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18. CHANGES IN THE DYNAMICS OF WESTERN EQUATORIAL ATLANTIC SURFACE CURRENTS
AND BIOGENIC PRODUCTIVITY AT THE “MID-PLEISTOCENE REVOLUTION” (~930 KA)!

F.C. Bassinot,? L. Beaufort,? E. Vincent,? and L. Labeyrie?

ABSTRACT

We studied two sites cored during Ocean Drilling Program Leg 154 on the Ceara Rise in the western equatorial Atlantic:
Sites 925 (3041 m water depth) and 928 (4012 m water depth). Both sites were sampled every 5 cm from about 25 to 38 meters
below sea floor (mbsf; 680- to 1100-ka interval) for a high-resolution study of low-latitude climatic variations and changes in
carbonate deposition associated with the first large-amplitude glaciation of the late Quaternary (isotopic Stage 22 at about 880
ka) and the subsequent development of the 100-k.y. glacial-interglacial oscillations (the “mid-Pleistocene revolution”). We
measured carbonate and coarse fraction contents of samples from both sites. From Site 925 samples, we also measured 8'%0 of
the planktonic species Globigerinoides ruber and the relative abundance of the calcareous nannofossil Florisphaera profunda,
an index of past changes in nutricline depth (which permits us, by proxy, to reconstruct changes in thermocline dynamics).

Our results indicate that carbonate deposition was mainly controlled by changes in biogenic productivity and dilution by
terrigenous inputs from the Amazon River. In the time interval studied, all of our paleoclimatic indicators show a dominant 41-
k.y. cyclicity. We suggest that 41-k.y. oscillations in the F. profunda record reflect changes in the thermocline depth resulting
either from north-south oscillations of the Intertropical Convergence Zone or from changes in trade-wind intensity. These
changes were most probably controlled by high-latitude variations in sea-surface temperatures that modified the subtropical
gyre dynamics and were responding to changes in the volume of continental ice sheets. The “mid-Pleistocene revolution”
appears to be associated with an important change in the equatorial Atlantic surface current dynamics as shown by the drastic
change in the phase relationships between 1/41-k.y.”! filtered records that takes place over a short period of time centered
roughly on 930 ka. This change may result from an important modification of the subtropical gyre dynamics at the initiation of
the large Laurentide ice sheet. Before the “mid-Pleistocene revolution,” 41-k.y. carbonate mass-accumulation rate cycles were
out of phase with F profunda cycles, indicating that biogenic productivity was most probably responding to changes in regional
or global changes in nutrient content rather than to local changes in the nutricline (thermocline) dynamics. Starting at about 900

k.y., the biogenic productivity appears to be in phase with changes in the nutricline depth.

INTRODUCTION

Although 100-k.y climatic oscillations have been identified dur-
ing other periods such as the Neogene (i.e., Beaufort and Aubry,
1990; Beaufort, 1994), they appear to be stronger during the late
Pleistocene than during any other period. One of the major puzzles of
the Ice Ages is the mid-Pleistocene onset of these large-amplitude
100-k.y. ice volume oscillations that dominated Earth’s climate over
the last 700 k.y. The exact timing and mechanisms of this onset are
still a matter of debate. Some of the early studies that dealt with
changes in dominant climatic periodicities favored a rapid transition
at about 0.8-0.9 Ma (Shackleton and Opdyke, 1976; Pisias and
Moore, 1981). However, recent studies concluded that the transition
from 41-k.y. to 100-k.y. dominant oscillations has more probably
been progressive, taking place approximately in the interval 1.0-1.2
to 0.6 Ma (i.e., Ruddiman et al., 1989; Imbrie et al., 1993; Berger et
al., 1994). By 0.9 Ma, the 100-k.y. power of climatic indicators from
Deep Sea Drilling Project (DSDP) Site 607 in the North Atlantic ap-
proached or achieved a phase lock with orbital eccentricity for the
first time, which suggests that the climate had really begun to develop
the 100-k.y. power that dominates the late Pleistocene history (Rud-
diman et al., 1989). Statistical detection of the mid-Pleistocene tran-
sition in mean and variance of Pleistocene 8'%0 records indicates that
Earth’s climatic system may have experienced an abrupt change
around 0.9 Ma that was characterized by an increase in ice mass and
a global cooling (Maasch, 1988). It is not yet clear whether the rapid
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and global change of the climate system that resulted in the first se-
vere glaciation of the late Pleistocene (isotopic Stage 22) actually
“triggered” the development of the 100-k.y. oscillations or if it corre-
sponded to a “threshold jump” in a progressively evolving climatic
system in which northern ice sheets had already initiated a new mode
of oscillations. It appears well established, however, that the exist-
ence of large northern hemisphere ice sheets is an essential condition
for developing the “saw-tooth” 100-k.y. cycles typical of the late
Pleistocene (e.g., Saltzman, 1987; Ghil and Le Treut, 1981; Le Treut
and Ghil, 1983; DeBlonde and Peltier, 1991; Imbrie and Imbrie,
1980; and review in Imbrie et al., 1993). This conclusion, mostly de-
rived from a nonlinear modeling approach, has been strongly sup-
ported by available paleoclimatic data. At ODP Site 677, for instance,
the variance increase in the 1/100-k.y.”! band, which took place be-
tween about 1.0 and 0.7 Ma, occurred mainly as an enrichment of
8'80 values during glacial stages and was recorded both in planktonic
and benthic foraminifers, thus suggesting a progressive increase in
the size of the northern hemisphere ice sheets (Imbrie et al., 1993).
The equatorward shift of the polar front associated with the growth of
these large ice sheets is also reflected in the southward progression of
ice-rafted detritus deposited in the North Atlantic (Ruddiman, Mcln-
tyre, et al., 1986).

The major change of the climate system at about 0.9 Ma (the
“mid-Pleistocene revolution,” Berger et al., 1994) is still poorly un-
derstood. Ruddiman, Raymo, et al. (1986) and Ruddiman and Kutz-
bach (1989) have suggested that the development of large amplitude
glaciations in the mid-Pleistocene could have been triggered by
changes in the elevation of the Sierra Nevada and the Tibetan Plateau,
which would have affected tropospheric circulation and resulted in
cooling over North America and Europe. This scenario seems to ex-
plain the long-term evolution of the climate system during the
Pliocene—Pleistocene. The abruptness of the superimposed climatic
jump at about 0.9 Ma points towards a “threshold” response of the
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climatic system that involves elements with a rapid time response, Last Glacial Maximum (CLIMAP, 1981). The Ceara Rise is bathed
such as oceanic circulation. The evolution of Atlantic—Padfi€ by NADW and Antarctic Bottom Water. The present mixing zone be-
gradients reconstructed by Raymo et al. (1990) shows that glacialeen these two deep water masses is located between 4000 and 4500
episodes corresponding to isotopic Stages 24 and 22 were the firgt and corresponds to a steep gradient in deep-water chemistry that
glacial episodes of the late Pleistocene, which are characterized bgantrols the dissolution of calcium carbonate (Curry and Lohmann,
clear reduction of the North Atlantic Deep Water (NADW) produc- 1990).
tion. The convergence 8fC values between the deep Atlantic and  Site 925, located at 4°12.249'N, 43°29.334'W, is the shallowest
Pacific during isotopic Stages 24 and 22 indicates that these times rmte cored during Leg 154 at 3041 m of water depth (Fig. 1). It is sit-
only experienced a drastic reduction of NADW production, but alsaated well above the present lysocline in this area, which is found at
probably experienced a fundamentally different pattern of circulatiombout 40084300 m (Broecker and Takahashi, 1978; Thunell,
than those observed during later glacial stages of the late Pleistoced®82a). Pelagic sediments from Site 925 have experienced little dis-
with production of nutrient-depleted bottom water in the Pacific andsolution during the Cenozoic, as demonstrated by the usually very
or increased residence time of deep water in the Atlantic (Raymo gbod preservation of calcareous microfossils observed during Leg
al., 1990). 154 (see Biostratigraphy section, Shipboard Scientific Party, 1995a).
Given these observations, the Ceara Rise area appears to be a zon&ite 928 (5°27.320'N 43°44.884'W) is located at 4012 m of water
of extreme interest and may provide more information about theepth, about 100 m above the present depth of the lysocline. This po-
mechanisms involved in the “mid-Pleistocene revolution.” Today sition makes Site 928 extremely sensitive to past changes in the pro-
this area is characterized by a south—north cross-equatorial transpdttction rate of NADW that resulted in vertical migration of the mix-
of upper waters, which bring heat and salt gained in the tropics to thieg zone and changes in carbonate chemistry.
North Atlantic and play a crucial role in the “Great Conveyor Belt”
circulation as the main branch of the return flow of the North Atlantic
Deep Water (NADW) thermohaline cell. Of the 13 Sv that are export- COMPOSITE DEPTHSAND MATERIAL
ed southward as NADW and are replaced by southern ocean water,
about 7 Sv are supplied by northern cross-equatorial transport of To correct for sediment gaps and disturbances at core breaks
warm (>24°C), near-surface water (upperB00 m) that travels (Ruddiman et al., 1987), continuous sedimentary records at Sites 925
along the equator as the South Equatorial Current (SEC), is deflectadd 928 were obtained by splicing intervals from adjacent holes.
northward along the coast of Brazil, and feeds the Gulf Stream arf8blice tie-points were determined during Leg 154 based on high-
the North Atlantic Drift after travel through the Caribbean (Schmitzresolution (35 cm intervals) physical properties records (magnetic
and McCartney, 1993). Along the equator, this upper water flow isusceptibility, color reflectance) obtained on boardJDHKDES Res-
under the direct control of wind-driven circulation. Today, both theolution. These tie-points are presented in the “Composite Section”
thermal equator and the Intertropical Convergence Zone (ITCZ) argections of Shipboard Scientific Party (1995a, 1995b). All depths be-
deflected to the north of the geographic equator in the western equaw seafloor are expressed in meters composite depth (mcd) hereaf-
torial Atlantic. Past changes in the geographical position of these inter.
portant boundaries could have had an important impact on the north For our study of the “mid-Pleistocene revolution,” we decided to
Atlantic thermohaline cell and/or on the northern hemisphere icéocus on the stratigraphic interval ranging from isotopic Stage 17 to
sheet build-up by modifying the cross-equatorial water, salt, and he&otopic Stage 32 (spanning roughly the time intervat-&&200 ka).
transport to the North Atlantic. It appears, therefore, extremely imThis interval has been identified on Sites 925 and 928 based on the
portant to clearly understand past changes in western equatorial Atelor reflectance and magnetic susceptibility profiles as well as on
lantic hydrologic conditions considering the key role of this area irbiostratigraphy events recognized on board XBEDES Resolution
the transfer of energy and water to the North Atlantic. such as the reappearance of the medBgphyrocapsa species that
The relative abundance of the coccolithophorid speEies occurred around isotopic Stage 27 in the Atlantic Ocean (Raffi et al.,
risphaera profunda has been used as a powerful indicator for recon-1993). This datum occurs at 34.40 mcd at Site 925 and at 35.18 mcd
structing past changes in the thermocline dynamics of the easteat Site 928 (see “Biostratigraphy” sections, Shipboard Scientific Par-
equatorial Atlantic (Molfino and Mclintyre, 199@. profundais one  ty, 1995a, 1995b). Based on this preliminary identification of the in-
of the rare coccolithophorid species preserved in the fossil record thegrval of interest, the sedimentary records were sampled at 5-cm in-
is restricted to the lower euphotic zone (Okada and Honjo, 1973). Thervals from 25.85 to 38 mcd at Site 925 (splice from Holes 925C and
conceptual model proposed by Molfino and Mclintyre (1990) associ925D) and from 23.25 to 42 mcd at Site 928 (splice from Holes 928A,
ates high abundances Bf profunda with a deep nutricline and, by 928B, and 928C). The 5-cm sampling interval is equivalent to a time
proxy, a deep thermocline (weak divergence), and low abundancesioterval of about 1.7 k.y. at both sites. Carbonate and sand-fraction
F. profunda with a shallow nutricline and, by proxy, a shallow ther- contents (>63 pm) were measured on samples from Sites 925 and
mocline (strong divergence). The studyFoprofunda abundance in  928. Oxygen &®0) and carbond'*C) isotopic compositions of the
sediments cored on Ceara Rise during Leg 154 offers a unique opp@tanktonic foraminifeiGlobigerinoides ruber and the relative abun-
tunity to gain some important insights on past changes of the windtance of the calcareous nannofosdibrisphaera profunda were
driven equatorial dynamics at the time of the “mid-Pleistocene revomeasured in samples from Site 925.
lution.”

