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20. DEEP-WATER CIRCULATION, CHEMISTRY, AND TERRIGENOUS SEDIMENT SUPPLY IN THE

EQUATORIAL ATLANTIC DURING THE PLIOCENE, 3.3-2.6 MA AND 5-4.5 MA!
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ABSTRACT

At Sites 925-929, an orbitally tuned time scale was generated for the Pliocene from 5 to 2.5 Ma by correlating precessional
magnetic susceptibility cycles to the 65°N summer insolation record that was based on the astronomical solution of Laskar et
al. (1993).

Two Pliocene time intervals were investigated. The time interval from 3.3 to 2.6 Ma includes the intensification of northern
hemisphere glaciation. The second interval from 5 to 4.5 Ma monitors the warmer Pliocene and is believed to reflect a major
event in the closure history of the Panama Isthmus. A bathymetric comparison between sand content and carbonate accumula-
tion records suggests that the early Pliocene was marked by stronger carbonate dissolution and a shallower lysocline than the
middle Pliocene. A drastic increase in carbonate preservation occurred at about 4.6 Ma that was probably associated with the
emergence of the Panama Isthmus. Variations in the lysocline depth were dominated by the 41-k.y. tilt cycle, indicating a strong
coupling to high-latitude climate forcing. In contrast, the dominance of precession cycles in less undersaturated water masses
well above the lysocline may indicate changes in carbonate production and carbonate flux. Middle Pliocene maxima in carbon-
ate dissolution at 4356 m water depth lag minima of ice volume by 12 k.y. at the obliquity band, which is typical for Pleistocene
Pacific records. This phase lag decreased toward shallower water depths returning to the “Atlantic type” of carbonate preserva-
tion.

Cyclic fluctuations in the supply of Amazon sediments responded with nearly equal concentration of variance to the preces-
sion and obliquity periods. The 41-k.y. fluctuations in the supply of Amazon siliciclastics may result from sea-level changes as
inferred from an in-phase relationship with benthic 8'%0. Benthic oxygen isotopes show no response to orbital precession. This
suggests that climatological changes in South America and/or changes in the intensity of the North Brazilian Coastal Current

are strong candidates in controlling the precessional flux of terrigenous material to Ceara Rise.

INTRODUCTION

Ocean Drilling Program Sites 925-929 recovered a bathymetric
transect from 3041 to 4356 m water depth in the western equatorial
Atlantic and offer an excellent opportunity to reconstruct the history
of deep-water circulation and chemistry as well as variations in the
terrigenous sediment supply from the Amazon. Two Pliocene time
intervals are investigated, that (1) monitor the major phase of
Pliocene Northern Hemisphere ice growth from 3.3 to 2.6 Ma and (2)
the warmer Pliocene from 5 to 4.5 Ma, which was possibly influ-
enced by the closure of the Panama Isthmus. Carbonate, sand frac-
tion, and stable isotope records of all sites are compared at both time
intervals. High-resolution magnetic susceptibility records of these se-
quences show distinct cycles, which enabled correlations from site-
to-site and calibrations to the orbital time scale.

Mechanisms of Carbonate Preservation
in the Equatorial Atlantic

Temporal and spatial variations of carbonate preservation are
closely linked to biogeochemical cycles that control atmospheric CO,
(Broecker and Peng, 1989). One of the primary processes that may
have lowered the atmospheric CO, during glacials has been explained
by the shift in nutrients and metabolic CO, from intermediate water
depth into deep-waters (Boyle, 1988; Boyle, 1992), which, in turn,
are linked to changes in biological productivity and deep circulation
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(Berger, 1970; Broecker, 1982; Berger et al., 1987; Oppo and Fair-
banks, 1987). Increased CO, concentration at depth decreases car-
bonate ion concentration [CO5%7] and enhances carbonate dissolution
in the deep ocean. As a result, the alkalinity of the ocean increases un-
til the deep ocean [CO4%"] concentration is restored several thousand
years later to its steady-state value. The glacial increase in alkalinity
will draw CO, out of the atmosphere into the ocean (Berger, 1982).

The comparison of Atlantic and Pacific carbonate dissolution
records indicates, however, that dissolution changes in the two basins
are out of phase during the late Neogene (Farrell and Prell, 1991), ex-
cepting the northwest Pacific (Haug et al., 1995). In contrast to the
Atlantic, glacial carbonate preservation was higher in the Pacific,
which supports the hypothesis that oceanic alkalinity was higher in
the glacial ocean than today (Boyle, 1988).

