction (ΔR=8±17), accord-
ing to Angulo et al. (2005). This correction is very similar to that esti-
mated by the Marine Reservoir Correction Database (http://calib.qub.
ac.uk/calib/), which was ΔR = −10 ± 48.

Digital core stratigraphy was used to detail the internal structure of
sedimentary or biological unity by a high resolution X-ray method, the
SCOPIX analysis (Migeon et al., 1999; Lofi and Weber, 2001). The core
is macroscopically composed of a mix of carbonaceous concretions,
shells and other carbonate debris (reworked material) from the base
to 195 cm. This composition gradually changes to mud-sands, and
from 130 cm to the core top it becomes a homogeneous dark-gray to
olive-gray mud (5GY-4/1 to 5G-4/2). The core log, based on
macroscopical observations, SCOPIX gray level values and Rock-Eval re-
sults, shows six sedimentary sequences (Fig. 2)

2.5. Cyclicity patterns from SST reconstruction

We have conducted twomethods of spectral analysis to explore sta-
tistically significant cyclicities from reconstructed SSTs (Rio de Janeiro/
Brazil), Cariaco Basin on the Northern Venezuelan Shelf inferred from
Mg/Ca ratios in surface-dwelling planktonic foraminifera (Lea et al.,
2003) and HGS time series (Bond et al., 2001) downloaded from an of-
ficial data repository/NOAA World Data Center for Paleoclimatology.
The methods were the iterative regression analysis (named here
ARIST “Análise por Regressão Iterativa de Séries Temporais”) (Rigozo
et al., 2010), and the Morlet wavelet analysis (Torrence and Compo,
1998; Rigozo et al., 2010). The ARIST method has as a basic concept
the fitting of sine functions over time series. The simple sine function
used in ARIST has 3 parameters to be determined: amplitude, angular
frequency and phase, where the starting point of the method is the
definition of the so-called conditional function defined as F = Y −
a0 sin(a1t + a2) in which Y is the signal (time series) and a0, a1, a2 are
the three unknown parameters. For the determination of each parame-
ter we have used 200 iterations for each time series. From the total
range of cyclicities detected in each time series by this method, we
have taken into consideration, for the interpretation of data, only
those cyclicities in which the amplitude/deviation ratio, that is, the
cycle amplitude is 2 times higher than the standard deviation. This am-
plitude corresponds to cyclicities within 95% significance level. The
complex Morlet wavelet analysis was used here to detect important
changes in time series and cyclicities. The Morlet Wavelet is a plane
wave modulated by a Gaussian function. DWT (discrete wavelet trans-
form) as used here deals with time series defined essentially over a
range of integers (t = 0, 1, … N− 1), where N is the number of values
in the time series. Therefore if a time series x(t) is formed by N data
points, the DWT{x} will also have N points or N coefficients. The 2 j − 1

scales are the wavelet coefficients. The wavelet coefficients are propor-
tional to the difference of averages of the original data and reflect long
term variations.

3. Results

Reconstructed SSTRJ varied from 24.2 °C to 28.1 °C with a mean
value of 25.9 °C and a standard deviation of 0.87 °C, for the period
2100 to 11,100 years B.P. For the same chronology, a mean value of
0.8 °C higher was estimated for the Cariaco Basin on Fig. 3. During the
periods of Bond peaks (1, 2,…, 8), SSTs have, on average, decreased
from −0.6 °C to −0.3 °C with respect to the mean from the early
Holocene (~11 ka to 5 ka) to late Holocene (5 ka to ~2 ka) in the Cariaco
Basin and from +1.5 °C to +0.8 °C at Rio de Janeiro. For the SST vari-
ance, 0.74 (n = 59) for Rio de Janeiro and 0.22 (n = 45) for Cariaco
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Fig. 3. Sedimentary records at 3 sites along the Atlantic: (A) North Atlantic stackedmarine
record. Data refers to percent hematite-stained grains (%HSG); (B) reconstructed Central
Atlantic SST at Cariaco Basin based on Mg/Ca ratios (Lea et al., 2003); and
(C) Southwestern Atlantic SST/Rio de Janeiro derived from alkenones (this paper). Num-
bers denote the “Holocene Bond Stages” (the millennial-scale cycles recognized in the
North Atlantic of nearly 1500-year cyclicity). Vertical boxes highlight, approximately,
each Bond event interval.
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Basin, the Test-F has yielded evidence of statistical difference at 95%
confidence level (Fcritic = 1.61 and F = 3.28) between the sites.