METHODS
STUDY AREA AND SITE PRESENTATION Carbonate Content

Sites 925 and 928 were cored during Leg 154 on the Ceara Rise Weight percentages of calcium carbonate in dry bulk samples
(western equatorial Atlantic), a bathymetric high that formed at 8@vere measured at the Laboratoire de Géologie du Quaternaire (LGQ,
Ma and is draped with a thick sequence of lithogenic (mostly inpuMarseille, France) using a modified “Bernard calcimeter,” which
from the Amazon River) and biogenic sediments (Fig. 1). The rise imeasures the volume of G@leased at atmospheric pressure when
located beneath a warm surface-water pool that exhibits low produthe sample is reacted with HCI-1N. The accuracy of the method is
tivity. The CLIMAP reconstruction has shown that this warm-waterwithin +2%-3% (estimated from 50 measurements of standards with
pool experienced only a small temperature decrease (<2°C) at thaown CaCQ content ranging between 50% and 100%).
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I\ M | S 4w 42°W interval varies betweefi2% and+7% depending on the percentage
7N 7N and the amount of coccoliths counted (Mosimann, 1965).

Mass-Accumulation Rates

Mass-accumulation rates (MAR) of the carbonate and noncarbon-
ate fraction were calculated according to the classical formulae:
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MAR gy, = DBD X F oy X SR
MAR pon-cab = DBD X (1-Fepp) X SR

whereDBD is the dry-bulk density (in g/ct) F,, is the dry-weight
fraction of carbonate in the sedimeBR is the sedimentation rate
5°N (cm/k.y.).
Dry-bulk densities were obtained on board IG#DES Resolu-
tion from measurements of the wet and dry sediment masses (ob-
tained with a precision &f0.01 g using a Scitech electronic balance)
and the wet sediment volumes (obtained using a Quantachrome pyc-
nometer with a precision af0.02 cni; for details, see “Physical
Properties” sections, Curry, Shackleton, Richter, et al. [1995]).
4°N The discrete dry-bulk density data sets from Sites 925 and 928
have a low sampling resolution (13 values for our interval of interest
from Site 925 and 10 values from Site 928) and do not permit us to
address changes that might be associated with glacial-interglacial
variations in sediment composition. To determine the effect of such
climate-induced dry-bulk density changes on the calculation of mass-
I accumulation rates, we conducted a short, high-resolution analysis of
3N 3N index properties variations based on the wet-bulk density record ob-
H5°W aw 8°W a2°W tained on board thdOIDES Resolution at 2-cm spacing intervals
Figure 1. Location of Sites 925 and 928 cored during Leg 154 on Ceara Rise. with the Gamma Ray Attenuation Porosity Evaluator. Our results
showed that bulk density shows low-amplitude glacial-interglacial
variations. Thus, MARs appear to be dominated by changes in car-
Coar se Fraction Content bonate contents (or noncarbonate contents), which undergo large-
amplitude variations (about 30% of their average value at Site 925
The sand-si ze fraction was obtained by wet-sieving samples using and 44% at Site 928) and do not depend on small-amplitude changes
a 63-um mesh sieve. The dry, greater than 63-pum fraction was thefhindex properties (which produce variations of about 2% and 4.5%
weighed to calculate the percentage of sand fraction. In Site 925 sa@¥-their average value from Sites 925 and 928, respectively).
ples, the sand-size fraction was subsieved using 250- and 355-um Data from Sites 925 and 928 are presented in Tables 1 and 2, and
mesh sieve to isolate large foraminifer shells for stable isotope stughlotted vs. depth in Figures 2 and 3.
ies (see below).

5°N]

4°N]

5180 and 313C M easurements AGE MODEL

Stable isotopic measurements were performed on the planktonic The detailed isotopic record obtained from Site 925 extends from
speciesGlobigerinoides ruber picked in the narrow size range 250 isotopic Stages 17 to 32 (685-1100 ka; Fig. 2). It shows distinctly all
355 um to avoid, as much as possibléC variations related to on- the isotopic oscillations characteristic of this time interval, such as
togenetic evolution (e.g., Berger et al., 1978; Duplessy et al., 1981%he three precession-related oscillations of Stage 21 that have been re-
Samples were roasted at 400°C prior to analysis to remove orgarniently observed in other low-latitude isotopic records (Shackleton et
matter. Foraminifers were analyzed at the Centre des Faibles Radil-, 1990; Bassinot et al., 1994b). An age model has been developed
activités (CFR, Gif-sur-Yvette, France) using/&-Optima mass  at Site 925 by tuning the oxygen isotopic curve obtaine@.oober
spectrometer equipped with a carbonate device. Samples of abdatthe ice-volume model of Imbrie and Imbrie (1980). This model as-
100 pg (=10 shells @. ruber) were reacted with phosphoric acid at sumes that the rate of the climate response (growth or decay of ice
90°C to produce CQwhich was analyzed in the mass spectrometersheets) is proportional to the magnitude of the summer insolation
Following the conventional notation, results are expressédiith forcing at 65°N. The model has been calculated using the monthly in-
respect to the Pee Dee Belemnite standard. Analytical precisioaplation series for July at 65°N of Berger and Loutre (1991). The re-
based on replicate measurements of the NBS19 standafQi@for  sulting curve has proved to be a powerful tuning target for the late

610 and+0.02 ford'C. Pleistocene (Martinson et al., 1987; Bassinot et al., 1994b) as well as
for the early Pleistocene (Shackleton et al., 1990).
Florisphaera profunda Because our climatic series do not extend continuously to the

present, we had to choose an initial starting point for our tuning pro-

Relative abundances of the calcareous nannofeksilsphaera cedure. As an initial tie-point, we correlated isotopic Event 20.2 (at

profunda were measured on smear slides using a light microscope about 29 mcd) to the minimum in the ice-volume model found at
the LGQ. At least two hundred coccoliths per slide were counted fartbout 790 ka. Because Stage 20.2 is a well-defitf@levent situat-

the calculation of the percentageFoprofunda. The 95% confidence ed just below the Brunhes-Matuyama magnetic reversal (which oc-
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cursin Stage 19), special attention has been given during thelast five
yearsto its precise dating through orbital tuning. We chose our depth-
age correlation for Stage 20.2 according to the tuning solution pro-
posed by Shackleton et al. (1990) for ODP Site 677, recently con-
firmed by the detailed astronomical tuning of the continuous 900-k.y.
isotopic record from giant piston Core MD900963 (Bassinot et al.,
1994b) in which good magnetostratigraphy was available. Subse-
guent correlations of the isotopic record of Site 925 to theice-volume
model were performed using the “linage” subroutine of the program
“analyseries” developed at the CFR (Paillard and Labeyrie, 1995).
The tuning approach employed an iterative procedure. After depth-
to-age control points were chosen, ages of the entire &'0 serieswere
linearly interpolated and the resulting time series wasfiltered at 1/21
and 1/41 k.y.7* to extract the precession and obliquity components.
These filtered series were then compared to the 1/21-k.y."* and the 1/
41-k.y.”* components of the ice-volume model. Age-control points
were modified in intervals where important mismatches were ob-
served between the filtered isotope record and the filtered ice volume
curve. The corrected time series was filtered again for comparison.
The iterative procedure was repeated until a good coherency (>0.9)
was achieved between the 1/21 and 1/41-k.y. * filters obtained from
theisotopic record and theice-volume model (Fig. 4). Asan addition-
al check, theisotopic record isalso compared with theisotopic record
from ODP Site 677 (Shackleton et a., 1990).

Final control points of our age model are given in Table 3. The
isotopic record from Site 925 spans the time interval from about 680
to 1100 ka. The orbital chronology developed for Site 925 was trans-
ferred to Site 928 by correlation of the carbonate and coarse-fraction
records (Figs. 5, 6).

RESULTS
Carbonate and Noncar bonate Sedimentation

The mean value of the sand fraction content is 13.3% (standard
deviation 10 = 6.1%) at Site 925 and 6.6% (0 = 6.3%) at Site 928.
Carbonate contents average 41.9% (0 = 12.4%) at Site 925 and
28.8% (0 = 13.3%) at Site 928 (Figs. 5, 6). Visua observation with a
binocular microscope showed that the sand fraction at Sites 925 and
928 consists entirely of foraminifer shells. These foraminifers appear
to be particularly well preserved at the shallower Site 925, which is
located at 3041 m of water depth, about 1000 m above the present
lysocline. Thisgood preservation state of foraminifer shellsindicates
that Site 925 remained in a supralysoclinal position during most of
thetimeinterval studied, and suggests that dissolution was not ama-
jor factor controlling biogenous carbonate deposition. Site 928 islo-
cated at 4012 m of water depth (about 100 m above the present lyso-
clineinthisarea). Lower mean values of carbonate content and grain
size measured at Site 928 than at Site 925 probably result from en-
hanced dissolution of carbonate at the deeper site. With increasing
dissolution, sand fraction content is reduced by the progressive
breskdown of weakened foraminifer shells into small fragments
(Thunell, 1982b; Berger et al., 1982; Peterson and Prell, 1985; Leand
Shackleton, 1992; Bassinot et al., 1994a).

At Sites 925 and 928, the carbonate and coarse-fraction records
show in-phase, large-amplitude oscillations (Figs. 5, 6). Carbonate
and sand fraction contents appear to be positively correlated with lin-
ear regression coefficients (R?) around 0.7 at both sites (Fig. 7). The
good preservation of foraminifer shells indicates that dissolution
changes are unlikely to drive such large-amplitude changes in car-
bonate and coarse fraction contents at Site 925. The deeper Site 928
is more affected by dissolution, as shown by the poorer state of pres-
ervation of foraminifer shells. However, afew lines of evidence sug-
gest that dissolution may not have affected carbonate content at Site
928 either. First, changesin carbonate and coarse fraction content at
Site 928 appear to mimic changes observed in Site 925 and thisim-
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plies, therefore, that it is probably the same main mechanismsthat act
at both sites. Furthermore, if dissolution was the main factor driving
large-amplitude changes observed at Site 928, we would expect to
see a higher variance in the coarse-fraction record than in the carbon-
ate record, because numerous studies of pelagic cal careous sediments
have shown that foraminifer fragmentation (and, thus, coarse frac-
tion) is much more sensitive to dissolution changes than is carbonate
content (e.g., Peterson and Prell, 1985; Bassinot et a., 1994a). The
fact that coarse-fraction variations at Site 928 show arelatively low
range of variability (o = 6.6%) compared to carbonate-content varia-
tions (o = 13.3%) seems to indicate, therefore, that dissolution does
not play amajor rolein controlling large-amplitude carbonate content
oscillations at Site 928. Although it is clear that additional analyses
will be necessary to explorein detail the effects of dissolution on the
composition of Ceara Rise sediments, we consider at this stage of our
work that dissolution is unlikely to play an important role in carbon-
ate content variations at Sites 925 and 928.

Preliminary studies performed on board the JOIDES Resolution
showed that terrigenous material deposited upon the Ceara Rise con-
sists primarily of fine-grained, noncalcareous particles (clay miner-
as) probably supplied by the Amazon River. Thus, large-amplitude
variations observed in carbonate and coarse-fraction records from
Sites 925 and 928 could reflect productivity and/or dilution changes
that controlled the relative contribution of the coarse (foraminifer-
rich), cal careous biogenic material and the fine, noncal careousterrig-
enous material to the bulk sediment. MARs of carbonate and noncar-
bonate material show that both dilution and productivity changes
have played arole in controlling sedimentation at Ceara Rise in the
680- to 1100-katime interval (Fig. 8). High carbonate-accumulation
rates (high biogenic productivity) appear to be associated usually
with interglacial/warm periods whereas high noncarbonate-accumu-
lation rates are generally associated with glacial/cold periods. Chang-
esin noncarbonate MARs may reflect changesin the terrigenous sup-
ply that are either associated with changesin climatic conditions over
South Americaor that result, more likely, from sealevel changesthat
modified the river erosion profiles and/or the sedimentation process-
es on the continental shelves and the Amazon Fan.

Our findings are in relatively good agreement with results from
Mienert et al. (1988) concerning the late Quaternary sedimentologi-
cal and physical properties changes at Ceara Rise (derived from the
study of piston cores). These authors have shown that acoustic prop-
erties of Ceara Rise sediments over the last 250 k.y. reflect changes
in the production of planktonic foraminifers. It isonly below 4300 m
(~lysocline depth) that large downcore, productivity-related P-wave
velocity fluctuations gradually disappear because of dissolution of
carbonate sediments.

If sedimentation on Ceara Rise were not affected by downslope
movement or lateral advection of fine sediments by bottom currents,
then the differencein carbonate accumul ation rates between Sites 925
and 928 (AMAR a0, ) could give us anindication of past changes
in the dissolution gradient along the Ceara Rise. However, it appears
that large-scale features observed in the AMARc,co, curve mimic
relatively closely the changes observed in the AMARon.caco;
curve (obtained by subtracting the noncarbonate MAR curve at Site
928 from that at Site 925). Thefact that both MAR gradients (carbon-
ate and noncarbonate) show some covariance could suggest that re-
working by bottom currents might have affected the sedimentation on
the CearaRise.

Changesin Florisphaera profunda Abundance

The record of relative Florisphaera profunda abundance shows
large-amplitude changes with a long-term oscillation superimposed
on meter-scale variations. The curve shows an important minimum

around isotopic Stages 27-25 followed by a striking maximum at the
first severe late Pleistocene glaciation, isotopic Stage 22 (Fig. 5).
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Table 1. 80 of Globigerinoides ruber, carbonate content, sand-sized fraction content, and Florisphaera profunda relative abundance measured from

Site 925 samples.