Results of Morlet wavelet analysis reinforce the apparent Northern-
Central-Southern Atlantic synchronicity (Fig. 4). The spectral analysis
revealed two statistically significant oscillatory bands (~0.8 kyr and
one extending from ~1.7 to 2.5 kyr) dominating the 3 investigated
sites, that is consistent to previously reported spectral analysis (Debret
et al., 2007).

From theARIST spectralmethodwewere able to retrievemain oscil-
latory signals from the 3 time series, identified phases and correlations.
The technique allowed a deconvolution of the periodic bands detected
by the wavelet spectral analysis so that the 1.7 kyr and 2.2 kyr signals
were recognized apart. Fig. 5 depicts the total cyclicities detected by
the ARIST method with intervals of statistical significance with respect
to 1 and 2 standard deviation.

Fig. 6 shows superimposed 0.8 kyr, 1.7 kyr and 2.2 kyr signals of
Bond and SSTRJ and Bond and Cariaco Basin, and r-Pearson correlation
coefficients among oscillatory signals. An interesting finding here is
the high correlation values varying from 0.89 to 0.99 between the re-
trieved cycles. This correlation means a great coherency between the
signals when the time lag is adequately adjusted.

4. Discussion

A comparison between the time series of the reconstructed SSTs and
the Holocene Bond Stages (HBS) (1, 2,…, 8) verifies that almost all HBS
were well recognized. The ARIST method indicated a bi-polar
synchronicity between the increasing HSG delivery into the North At-
lantic Ocean floor and the increasing SST in the tropical Southwestern
Atlantic. Extending the comparison to the Cariaco Basin, SST peaks are
predominantly in opposite phase with respect to Bond events, indicat-
ing that cooler periods in the Cariaco Basin coincided with cooling in
the Northern North Atlantic.

Considering the different reconstruction methods employed in each
sediment core, the analytical error for alkenone determination, as de-
scribed here, and the amplitude of the variance, the mean SSTs derived
fromCariaco andRio de Janeiro cannot be assumed as statistically differ-
ent, a result that can be also achieved with the use of a two-tailed
Student's t-test at 95% confidence level. Nevertheless, during the Bond
events, Rio de Janeiro SSTs may reach levels comparable to the Cariaco
average despite the difference of the mean direct solar radiation be-
tween the two sites.

The mechanism responsible for the anti-phase relation between the
Northern and Southern Hemispheres of the Atlantic is well document-
ed. The AMOC transports heat and salt towards the Northern Hemi-
sphere, but when increased melt-water is delivered to Northern
subpolar regions and vicinities, a slowing of the AMOC may result in
the accumulation of heat and salt in the SouthernHemisphere, a process
called the bipolar seesaw (Crowley, 1992; Manabe and Stouffer, 1995;
Broecker, 1998). The reconstructed SSTRJ data seem to support this
mechanism. The described mechanism is also consistent with coupled
ocean–atmosphere general circulation models (e.g.: Dahl et al., 2005).
In their model they added 0.1 Sv (1Sv: 1Sverdrup = 106 m3 s−1) of
freshwater into the North Atlantic for 100 years. Under such condition
the AMOC is estimated to be reduced by roughly 40%, cooling the
North Atlantic region up to 8°, and both air temperature and SST are ex-
pected to increase from the North towards the Equator. One conse-
quence of this scenario is the southwards shift of the ITCZ, along with
changes in the trade winds and an asymmetric response of the Hadley
circulation (Broccoli et al., 2006). In the Cariaco Basin, the observed re-
sponse to these Holocene oscillations can be interpreted as a small scale
response to the climate oscillations that took part during last glacial ter-
mination, as revealed by the Greenland Ice Sheet Project 2, when a quasi
synchronicity response was recorded (Lea et al., 2003).

With regard to the alkenone-derived Holocene SST trends for the
Atlantic, data from Rio de Janeiro presented a near neutral pattern. In
particular, the last 5 kyr showed a decrease of ~−1 °C to the present.
In this context the Leduc et al. (2010) study found robust cooling trends
towards the present for the Northern Atlantic as far south as ~30°N. Be-
tween 15°N and 15°S a predominant SST reversal (warming trend) was
observed. However, SST reconstructions south of 15°S are lacking in the
Atlantic. SST reconstructions for the Pacific and Indian Ocean present
high prevalence of cooling southwards of this latitudinal band (Leduc
et al., 2010). It is clear from Fig. 1 that a change in variability pattern
at the 3 time series occurs before and after ~5 yr-B.P. This mid-
Holocene transition accompanies a worldwide climate variability well
documented for the Polar Regions in Antarctica and Greenland. In the
tropicas and subtropics the climate signals of this transition are more
ambiguous, varying from cooling to aridity regimes according to paly-
nology records, speleothems, or lake sediment data (Steig et al., 1997).