Hole, core, section Depth CaCO; >63um 3%0  32C profunda Hole, core, section  Depth CaCQ >63um &%0 &%C profunda
interval (cm) (mcd) (%) (%) (%) interval (cm) (mcd) (%) (%)
925C-3H-5, 128-129 25.11 7.3 -0.71 1.05 925D-3H-4, 83-85 30.09 44.6 . -1.64 0.80
925D-3H-1, 113-115 25.89 30.7 5.9 -1.26 1.36 22.8 925D-3H-4, 88-90 30.14 44.3 . -1.43 1.22
925D-3H-1, 118-120 25.94 25.3 9.2 -1.69 1.49 925D-3H-4, 93-95 30.19 40.7 . -1.52 1.26 33.8
925D-3H-1, 123-125 25.99 32.6 7.7 -1.36 1.51 50.5 925D-3H-4, 98-100 30.24 36.9 3.7 -1.57 1.29
925D-3H-1, 128-130 26.04 57.7 17.4 -1.61 1.68 925D-3H-4, 103-105 30.29 23.7 6.1 -1.45 0.96 50.0
925D-3H-1, 133-135 26.09 69.9 23.3 -1.77 1.48 47.6 925D-3H-4, 108-110 30.34 31.0 6.6 -1.47 1.28
925D-3H-1, 138-140 26.14 73.3 27.7 -1.84 1.27 925D-3H-4, 113-115 30.39 49.4 15.3 -1.62 0.91 67.5
925D-3H-1, 143-145 26.19 70.8 22.3 -1.84 1.27 42.9 925D-3H-4, 118-120 30.44 47.7 18.1 -1.43 0.76
925D-3H-1, 148-150 26.24 60.2 17.3 -1.49 1.24 925D-3H-4, 123-125 30.49 48.7 17.6 -1.55 1.16 55.5
925D-3H-2, 3-5 26.29 56.2 15.0 —-1.46 1.26 45.7 925D-3H-4, 128-130 30.54 54.0 15.7
925D-3H-2, 8-10 26.34 51.4 17.3 -1.52 1.10 925D-3H-4, 133-135 30.59 42.3 16.8 -1.77 0.98 61.0
925D-3H-2, 13-15 26.39 54.0 18.6 -1.68 1.03 14.4 30.59 -1.78 0.95
925D-3H-2, 18-20 26.44 53.1 19.3 -1.45 1.16 925D-3H-4, 138-140 30.64 35.2 13.0 -1.22 0.59
925D-3H-2, 23-25 26.49 50.9 18.6 -1.63 1.24 41.2 925D-3H-4, 143-145 30.69 30.1 12.1 -1.07 1.07 66.2
925D-3H-2, 28-30 26.54 50.3 225 -1.43 1.13 925D-3H-4, 148-150 30.74 355 11.2 -141 0.96
925D-3H-2, 33-35 26.59 57.5 19.3 -1.31 1.21 60.6 925D-3H-5, 3-5 30.79 48.7 14.5 -1.53 1.28 34.5
925D-3H-2, 38-40 26.64 50.3 235 -1.10 0.95 925D-3H-5, 8-10 30.84 58.0 20.1 -1.82 0.93
925D-3H-2, 43-45 26.69 47.8 19.0 -0.63 1.17 59.2 30.84 -1.84 1.21
925D-3H-2, 48-50 26.74 35.5 10.8 -055 0.61 925D-3H-5, 13-15 30.89 70.5 27.9 -1.72 0.93 37.7
925D-3H-2, 53-55 26.79 31.4 9.6 -0.65 0.70 83.5 925D-3H-5, 18-20 30.94 67.6 . -1.79 0.80
925D-3H-2, 58-60 26.84 311 9.6 -0.61 0.63 30.94 -1.82 0.90
925D-3H-2, 63-65 26.89 30.1 5.2 -0.36 0.66 66.2 925D-3H-5, 23-25 30.99 54.0 . -1.11 0.46 60.7
925D-3H-2, 68-70 26.94 31.3 9.1 -0.52 1.16 925D-3H-5, 28-30 31.04 50.0 . -1.12 0.73
925D-3H-2, 73-75 26.99 37.9 9.1 -1.13 1.08 33.1 925D-3H-5, 33-35 31.09 37.5 . -0.45 0.73 80.0
925D-3H-2, 78-80 27.04 40.1 13.8 -1.13 0.89 925D-3H-5, 38-40 31.14 33.0 11.2 -0.46 0.29
925D-3H-2, 83-85 27.09 47.2 13.3 -0.91 0.92 29.2 925D-3H-5, 43-45 31.19 22.4 6.8 -0.15 0.61 69.0
925D-3H-2, 88-90 27.14 50.9 16.7 -1.11 0.84 925D-3H-5, 48-50 31.24 24.4 9.1 -0.35 0.68
925D-3H-2, 93-95 27.19 53.7 18.0 -1.29 1.17 17.0 925D-3H-5, 53-55 31.29 26.0 8.0 -0.37 043 69.0
925D-3H-2, 98-100 27.24 52.8 16.4 -1.14 1.14 925D-3H-5, 58-60 31.34 27.0 8.1 -0.40 0.59
925D-3H-2, 103-105 27.29 57.1 20.4 -1.36 1.59 22.9 925D-3H-5, 63-65 31.39 26.3 9.6 -0.63 0.44 74.0
925D-3H-2, 108-110 27.34 52.6 19.9 -1.16 0.35 925D-3H-5, 68-70 31.44 32.0 10.8 -0.71 0.37
925D-3H-2, 113-115 27.39 52.5 15.5 -1.36 0.99 16.2 925D-3H-5, 73-75 31.49 33.1 11.5 -0.70 0.81 81.5
925D-3H-2, 118-120 27.44 50.3 17.2 -1.20 0.54 925D-3H-5, 78-80 31.54 35.0 10.5 -0.60 0.51
925D-3H-2, 123-125 27.49 49.1 15.9 -1.19 0.99 29.0 925D-3H-5, 83-85 31.59 29.0 9.7 -0.52 0.51 90.3
925D-3H-2, 128-130 27.54 45.2 15.6 -1.20 0.99 925D-3H-5, 88-90 31.64 26.9 8.7 -0.68 0.76
925D-3H-2, 133-135 27.59 40.1 13.3 -1.11 1.54 23.7 925D-3H-5, 93-95 31.69 24.9 9.3 -0.62 0.74 88.0
925D-3H-2, 138-140 27.64 29.3 9.1 -0.85 0.65 925D-3H-5, 98-100 31.74 28.9 10.1 -0.71 0.50
925D-3H-2, 143-145 27.69 26.3 5.0 -0.63 091 36.6 925D-3H-5, 103-105 31.79 325 11.1 -0.78 0.92 37.6
925D-3H-2, 148-150 27.74 30.4 215 -0.95 0.86 17.5 925D-3H-5, 108-110 31.84 43.9 13.4 -1.05 0.95
925D-3H-3, 3-5 27.79 29.2 7.6 -0.82 0.65 39.0 925D-3H-5, 113-115 31.89 47.3 15.6 -1.04 1.02 31.0
925D-3H-3, 8-10 27.84 32.4 8.2 -0.72 0.85 925D-3H-5, 118-120 31.94 51.4 18.0 -1.00 0.96
925D-3H-3, 13-15 27.89 34.2 8.4 -0.62 1.18 445 925D-3H-5, 123-125 31.99 50.8 17.9 -1.02 0.77 44.0
925D-3H-3, 18-20 27.94 34.0 7.8 -0.91 0.81 31.99 -0.95 .78
925D-3H-3, 23-25 27.99 34.5 8.4 -1.05 0.99 38.3 925D-3H-5, 128-130 32.04 43.1 -1.47 0.82 45.0
27.99 -0.88 .05 32.04 -1.47 .75
925D-3H-3, 28-30 28.04 31.3 7.8 -1.02 1.02 925D-3H-5, 133-135 32.09 45.9 . -1.24 0.78 33.0
925D-3H-3, 33-35 28.09 30.4 8.2 -1.01 1.06 41.7 925D-3H-5, 138-140 32.14 48.3 . -1.39 1.01
925D-3H-3, 38-40 28.14 30.1 9.3 -1.18 1.41 925D-3H-5, 143-145 32.19 49.7 . -1.30 0.69
925D-3H-3, 43-45 28.19 329 8.1 -1.37 1.10 36.0 925D-3H-5, 148-150 32.24 45.1 . -1.16 0.41 42.6
925D-3H-3, 48-50 28.24 30.7 8.9 -1.13 1.22 925D-3H-6, 3-5 32.29 33.1 1.9 -0.61 0.85
925D-3H-3, 53-55 28.29 25.2 4.2 -1.07 1.53 44.3 925C-4H-3, 82-83 32.31 35.0 14.6
925D-3H-3, 58-60 28.34 313 9.2 -1.53 1.29 925D-3H-6, 8-10 32.34 23.4 8.4 -0.57 0.38 74.1
925D-3H-3, 63-65 28.39 40.4 10.7 -1.71 1.79 56.2 925C-4H-3, 88-89 32.37 29.2 6.3 -0.85 0.61
925D-3H-3, 68-70 28.44 26.7 9.0 -1.22 0.98 925D-3H-6, 13-15 32.39 29.0 9.1 -0.94 0.36
925D-3H-3, 73-75 28.49 27.6 7.2 -1.04 0.76 65.4 925C-4H-3, 93-94 32.42 325 9.4 -0.67 0.83
925D-3H-3, 78-80 28.54 39.5 11.7 -1.38 1.36 925D-3H-6, 18-20 32.44 32.1 74 -0.66 0.76 61.7
925D-3H-3, 83-85 28.59 43.5 13.8 -1.23 1.41 59.2 925C-4H-3, 98-99 32.47 315 7.5 -0.94 1.18
925D-3H-3, 88-90 28.64 46.3 14.5 -1.44 1.18 925C-4H-3, 103-104 32.52 35.0 7.6 -0.97 0.50 17.4
925D-3H-3, 93-95 28.69 50.3 18.6 -1.46 1.05 29.8 925C-4H-3, 108-109 32.57 32.6 8.2 -1.12 0.24 27.5
925D-3H-3, 98-100 28.74 58.5 25.8 -1.83 1.35 925C-4H-3, 113-114 32.62 36.9 8.0 -1.01 0.96 39.2
925D-3H-3, 103-105 28.79 67.7 23.1 -1.73 1.12 375 925C-4H-3, 118-119 32.67 34.0 8.6 -1.27 0.95 45.1
925D-3H-3, 108-110 28.84 58.8 17.4 -1.71 1.21 925C-4H-3, 123-124 32.72 28.7 5.8 -1.13 0.73 62.5
925D-3H-3, 113-115 28.89 53.2 14.4 -1.54 1.26 44.7 925C-4H-3, 128-129 32.77 18.3 3.3 -1.11 1.02 50.5
925D-3H-3, 118-120 28.94 55.0 17.6 -1.13 0.98 925C-4H-3, 133-134 32.82 26.4 6.9 -1.18 1.00 42.7
925D-3H-3, 123-125 28.99 30.5 9.5 -1.27 1.03 34.6 925C-4H-3, 138-139 32.87 25.8 6.8 -1.57 1.23 22.0
925D-3H-3, 128-130 29.04 24.7 5.6 -0.70 0.30 32.87 -1.60 .16
925D-3H-3, 133-135 29.09 25.0 6.0 -0.42 0.68 42.1 925C-4H-3, 143-144 32.92 21.3 3.8 -1.28 1.28 17.3
925D-3H-3, 138-140 29.14 23.0 4.6 -0.54 0.73 925C-4H-3, 148-149 32.97 27.0 6.7 -1.35 1.26 46.2
925D-3H-3, 143-145 29.19 23.7 4.3 -0.78 0.71 43.6 925C-4H-4, 3-4 33.02 30.6 5.3 -1.51 1.53
925D-3H-3, 148-150 29.24 23.0 5.0 -0.83 1.12 925C-4H-4, 8-9 33.07 43.8 10.0 -1.32 1.44 24.1
925D-3H-4, 3-5 29.29 23.7 4.8 -0.82 0.74 33.0 925C-4H-4, 13-14 33.12 42.1 12.5 -1.49 1.49 27.9
925D-3H-4, 8-10 29.34 26.1 6.9 -0.77 0.96 925C-4H-4, 18-19 33.17 36.2 9.0 -1.41 0.98 9.9
925D-3H-4, 13-15 29.39 28.5 6.0 -0.92 0.95 64.2 925C-4H-4, 23-24 33.22 38.9 14.8 -1.56 1.42 115
925D-3H-4, 18-20 29.44 29.8 7.3 -0.84 1.05 925C-4H-4, 28-29 33.27 49.8 12.8 -1.60 1.34 10.1
925D-3H-4, 23-25 29.49 37.8 8.4 -0.84 1.51 43.3 925C-4H-4, 33-34 33.32 52.2 7.7 -1.37 1.35 7.3
925D-3H-4, 28-30 29.54 37.2 10.3 -1.06 0.68 925C-4H-4, 38-39 33.37 57.0 19.1 -1.72 0.95 6.4
925D-3H-4, 33-35 29.59 37.5 8.8 -1.28 1.15 32.3 925C-4H-4, 43-44 33.42 51.0 21.4 -1.82 1.36 10.5
925D-3H-4, 38-40 29.64 33.8 9.0 -1.21 0.91 925C-4H-4, 48-49 33.47 68.8 20.6 -1.59 1.26 26.7
925D-3H-4, 43-45 29.69 36.2 10.4 -1.51 1.29 39.4 925C-4H-4, 53-54 33.52 67.2 22.4 -1.71 1.26 29.8
925D-3H-4, 48-50 29.74 40.3 10.1 -1.37 1.51 33.52 -1.90 .30
925D-3H-4, 53-55 29.79 36.5 12.0 -1.63 0.90 57.5 925C-4H-4, 58-59 33.57 66.9 21.2 -1.36 1.29 23.2
925D-3H-4, 58-60 29.84 43.8 10.8 -1.60 0.92 925C-4H-4, 63-64 33.62 59.2 20.2 -1.34 1.06 18.9
925D-3H-4, 63-65 29.89 41.0 12.2 -1.59 1.14 46.5 925C-4H-4, 68-69 33.67 59.3 16.1 -1.35 0.85 8.8
925D-3H-4, 68-70 29.94 37.8 14.4 -1.41 1.20 925C-4H-4, 73-74 33.72 44.3 8.2 -1.28 0.84 25.0
925D-3H-4, 73-75 29.99 34.6 24.6 -1.49 1.17 50.0 925C-4H-4, 78-79 33.77 37.6 6.7 -1.24 0.89 32.0
925D-3H-4, 78-80 30.04 39.2 10.4 -1.23 1.31 32.0 925C-4H-4, 83-84 33.82 33.1 4.4 -0.94 1.11 25.7
30.04 -1.17 1.45 925C-4H-4, 88-89 33.87 36.6 11.0 -1.08 1.20 20.7
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Table 1 (continued). Spectral Analysis

= Spectral analyses were performed on &'%0, carbonate MAR,
Hole, core, section  Depth CaCQ, >63um &%0  &8C  profunda coarsefractlon. content, and FIonsphaera profunda percentage
interval (cm) (med) (%) %) (%) %) (%) records from Site 925 (Fig. 9). Data were interpolated to a constant

timeinterval of 1 k.y. and linearly detrended. Power spectra calculat-

A e 3392 ote w5 1O 143 11T ed according to the Blackman-Tukey method with a Hanning win-
925C-4H-4, 103-104 3402  50.0 103 -1.23 148 146 dow and a 30% lag (138 points) resulted in a bandwidth of about
925C-4H-4, 108-109 3407 436 1.8 -141 1.38 9.6 18 i ;
9025C4H4. 113114 a1y ans 30 1% 138 g 0.012. The 6"°0 record is the only one that ShOYYS spectral variance
925C-4H-4,118-119  34.17 494 144 -146 160 259 occurring at afrequency approaching ~100 k.y.™ (Fig. 9). The other
gggg-jﬂ-} gg—gg gjgg gg-g ig-g —i-gg %-Sg é;g power spectra show important amounts of variance at lower frequen-

e 3497 ‘ <138 149 "= cies. However, these spectral pesks should be regarded with great
9258-4H-4, 133-134 3432 637 188 -1.64 111 324 cautionasthe short length of theinterval studied (covering about 420
925C-4H-4, 138-139 3437 528 186 -1.54 115 275 ; ; P ; 3
925C-4H-4 143144 3442 529 136 127 o9 sso ky)andthelikely ch_angeln periodic behavior do not a!low usto ad
925C-4H-4, 148-149 3447 274 79 -120 162 427 dress those frequencies. These low-frequency peaks in the power
925C-4H-5, 3-4 3452 315 43 -113 119 408 i i ati

: spectramost probably correspond to noncyclic, long-term variations

925C-4H-5, 8-9 3457 388 6.4 -126 137 225 PO . . . .
925C-4H-5, 13-14 3462 420 113 -122 124 300 thatare n_nsmterpreted by the spectral analysis calculation. Wlth_
gggg—ﬁ:—g, %g—%g gﬁ.% 4313'8 g.g —ig% é-gg gg-g the exception of these low-frequency peaks, we conclude that there is
925C-4H-5. 28-29 3477 480 115 -136 125 445 o evidence during the mid-Pleistocene transition interval of climatic
g%gg:inig, ggzgg gj.g; gg.g igg :i.gg i.gg ?18'8 responses other than those_ocpurrlng at the primary Ml!ankowtch fre-
925C-4H-5, 43-44 3492 612 168 _1e4a 122 325 quencybands (1namgly, obliquity, at 1/41 #.,yand precession, at 1/
925C-4H-5, 48-49 3497 587 145 -153 149 278 23and /19Kk.y.™). Thisconfirmsthe conclusion drawn by Ruddiman
925C-4H-5, 53-54 35.02 574 136 -1.30 122 277 P H i imatic indi
925415, 5850 307 497 e a1 504 etd. (1989 from their detailed study of various climatic indicators
925C-4H-5. 63-64 35.12 427 105 -1.11 130 150 from DSDP _S|te 607_ in the North A'[|al’ltIC_. In the d_US flux records
g%gg-iﬂ-g, gg—g?‘ gg%g 4312'[51 gé —i-éi %-gi gig from ODP Site 659 in the eastern equatorial Atlantic, however, the
925C-4H-5. 78-79 3527 206 73 117 115 311 Mmid-Pleistocene transition interval is characterized by the almost
g%ggﬁ:g gg—gg gggg g%.g g.g —i.gg igg ‘5‘%5 complete disappearance of the precession-related oscillations and the
925C-4H-5. 9394 3/a2 139 107 _147 160 291 UJeve opment of strong QSC|IIat| ons at non-Mllank.owtch primary fre-
925C-4H-5, 98-99 3547 425 149 -152 139 343 quencies(seefig. 9in Tiedemanneta., 1994). It isnot clear, howev-
925C-4H-5, 103-104 3552  40.3 138 -1.32 146 342 i i esen i
925C-4H-5, 108-109 3557 313 70 123 154 23 o Whether thisdust flux behavior represents atrue signal (and may
925C-4H-5, 113-114 3562  48.1 122 -141 152 448 reflgct, thereforg, poss[ble transient, nonllnear responses of.the cli-
gggg-m-g, Eg—ﬁi gg% gg-g ggg —i-gg i-ig gg-% matic system to insolation forcing) or if these non-Milankovitch fre-
925C-4H-5 128-129 3577 592 228 -139 130 359 duencies arisefrom some problemsin the age model or in the dust
925C-4H-5, 133-134 3582  56.5 128 -1.25 086 355 record.
oxsc-ans 138139 &7 g0 133 110 070 303 All the power spectra records from Site 925 show the clear dom-
925C-4H-5, 148-149 3597 548 146 -1.17 118 131 inanceof obliquity-related 41-k.y. oscillations and the relative weak
oo a2 3000 332 132 129 032 220 development of precession-related oscillations (23 and 19 k.y.). In
925C-4H-6. 13-14 36.12 453 125 _139 045 164 the_cart_)onate MAR spectra, the variance associ atgd with the 41-k.y.
gggg—in—g, %g—%g ggg 22.8 ﬁ.g —%gg 3-38 %2-171 oscillation represents about 40% of the total variance whereas the
925C:4H:6: 28-29 36.27 385 02 -117 078 511 precession-related qscillations (23 + 19 k.y.) only account for about
925C-4H-6, 33-34 36.32 355 106 -1.20 070 670 20% of the total variance. In the record of F. profunda, 29% of the
o2ocan 6. 3839 so.8r 36 w7 128 026 5L total variance is accounted for by obliquity-related oscillations and
925D-4H-2, 20-21 36.47 95 -112 119 66.2 only 12% by the precession-related oscillations (the same values
cecdigsrst  gm wesap it i 641 wereobiained for the 5O record)
925C-4H-6, 58-59 3657  36.8 117 -133 100 492 It is well known from insolation calculations and paleoclimatic
8528‘2‘2'? gg—gé gg-g; 317 2111-?? —11-525» 1122;3 44.8  evidence that obliquity-driven changes have a dominant effect on
925D-4H-2. 4041 3667 621 257 190 145 470 Seasonal and meanannual solar radiation budgetsat high latitudes but
925D-4H-2, 45-46 36.72 305 -1.97 1.34 have small effect on changes on low-latitude insolation (Berger and
SEUaa SISl 7 @0 21 AT 13 91 |oure, 1904). Our spectrd andlyss resilts Siggest therfore that
925D-4H-2, 60-61 36.87 294 -167 143 543 biogenic sedimentation and thermocline dynamics on Ceara Rise in
925D-4H-2, 65-66 36.92 336 -170 145 imei — i iah-lati-
9280412, 7071 %97 615 % Ti7 im ess the time interval 680-1100 ka were responding mostly to high-lati
925D-4H-2, 7576 37.02 254 -169 158 tude climatic processes.
925D-4H-2, 80-81 37.07 533 233 -142 135 245
925D-4H-2, 85-86 37.12 215 -143 117 Filteri
925D-4H-2, 90-91 37.17 4838 207 -153 144 295 litering
925D-4H-2, 95-96 37.22 207 -150 0.99
332822515; w0oloL 32r 46T 123 led 1060 297 Visual examination of the time series shown in Figures 5 and 6
g%gg-m-g, ﬂ‘é‘ﬁé g;z; ig.g —i.gg g.gg 38.3  suggestsacomplex evolution of phase relationshipsamong &80, car-
925D-4H2. 120-121 3747 462 165 -i20 113 342 bonaMAR, and F. profunda abundance records at the Milanko-
925D-4H-2, 125-126 37.52 118 -115 0.77 vitch frequencies. Cross-spectral analysis estimates phase relation-
925D-4H-2, 130-131 3757 275 81 -090 141 500 i i i i
928D-4H.2. 135-136 37 es 55 osr 117 ships between two time series over the entire frequency range t_hey
925D-4H-2, 140141 3767 228 66 -112 096 805 cover, but caculates only mean phase and does not address possible
925D-4H-2, 145-146 37.72 266 76 -120 118 transient changesin leads and lags. Thus, to addressin detail the pos-
925D-4H-3, 20-21 37.97 202 -1.48 1.22

sible evolution of leads and lags through the 680- to 1100-katimein-
terval, and especially across glacial isotopic Stage 22, we decided to
comparein thetime domain the Milankovitch-related oscillations ob-
tained by filtering the 3*%0, carbonate MAR, and F. profundatime se-
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SURFACE CURRENTS AND BIOGENIC PRODUCTIVITY

Table 2. Carbonate content and sand-sized fraction content measured from Site 928 samples.

928A-3H-5, 9691 27.04
928A-3H-5, 9596 27.09
928A-3H-5, 106101  27.14
928A-3H-5, 105106  27.19
928A-3H-5, 116111 27.24
928A-3H-5, 115116 27.29 36.5
928A-3H-5, 126121  27.34
928A-3H-5, 125126  27.39 37.5
928A-3H-5, 136131  27.44 35.0
928A-3H-5, 135136  27.49 35.0
928A-3H-5, 146141  27.54 41.9

928B-4H-3, 9798 31.37
928B-4H-3, 102103  31.42
928B-4H-3, 107108  31.47
928B-4H-3, 112113 31.52
928B-4H-3, 117118 31.57
928B-4H-3, 122123  31.62
928B-4H-3, 127128  31.67
928B-4H-3, 132133  31.72
928B-4H-3, 137138  31.77
928B-4H-3, 142143  31.82
928B-4H-3, 147148  31.87

PRrRpRrPRpRPRER

PORNPPRONRPORPORRNROOROROORPEANNOODWNRNNE AN
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POOROenhANISRORRNSONOILE 00 im0 rOONOROINSST®
OQURAWIINWOOWOOWORUIANONRANOOWORNOMNOUIINOWOOORL AR

Hole, core, section, Depth  CaCO; >63 um Hole, core, section, Depth CaCQ, >63 um
interval (cm) (mcd) (%) (%) interval (cm) (mcd) (%) (%)