The cross-wavelet analysis performed between the tropical sites and
HSG time series indicated that the ~1.7–2.5 kyr band was persistent
during a significant time interval of the Holocene (~3.5 kyr and 9 kyr),
but it becameweaker towards themodern epoch, while the synchro-
nicity was more prominent between ~4 and 9 kyr. The response to
the ~0.8 kyr oscillatory response was dominant through the late
Holocene. Combining the Holocene and the last glacial period, HSG
data from North Atlantic sediment cores exhibit a cyclicity centered at
1470 ± 532 years. Therefore, the Bond event cyclicity essentially
spanned ~938 years to 2002 years. Based on the wavelet Morlet analy-
sis themain cyclic pattern obtained for Rio de Janeiro and Cariaco corre-
sponds to a broad interval from ~1700 to 2500 years and therefore lies
mostly within the cyclicity interval detected by Bond et al.
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Fig. 4. Spectral analysis (Morlet wavelet analysis) for North Atlantic stackedmarine record (A), reconstructed SST at the Southwestern tropical Atlantic (SSTRJ) (B), and reconstructed SST
at Cariaco Basin (C). Cross wavelet spectrum between Bond and SSTRJ (D) and between Bond and Cariaco Basin (E). Main cyclicities bands are indicated by arrows. White contour line
defines the cyclicities within 95% confidence level and black continuous line defines the cone of significance of the analysis.

Fig. 5. Cyclicities (yr) and intervals of statistical significance from ARIST method for Cariaco and Rio de Janeiro SST reconstructions and hematite-stained grains (%HSG).
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Fig. 6. Superimposed SST oscillatory signals corresponding to the cyclicities of 0.8 kyr (A and B), 1.7 kyr (C and D) and 2.5 kyr (E and F) for Bond, Rio e Janeiro and Cariaco Basin; (Right)
regressions between the oscillatory signals. The temporal lag between two oscillatory signals was defined as the time interval in which the higher r-Pearson value is obtained while
performing a lag correlation.
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From our observations, we conclude that the transition from a neu-
tral response to Bond events to warming of surfacewater masses that is
caused by the retention of heat in the Tropical-to-Polar Atlantic waters
as a consequence of the AMOC slowing may take place well below the
Equator and likely in tropical–subtropical latitudes. There is a clear
need for better definition of this geographical boundary, which may
be under the influence of North Atlantic Bond events, using new sedi-
ment core analyses. Time lags between oscillatory signals were found
to vary between 50 and 200 yr. This time interval is comparable to the
estimates of inter-hemispheric transport of watermasses. Nevertheless,
this interpretation should be considered with caution considering the
resolution of the data of this study.

5. Conclusions

This work presents a new alkenone-based SST record covering the
part of the Holocene from 2.1 kyr B.P. to 11.1 kyr B.P. from a shelf site
in the Southwestern South Atlantic and compares it to the SST record
from the Carioca Basin. Spectral analyses performed with Morlet-
wavelet and ARIST methods reproduced marked oscillatory signals of
~0.8 kyr, ~1.7 kyr and ~2.2 kyr for reconstructed SSTs off Rio de Janeiro
and from Cariaco and the hematite-stained-grain time series in the
Northern North Atlantic that are recognized as Bond cycles within sta-
tistic significance. Time lags between events (Bond peaks) in the
North Atlantic and the South Atlantic at the tropics were estimated to
occur at a maximum interval of 200 yr. We attribute the anti-phase
thermal relation to the slowing of the Atlantic Meridional Overturning
Circulation as described previously by several authors. The relative SST
warming at Rio de Janeiro and the relative cooling at Cariaco seemed
to be more pronounced during the early Holocene (from 11 kyr to
5 kyr B.P.). Although our analyses for the Southwestern Atlantic repro-
duce the Northern Hemisphere main cyclicity patterns they are one of
the initial alkenone-based SST reconstructions inside the vast South-
western Atlantic sector and have the additional caveat that they have
low-to-moderate resolution. Our results nonetheless provide strong en-
couragement towards improving SST reconstructions on the Brazilian
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continental shelf to investigate the Southern Tropical Atlantic response
to Bond events.
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