928A-3H-3, 1612 23.24 13.8 928A-3H-6, 106101 28.64 4.2
928A-3H-3, 26:22 23.34 31.3 928A-3H-6, 105106 28.69 0.7
928A-3H-3, 36-32 23.44 24.3 928A-3H-6, 116111 28.74 27.9 3.2
928A-3H-3, 4642 23.54 9.0 928A-3H-6, 115116  28.79 3.1
928A-3H-3, 56:52 23.64 2.5 928A-3H-6, 126121 28.84 31.2 6.0
928A-3H-3, 6662 23.74 3.6 928A-3H-6, 125126 28.89 30.7 4.8
928A-3H-3, 7672 23.84 5.6 928B-4H-2, 23 28.92 35.2 6.6
928A-3H-3, 86-82 23.94 3.9 928A-3H-6, 136131 28.94 40.9 10.3
928A-3H-3, 9697 24.10 4.4 928B-4H-2, 78 28.97 475 12.1
928A-3H-3, 105106  24.19 7.6 928A-3H-6, 135136  28.99 47.2 10.7
928A-3H-3, 116111 24.24 2.2 928B-4H-2, 1213 29.02 49.7 12.8
928A-3H-3, 115116 24.29 2.1 928A-3H-6, 146141 29.04 49.7 15.2
928A-3H-3, 125126 24.39 6.8 928B-4H-2, 1718 29.07 41.6 18.6
928A-3H-3, 135136 24.49 45 928A-3H-6, 145146 29.09 55.1 19.7
928A-3H-4, 6-2 24.64 3.2 928B-4H-2, 2223 29.12 48.9 14.5
928A-3H-4, 1612 24.74 1.9 928B-4H-2, 2728 29.17 38.4 12.4
928A-3H-4, 26:22 24.84 3.4 928B-4H-2, 3233 29.22 26.0 2.9
928A-3H-4, 36-32 24.94 0.6 928B-4H-2, 3738 29.27 17.7 1.4
928A-3H-4, 3537 24.99 18.5 1.5 928B-4H-2, 4243 29.32 53 0.1
928A-3H-4, 4642 25.04 26.5 2.6 928B-4H-2, 4748 29.37 11.6 0.6
928A-3H-4, 4547 25.09 23.1 2.3 928B-4H-2, 5253 29.42 8.4 0.4
928A-3H-4, 56-52 25.14 14.8 0.9 928B-4H-2, 5758 29.47 10.6 0.7
928A-3H-4, 5557 25.19 4.6 0.3 928B-4H-2, 6263 29.52 9.0 0.4
928A-3H-4, 66-62 25.24 6.9 0.2 928B-4H-2, 6768 29.57 9.8 0.4
928A-3H-4, 6567 25.29 12.8 0.8 928B-4H-2, 7273 29.62 11.4 0.4
928A-3H-4, 7672 25.34 9.4 0.4 928B-4H-2, 7#78 29.67 9.5 0.5
928A-3H-4, 7577 25.39 13.7 1.1 928B-4H-2, 8283 29.72 12.7 0.5
928A-3H-4, 86-82 25.44 19.4 1.6 928B-4H-2, 8788 29.77 20.9 1.1
928A-3H-4, 8587 25.49 2.2 928B-4H-2, 9293 29.82 17.5 0.8
928A-3H-4, 9691 25.54 2.8 928B-4H-2, 9798 29.87 20.5 1.1
928A-3H-4, 9596 25.59 225 1.6 928B-4H-2, 102103 29.92 19.6 1.3
928A-3H-4, 106101 25.64 0.7 928B-4H-2, 107108 29.97 27.5 31
928A-3H-4, 105106 25.69 13.7 1.1 928B-4H-2, 112113 30.02 29.4 4.1
928A-3H-4, 116111 25.74 1.1 928B-4H-2, 117118 30.07 29.6 6.3
928A-3H-4, 115116 25.79 14.2 1.5 928B-4H-2, 122123 30.12 29.9 6.4
928A-3H-4, 126121 25.84 37.9 1.0 928B-4H-2, 127128 30.17 29.9 8.2
928A-3H-4, 125126 25.89 63.0 18.1 928B-4H-2, 132133 30.22 23.8 2.7
928A-3H-4, 136131  25.94 60.4 20.2 928B-4H-2, 137138  30.27 21.2 2.0
928A-3H-4, 135136 25.99 51.9 15.6 928B-4H-2, 142143 30.32 25.4 2.6
928A-3H-4, 146141 26.04 14.9 928B-4H-2, 147148 30.37 29.9 4.8
928A-3H-4, 145146 26.09 45.6 16.7 928B-4H-3, 23 30.42 25.7 4.4
928A-3H-5, 6-2 26.14 45.0 18.3 928B-4H-3, 78 30.47 14.1 2.3
928A-3H-5, 57 26.19 41.0 11.7 928B-4H-3, 1213 30.52 8.0 0.3
928A-3H-5, 16-12 26.24 39.9 11.3 928B-4H-3, 1718 30.57 15.2 1.9
928A-3H-5, 1517 26.29 38.4 13.0 928B-4H-3, 2223 30.62 28.5 6.0
928A-3H-5, 2622 26.34 38.2 14.0 928B-4H-3, 2728 30.67 32.7 7.5
928A-3H-5, 2527 26.39 37.9 16.1 928B-4H-3, 3233 30.72 38.0 11.5
928A-3H-5, 36-32 26.44 439 18.6 928B-4H-3, 3738 30.77 28.7 10.1
928A-3H-5, 3537 26.49 46.7 16.1 928B-4H-3, 4243 30.82 3.2
928A-3H-5, 4642 26.54 47.3 17.5 928B-4H-3, 4748 30.87 2.4
928A-3H-5, 4547 26.59 42.2 9 928B-4H-3, 5253 30.92 8.8
928A-3H-5, 5652 26.64 28.8 8 928B-4H-3, 5758 30.97 14.0
928A-3H-5, 5557 26.69 17.2 6 928B-4H-3, 6263 31.02 21.3
928A-3H-5, 66-62 26.74 14.4 4 928B-4H-3, 6768 31.07 229
928A-3H-5, 6466 26.78 15.3 5 928B-4H-3, 7273 31.12 14.7
928A-3H-5, 7672 26.84 13.3 7 928B-4H-3, 7#78 31.17 10.3
928A-3H-5, 7577 26.89 20.6 0 928B-4H-3, 8283 31.22 2
928A-3H-5, 86-82 26.94 23.1 3 928B-4H-3, 8788 31.27 4
928A-3H-5, 8587 26.99 31.1 8 928B-4H-3, 9293 31.32 6
8 6
4 0
2 6
2 3
4 5
.8 5
2 9
0 6
.0 1
1 5
5 3
928A-3H-5, 145146 27.59 35.6 .8 928B-4H-4, 23 31.92 8
928A-3H-6, 6-2 27.64 37.8 11.0 928B-4H-4, 78 31.97 2
928A-3H-6, 57 27.69 35.8 9 928B-4H-4, 1213 32.02 9.9
928A-3H-6, 16-12 27.74 26.7 6 928B-4H-4, 1718 32.07 12.8
928A-3H-6, 1517 27.79 17.5 4 928B-4H-4, 2223 32.12 114
928A-3H-6, 2622 27.84 9.2 3 928B-4H-4, 2728 32.17 15.9
928A-3H-6, 2527 27.89 16.7 2 928B-4H-4, 3233 32.22 9.5
928A-3H-6, 36-32 27.94 17.8 2 928B-4H-4, 3738 32.27 12.9
928A-3H-6, 3537 27.99 17.1 7 928B-4H-4, 4243 32.32 12.8
928A-3H-6, 4642 28.04 18.8 8 928B-4H-4, 4748 32.37 13.1
928A-3H-6, 4547 28.09 22.1 4 928B-4H-4, 5253 32.42 6.6
928A-3H-6, 5652 28.14 21.0 7 928B-4H-4, 5758 32.47 35
928A-3H-6, 5557 28.19 225 3 928B-4H-4, 6263 32.52 0.6
928A-3H-6, 66-62 28.24 26.8 7 928B-4H-4, 6768 32.57 1.2
928A-3H-6, 6567 28.29 16.3 8 928B-4H-4, 7273 32.62 0.9
928A-3H-6, 7672 28.34 18.5 4 928B-4H-4, 7#78 32.67 1.2
928A-3H-6, 7577 28.39 21.0 2 928B-4H-4, 8283 32.72 2.4
928A-3H-6, 86-82 28.44 224 6 928B-4H-4, 8788 32.77 4.4
928A-3H-6, 8587 28.49 18.2 2 928B-4H-4, 9293 32.82 0.8
928A-3H-6, 9691 28.54 8 928B-4H-4, 9798 32.87 2.2
928A-3H-6, 9596 28.59 7 928B-4H-4, 102103 32.92 11.4 0.5
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Table 2 (continued).

Hole, core, section, Depth  CaCO; >63 um

interval (cm) (mcd) (%) (%)
928B-4H-4, 107-108 32.97 11.9 19
928B-4H-4, 112-113 33.02 213 18
928B-4H-4, 117-118 33.07 11.6 0.9
928B-4H-4,122-123 3312 36.6 11
928B-4H-4, 127-128 33.17 26.1 1.7
928B-4H-4, 132-133 33.22 222 11
928B-4H-4, 137-138 33.27 34.7 16
928B-4H-4, 142-143 3332 349 5.0
928B-4H-4, 147-148 33.37 457 11.3
928B-4H-5, 2-3 3342 48.6 134
928B-4H-5, 7-8 33.47 545 18.2
928B-4H-5, 12-13 33.52 59.4 16.9
928B-4H-5, 17-18 3357 50.6 55
928B-4H-5, 22-23 33.62 47.2 38
928B-4H-5, 27-28 33.67 13.9 0.6
928B-4H-5, 32-33 3372 29.6 13
928B-4H-5, 37-38 33.77 335 0.2
928B-4H-5, 42-43 33.82 34.7 2.2
928B-4H-5, 47-48 33.87 324 0.1
928B-4H-5, 52-53 33.92 324 3.0
928B-4H-5, 57-58 3397 375 0.3
928B-4H-5, 62-63 34.02 389 5.3
928B-4H-5, 67-68 34.07 352 0.2
928B-4H-5, 72-73 34.12 44.9 5.9
928B-4H-5, 77-78 34.17 39.8 0.4
928B-4H-5, 82-83 34.22 327 2.7
928B-4H-5, 87-88 34.27 313 0.1
928B-4H-5, 92-93 34.32 34.8 18
928B-4H-5, 97-98 34.37 233 0.1
928B-4H-5, 102-103  34.42 25.6 31
928B-4H-5, 107-108 34.47 28.7 0.2
928B-4H-5, 112-113 34.52 347 3.7
928B-4H-5, 117-118 34.57 384 0.3
928C-4H-2, 2-3 34.58 47.8 9.7
928B-4H-5, 122-123  34.62 50.0 9.1
928C-4H-2, 7-8 34.63 45.3 9.6
928B-4H-5, 127-128 34.67 49.5 111
928C-4H-2, 12-13 34.68 36.9 79
928C-4H-2, 17-18 34.73 29.7 4.7
928C-4H-2, 22-23 34.78 20.8 24
928C-4H-2, 27-28 34.83 225 3.0
928C-4H-2, 32-33 34.88 20.0 19
928C-4H-2, 37-38 34.93 18.1 1.7
928C-4H-2, 42-43 34.98 153 13
928C-4H-2, 47-48 35.03 16.1 14
928C-4H-2, 52-53 35.08 233 2.8
928C-4H-2, 57-58 3513 231 3.8
928C-4H-2, 62-63 35.18 16.1 14
928C-4H-2, 67-68 35.23 222 25
928C-4H-2, 72-73 35.28 46.1 11.7
928C-4H-2, 77-78 35.33 50.0 14.0
928C-4H-2, 82-83 35.38 48.9 16.1
928C-4H-2, 87-88 3543 43.9 6.1
928C-4H-2, 92-93 35.48 36.9 10.1
928C-4H-2, 97-98 35.53 336 8.2
928C-4H-2, 102-103 35.58 37.8 84
928C-4H-2,107-108  35.63 36.4 10.3
928C-4H-2, 112-113  35.68 37.8 10.5
928C-4H-2, 117-118 35.73 36.7 10.1
928C-4H-2, 122-123 3578 38.1 11.6
928C-4H-2, 127-128 35.83 339 9.4
928C-4H-2, 132-133 35.88 30.3 7.8
928C-4H-2,137-138  35.93 25.0 5.6
928C-4H-2, 142-143 3598 19.7 2.2
928C-4H-2, 147-148  36.03 153 14
928C-4H-3, 2-3 36.08 131 11
928C-4H-3, 7-8 36.13 11.4 1.0
928C-4H-3, 12-13 36.18 6.4 0.4
928C-4H-3, 17-18 36.23 6.7 0.6

ries with gaussian pass-band filters centered on 1/41- and 1/21-k.y.*
frequencies.

Filtered records are presented in Figure 10. These records have
been normalized to have a zero mean and a standard deviation of o =
1. We reversed the sign of the F. profunda abundance filtered record
so that positive excursions in Figure 10 correspond to low &80 val-
ues (interglacial/warm periods), high carbonate MAR values (high
biogenic productivity), and low F. profunda abundances (shallow nu-
tricline depth, high divergence).
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Hole, core, section, Depth CaCQ >63 pm

interval (cm) (mcd) (%) (%)
928C-4H-3, 2223 36.28 10.8
928C-4H-3, 2728 36.33 15.6
928C-4H-3, 3233 36.38 40.6
928C-4H-3, 3738 36.43 475
928C-4H-3, 4243 36.48 53.1
928C-4H-3, 4748 36.53 61.7
928C-4H-3, 5253 36.58 59.9
928C-4H-3, 5758 36.63 51.1
928C-4H-3, 6263 36.68 40.0
928C-4H-3, 6768 36.73 40.6
928C-4H-3, 7273 36.78 37.2
928C-4H-3, 7#78 36.83 34.2
928C-4H-3, 8283 36.88 34.4
928C-4H-3, 8788 36.93 31.1
928C-4H-3, 9293 36.98 32.8

928C-4H-3, 9798 37.03 34.4
928C-4H-3, 10#108 37.13
928C-4H-3, 117118 37.23
928C-4H-3, 127128  37.33
928C-4H-3, 13#138  37.43
928C-4H-3, 147148  37.53
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928C-4H-4, 23 37.58 1
928C-4H-4, #8 37.63 1
928C-4H-4, 1718 37.73 1
928C-4H-4, 2728 37.83 1
928C-4H-4, 3738 37.93 1
928C-4H-4, 4748 38.03
928C-4H-4, 5758 38.13
928C-4H-4, 6768 38.23
928C-4H-4, 778 38.33
928C-4H-4, 8788 38.43
928C-4H-4, 9293 38.48
928C-4H-4, 9798 38.53

928C-4H-4, 107108  38.63
928C-4H-4, 117118 38.73
928C-4H-4, 127128  38.83
928C-4H-4, 137138  38.93
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928C-4H-4, 147148  39.03 1
928C-4H-5, #8 39.13 2
928C-4H-5, 1#18 39.23 1
928C-4H-5, 2#28 39.33 1
928C-4H-5, 3738 39.43

928C-4H-5, 4748 39.53

928C-4H-5, 5#58 39.63 1
928C-4H-5, 6768 39.73

928C-4H-5, 7#78 39.83 1
928C-4H-5, 8788 39.93 1
928C-4H-5, 9798 40.03 1
928C-4H-5, 10108  40.13 1
928C-4H-5, 117118 40.23 7
928C-4H-5, 127128  40.33 4
928C-4H-5, 132133  40.38 6
928C-4H-5, 137138  40.43 5
928C-4H-5, 147148  40.53 2
928C-4H-6, 78 40.63 3.
928C-4H-6, 1718 40.73 2.
928C-4H-6, 2728 40.83 5.
928C-4H-6, 3738 40.93 0.
928C-4H-6, 4748 41.03 1.
928C-4H-6, 5758 41.13 2.
928C-4H-6, 6768 41.23 7.
928C-4H-6, 7#78 41.33 13
928C-4H-6, 8788 41.43 13
928C-4H-6, 9798 41.53 18
928C-4H-6, 107108  41.63 14
928C-4H-6, 117118 41.73 4
928C-4H-6, 127128  41.83 3
928C-4H-6, 137138  41.93 1
928C-4H-6, 147148  42.03 1.

Precession-Related Oscillations

The21-k.y. * oscillations draw asurprisingly complex history that
is characterized by important changes in the phase relationships be-
tween the 6180, F. profunda, and carbonate MAR records over the
680- to 1100-kainterval studied (Fig. 10, right). Because precession-
related oscillations show relatively low-amplitude changes, we can-
not totally rule out the possibility that filtering did not successfully
extract pure precession-driven signals resulting from the high noise-
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Figure 2. 580 of G ruber, relative abundance of F. profunda, carbonate content, and sand-sized fraction content vs. depth at Site 925.
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Figure 3. Carbonate content and sand-sized fraction content vs. depth at Site
928.

to-signal ratio of these oscillations. Gaussian filters have arelatively
large bandwidth compared to the precession frequencies we tried to

complex history. For instance, a close-up inspection of the unfiltered
480 andF. Profunda records in the lower part of the interval studied
(between 900 and 1100 ka), in which all our proxy records have good
time resolution, shows that high-frequency changes of these signals
have apparently experienced both in-phase and out-of-phase relation-
ships over a relatively short period of time (Fig. 11). It appears also
from visual examination of the unfilterddl profunda record that
some precession-related changes present a complex “double peak”
substructure (Fig. 11).

Obliquity-Related Oscillations

The 41-k.y. oscillations present a much simpler picture than the
21-k.y. oscillations (Fig. 10, middle). The dominant information that
results from filtering our proxy records at 1/41 &ys the abrupt
change in phase relationships observed between about 960 and 920
ka. Prior to 960 ka, large phase differences are observed between
maxima of the filtered 3'%0, carbonate MAR, and F. profunda
records. After about 920 ka, al the signals have achieved a zero-
phase relationship. The small (<2 k.y.) phase difference observed
among 6*0, carbonate MAR, and F. profunda abundance records
cannot be considered as statistically robust given the small length of
the record available and the inaccuracies related to the filtering. By
increasing the length of theinterval studied in afuture study, we will
be ableto test the consistency of small leads and lags among the time
series.

Our results show that the global, mid-Pleistocene shift in mean
and variance of marine 20 records (Maasch, 1988), which occurs
roughly between isotopic Stages 25 and 22 (and resultsin the first se-
vere glaciation of the late Pleistocene), corresponds to a drastic
change in phase rel ationships among low-latitude climatic proxies at
Ceara Rise. Stage 24, at about 920 ka, is the first isotopic stage in
which the climatic proxies have al achieved the zero-phase relation-

extract. Thus, erroneously large or narrow “precession” oscillationships typical of the upper part of the interval studied.

may have been obtained over some intervals if noise-related changesPrior to 960 ka, changes in carbonate-accumulation rates are out
were artificially smeared into true precession-driven variationsof phase with changes in the F. profunda record, indicating that 41-
However, visual examination of the nonfiltered time series tends t&.y. changes are most probably driven by regional or global changes
confirm the assumption that precession-related oscillations draw ia nutrient supplies rather than by local changesin the nutricline dy-
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3180 of G. ruber (%o)

0 -1

3180 filtered at 41 kyr 3180 filtered at 21 kyr

(solid line) (solid line)
filtered ice volume model filtered ice volume model
(dashed line) (dashed line)
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Figure 4. A. Planktonic &0 records from Site 925

and Site 677 plotted vs. age for comparison (record

from Site 677 has been offset by 1%. for clarity). The
synchroneity of isotopic events between these two
records tends to confirm that the age model developed

at Site 925 is consister®. Comparison 0b'%0 1000
record from Site 925 and the ice-volume model of

960

Imbrie and Imbrie (1980) filtered at 1/41 K}C. 1040 +
Comparison of 580 record from Site 925 and the ice-
volume model of Imbrie and Imbrie (1980) filtered at 1080 -

1/21 k.y. ™%, Seetext for details.

Table 3. Tie-points used for depth-age conversion of sedimentary record
from Site 925B.

Depth Age
(med) (ka)
25.94 680
26.74 718
27.74 754
29.09 792
30.04 831
31.69 888
32.57 927
33.82 964
35.22 1006
36.37 1056
37.62 1098

Note: Based on the correlation of the 380 record obtained on Globigerinoides ruber to
the ice volume mode! curve of Imbrie and Imbrie (1980).

namics. After 920 ka, maxima in the filtered carbonate MAR record
arein phasewith minimain F. profunda, which indicates that carbon-
ate biogenic productivity is most probably controlled by changesin
the nutricline (thermocline) dynamics (Fig. 10).

DISCUSSION

Today, alarge amount of northward, cross-equatorial transport of
upper-layer water (50-100 m) takes place in the western side of the
Atlantic Ocean. Thiscross-equatorial transport of about 7 Sv of upper
waters plays a key role in the return cell of the NADW and contrib-
utes heat and salt to the northern high latitudes (Lamb, 1981; Gordon,
1986; Schmitz and McCartney, 1993). We suggest that hydrographic
conditions of the western equatorial Atlantic must have played anim-

=, (offset: -1%o)

(o)

~ " Site 677
-
L _—

1961; Hastenrath, 1994), the study of Eheprofunda changes can
provide important information about the evolution of hydrographic
conditions on the Ceara Rise over this key period.

Two possible mechanisms may explain past variations in the ther-
mocline structure and in the surface currents on Ceara Rise: 1) chang-
es in trade-wind intensity that would modify the W—E structure of the
thermocline topography, and 2) changes in the latitudinal position of
the ITCZ (and related atmospheric and hydrographic elements of the
low-latitude climatic system) that would result in modifications (with
latitudinal shifts?) of the complex, N-S thermocline structure (Fig.
12).

Changesin Trade-Wind Intensity

In the eastern and central equatorial Atlantic, paleoceanographic
studies have suggested that late Pleistocene changes in the ther-
mocline topography were controlled by variations in trade-wind in-
tensity (Mclintyre et al., 1989; Molfino and Mcintyre, 1990). Increas-
es of trade-wind intensity resulted in increased equatorial divergence
and shallowing of the thermocline, whereas weaker trade-wind inten-
sity resulted in reduced equatorial divergence and deepening of the
thermocline. No such records of the history of late Quaternary ther-
mocline topography are available for the western equatorial Atlantic.
Present oceanographic studies of seasonal hydrographic changes in-
dicate that increases in trade-wind intensity result in the deepening of
thermocline in the western equatorial Atlantic because of the piling
up of surface waters that are transported from the east (Merle, 1980a,
b). If we consider this annual mechanism as an analog for long-term
paleoclimatic changes, then it appears that the Ceara Rise should
have experienced thermocline responses to trade-wind intensity dif-
ferent from the central and eastern equatorial Atlantic.

During the late Quaternary, trade winds appear to have been

portant role in past changes of Earth’s climate, especially those oc- strongly controlled by changes in low-latitude insolation. This result-
curring around the “mid-Pleistocene revolution.” Because the geced in the strong 21-k.y. variability observed in the divergence records
graphic distribution of major surface currents has a strong imprint oobtained from analysis of foraminifer and coccolith assemblages
the subsurface topography of the thermocline (see below and Defaiii/cintyre et al., 1989; Molfino and Mclintyre, 1990). Several global
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Figure 5. 5180 of G. ruber, relative abundance of F. profunda, carbonate content, and sand-sized fraction content vs. age at Site 925.
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Figure 6. Carbonate content and sand-sized fraction content vs. age at Site
928.

climate models and pal eoclimatic studies have shown that control of
trade winds by low-latitude insolation isrelated to the intensity of the
monsoon over Africa. Tropical easterlies were minimal when perihe-
lion was centered on boreal summer because the North African mon-
soon was strong and weakened the zonal component of the tropical
easterlies (i.e., Manabe and Broccoli, 1985; Mclintyre et a., 1989;
Molfino and Mclntyre, 1990).

Late Quaternary divergence records from the eastern and central
equatorial Atlantic also present relatively strong 100-k.y. oscillations
that indicate that trade winds are not responding only to direct forcing
by low-latitude insolation changes (Mclintyre et al., 1989; Molfino
and Mclntyre, 1990). General circulation model (GCM) studies have
shown that cold glacial North Atlantic SSTsresult in cooler and drier
conditions over North Africa and increased trade-wind speeds (de-
Menoca and Rind, 1993). Other GCM studies, as well as paleocli-
matic reconstructions, have shown that these late Quaternary changes
in the north Atlantic SST have been mainly controlled by changesin
the volume of the Laurentide ice sheet (Manabe and Broccoli, 1985;
Ruddiman and Mclntyre, 1984; Ruddiman et al., 1989). The North
American ice sheet producesacold air flow that blows over the North
Atlantic and resultsin cold SST (Manabe and Broccoli, 1985). Over
the Pleistocene, the control of North Atlantic SST by changesin the
volume of the Laurentideice sheet is clearly reflected by the good in-
phase relationship at the 100-k.y. and 41-k.y. periodicities between
5180 and SST records measured at Site 607 (Ruddiman et al., 1989).
Thus, it appearsthat the 100-k.y. periodicity observed in late Quater-
nary divergence records from the equatorial Atlantic could reflect the
remote control of trade-wind intensity by changes in North Atlantic
SSTsdriven by 100-k.y., glacia/interglacial oscillations.

As discussed above, the precession-related signals in the climatic
proxy records from Site 925 show an extremely complex history. As-
suming that the F. profunda signal reflects real paleoclimatic chang-
es, our results would indicate that the relationship between trade-
wind intensity and thermocline depth may have varied drastically
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Figure 7. Scatter plot of coarse fraction content vs. carbon-
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Figure 8. Left: Planktonic 880 record from Site 925 samples.
Right: Mass-accumulation rates of carbonate and noncarbon- 1080 =
ate fractions cal culated for Site 925 samples. f 7 ¢ - - p—

over relatively short periods of time (10°-10* yr). However, no clear The obliquity signals show a more simple and coherent picture
record of equatorial Atlantic trade-wind intensity around 1 Ma existghan the precession-related signals. Two clearly distinct periods are
that we could compare to tReprofunda record from Site 925. Long depicted in the filtered signals, separated by a rather sharp transition
dust records obtained from low-latitude ODP sites situated in thanterval located between about 960 and 920 k.y. (Fig. 10). We know
western side of Africa show little (deMenocal, 1995) or even nahat changes in the Laurentide ice-sheet volume have controlled 41-
(Tiedemann et al., 1994) precession-related oscillations around 1 Miy. changes in North Atlantic SST during the Pleistocene (Ruddiman
These results could suggest the weak influence of precession-drivand Mcintyre, 1984; Ruddiman et al., 1989). These SST changes may
insolation changes on trade-wind intensity at this time. Another likehave exerted a strong control on the zonal intensity of the trade winds
ly explanation is that these dust records may reflect changes in aridiby modifying subtropical gyre dynamics. In this scenario, the zero-
and dust availability in North Africa rather than changes in the intenphase relationship observed between &® and F. profunda

sity of easterlies (Tiedemann et al., 1994). Given the data availablegcords after 920 ka in Site 925 would result from the ice-volume
we are not able to come to a conclusion about precession-driveontrol of the North Atlantic SSTs, which in turn drive the trade-wind
changes in the western equatorial Atlantic at about 1 Ma. intensity and the thermocline dynamics on the Ceara Rise. The rela-

280



Power spectrum

Power spectrum

Age (ka)

SURFACE CURRENTS AND BIOGENIC PRODUCTIVITY

5 r T T T T 14104 T T T T T T T T T T T 1T T ]
X 222 ]
f142 416 — 12104 f ]
4+ 570 - Florisphaera profunda ]
of Globigerinoides ruber £1.0 104 abundance _:
L E i
37 15 so000f .
[ L 45 ]
5[ 1© eo000f ]
[ e ]
[ - 2 4000 | ]
1 32 189 1 238 109 ]
[ 2000 | : .
0 PRI BTSRRI BERPEE I B 0 PRRPIRI [U R RS PR ]
0 002 004 006 008 01 0 002 004 006 0.08 0.1
Frequency (1/kyr) Frequency (1/kyr)
5000 T T 1200 T
. C 416 ]
5 C ]
= 800 H ]
3000 é ]
»n 600 F J
2000 | ) -
C 23 ]
3 400 f ]
a [ 19 1
1000 200 [ 1
0 1 1 1 I oL 1 1 ] 1
0 002 004 006 008 01 0 002 004 006 008 0.1
Frequency (1/kyr) Frequency (1/kyr)
3180 of G. ruber 41 kyr oscillations 21 kyr oscillations
(%) high 520 low*0  high 590 low 80
high % of F. profunda low % of F.p.  high % of F. profunda low % of F.p.
- — - - ——— T
Iow(:aCO3 MAR high CaCO, MAR low CaCO_, MAR high CaCO, MAR
0 -05 -1 -15 2 === < ————
680 PRI ST N R R S BT S S R 1 I““I_ 1 | | | | 1 | | |
[ ] 7_ Ty [ - X
720 s -] -
760 F e - -
800 - __ __ _"- e I __ __ __
840 F ] S — o -
0 | - - - :
920 L] L] B
960 L] - B
= = :
1040 4 L] - C
1080 4 L] - L
LI L LR BN R T T -|. T T

Figure 10. Left: Planktonic &80 record
from Site 925. Middle: Comparison of
880, carbonate MAR, and F. profunda

Figure 9. Spectral analysis of planktonic &80 record,
F. profunda record, carbonate MAR record, and coarse-
fraction record obtained from Site 925 samples.
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parison of 5180, carbonate MAR, and F.

profunda records filtered at 1/21 k.y.™* See

text for details.
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3180 of G. ruber (—) tionship would be as follows: high 8'#0 value (large ice volume) —

(%o) low North Atlantic SSTs - high zonal intensity of trade winds —
deep thermocline upon the Ceara Rise (piling up of surface waterson
the west side of the equatorial Atlantic) - high F. Profunda abun-
dances. The oppositeistrue for low &0 values. This scenario is not
valid before 960 ka, however, because a zero-phase relationship is
not achieved between the 3'80 and the F. profunda records. Prior to
960 ka, the fact that maxima and minima of the F. profunda filtered
record occur roughly in the mid-transition between 380 extremes ar-
gues strongly against a “delayed” response of any of these signals to
changes in the other (we would have to deal with leads and lags of
about 10 k.y.). This would imply, therefore, that the “trade-wind” hy-
pothesis is a possible scenario for the period after 920 ka only and
may suggest that there exists a threshold ice volume above which ice
sheets have an impact on trade-wind intensity.
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10007 Changesin the L atitudinal Position of the ITCZ
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The mean annual ITCZ is found today at abeti°8! and results
in an asymmetrical structure about the equator of the main westward
surface currents that are driven by the trade winds. The main body of
the North Equatorial Current (NEC) is located north of 10°N and the
South Equatorial Current (SEC) extends across the equator. The W—
E pressure gradient caused by wind-controlled rise in dynamic topog-
raphy towards the west results in the eastward-flowing North Equa-
torial Counter Current (NECC) between the NEC and the SEC and at
about the same position as the ITCZ (Defant, 1961; Hastenrath,
1994). This asymmetrical structure of the major wind-driven surface
currents is reflected in the complex structure of the thermocline to-
pography (Fig. 12; Defant, 1961).
% Florisphaera profunda (----) The Ceara Rise is located today in the main body of the NECC, in
an area characterized by one of the deepest thermoclines of the west-
ern equatorial Atlantic (Fig. 12). Given the strong N-S gradients in
thermocline topography, small changes in the mean annual position
of the ITCZ, and of related changes in the position of the NEC,
NECC, and SEC could have had major effects on the thermocline
depth on the Ceara Rise area.
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Figure 11. Close-up of 880 and F. profunda records from Site 925. Note the
complex structure of the high-frequency variations (i.e., double-peak struc-
ture of the precession-related oscillations from the F. profunda record) and
the changes in the phase rel ati onships between the two records.
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Atlantic showing the complex structure of the ther- 200 ]
mocline topography and the position of Site 925.
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Today, good meteorological and oceanographic evidence sup- and origins of these low-latitude, surface hydrographic changes. It
ports the seasonal N-S movements of the ITCZ. However, the poss#ll be necessary to address these changes in the spatial domain by
bility that changes in the mean annual position of the ITCZ occurrececonstructing paleomaps of the thermocline topography based on a
during the Pleistocene is still a matter of debate. Most of the paleocliatitudinal array of good sediment records.
matic data available come from the eastern equatorial Atlantic. Based
on eolian dust records obtained from sediment cores collected off the
west coast of Africa, Sarnthein et al. (1981) concluded that the ITCZ ACKNOWLEDGMENTS
was essentially at the same position at the Last Glacial Maximum
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