Today, deep-water circulation and chemistry in the western equa-
torial Atlantic is characterized by the co-occurrence of northern and
southern source deep-waters, with North Atlantic Deep Water
(NADW) overlying Antarctic Bottom Water (AABW) at depths shal-
lower than 4000 m. At Ceara Rise, the depth of the lysocline is linked
to the present mixing zone between both water masses (Fig. 1), be-
cause of the high [CO;%7] ion content of NADW and the low ion con-
centration of AABW (Broecker and Takahashi, 1978). It is the mix-
ing between these water masses that controls the initial chemical
properties of deep water that enters the Indian and Pacific Oceans and
the eastern basins of the Atlantic. The lower [CO5?] ion concentra-
tions in the deep Pacific and Indian Oceans cause a shallowing of the
lysocline (=3500 m). The deeper lysocline in the eastern equatorial
Atlantic basins results from the barrier of the Mid-Atlantic Ridge
(MAR), which restricts the entrance of AABW from the western into
the eastern basins below a sill depth of approximately 3750 m. Thus,
vertical migrations of the mixing zone between northern and southern
source deep-water, which can be monitored at Ceara Rise, are espe-
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Figure 1. Depth distribution of Sites 925-929 and 1
comparison of temperature (°C) ah@05?~ profiles
(Broecker and Takahashi, 1978) between the western
(open symbols) and eastern (solid symbols) equatorial
Atlantic. (ACO5?" isthe difference between thein situ
[ACO4?] of seawater and the saturation [ACO4%] for
calcite at the same temperature and pressure condi-
tions). Today the deep-water below 4000 m iswarmer
and less corrosive to carbonate in the eastern Atlantic
than water at comparable depth in the western Atlan-
tic, because the flow of Antarctic bottom water (below
4000 m) from the western basin into the eastern basin
isrestricted by the topographic barrier of the Mid- 4
Atlantic Ridge with asill depth of approximately 3750
m (Metcalfe et al., 1964).
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cialy crucial for changes in the deep-water chemistry in the eastern
equatoria Atlantic.

Severd studies have demonstrated, for the late Quaternary, how
deep-water circulation and chemistry in the equatorial Atlantic
changed during glacia maxima (e.g., Oppo and Fairbanks, 1987;
Curry and Lohmann, 1990; Bickert, 1992; Sarnthein et al., 1994;
Beveridge et al., 1995). In response to a decreased production of gla-
cial NADW, ashoaling of the mixing zone (lysocline) above the sill
depth of the MAR caused increased carbonate dissolution and a
strong geochemical similarity between the eastern and western At-
lantic basins.

Early Pliocene changes in the deep-water circulation and chemis-
try in the equatorial Atlantic are not well known yet. Most Pliocene
proxy records cover the mgjor phase of northern hemisphere ice
growth from 3.2 to 2.5 Maand indicate an increased influence of car-
bonate-aggressive, southern-source deep-water in the equatorial At-
lantic along with the intensification of Northern Hemisphere glacia-
tion (Curry and Miller, 1989; Raymo et al., 1992). This mid-Pliocene
decrease in carbonate preservation is observed in the South (Turnau
and Ledbetter, 1989) and North Atlantic (Ruddiman et al., 1987;
Raymo et al ., 1989). Severa studies have shown carbonate variations
to be coherent with ice volume variations, with carbonate lagging ice
volume by 6-15 k.y. (Moore et al., 1977; Peterson and Prell, 1985;
Farrell and Prell, 1989; Le and Shackleton, 1992; Hagelberg et al.,
1995). Thistimelag may represent the response time of [CO4%] com-
pensating for changesin akalinity.

Moreover, other factors such as, the closure of the Panama Isth-
mus during the middle-early Pliocene or late Miocene (Keigwin,
1982; Keller et al., 1989), may have intensified the NADW produc-
tion and thereby carbonate preservation, according to model results
of Maier-Reimer et a. (1990). The model predicts a decrease in
NADW production for an open isthmus and lower carbonate preser-
vation in the Atlantic. Late Neogene changes in carbonate preserva-
tion may also be linked to long-term changesin oceanic input of Ca?*
from rivers, draining regions of rapid tectonic uplift, like the Ama-
zon.

Factors Controlling Amazon Sediment Discharge
toCearaRise

tinental climate variability. Strong fluctuations in the supply of Am-
azon sediments into the western Atlantic have been reported for the
late Neogene (Flood, Piper, Klaus, et a., 1995). So far, however, itis
not clear to what extent the variations in river input may reflect
changesin continental South American climate. Compared to paleo-
climate reconstructions of equatorial Northwest Africa, only littleis
known about the climatic record of the Amazon basin. Marine and
continental pollen records and lake level records suggest, that, during
glacial intervals, the vast tropical rain forest shrank, and savannah
was an important type of vegetation in the Amazon basin because of
lowered temperatures and precipitation (for an overview, see Van der
Hammen and Absy, 1994). As aresult, the Amazon basin rivers car-
ried littlewater and sediment during glacials. In contrast, the Amazon
sediment discharge into the Atlantic was higher during glacials
(Flood, Piper, Klaus, et al., 1995). Sediment records from the deep
sea fan provide evidence that fluctuations in the supply of Amazon
sedimentsinto the western Atlantic were mainly controlled by glacio-
eustatic sea-level fluctuations (Flood, Piper, Klaus et a., 1995). In-
creased supply of terrigenous siliciclastics during glacial times may
be linked to low sea-level stands when the Amazon river crossed the
emerged shelf and discharged sediments directly into the open Atlan-
tic. On the other hand, Showers and Bevis (1988) reported a plank-
tonic 80 freshwater spike for the last deglacial period (Termination
1) that was found in a'4C-dated piston core from the upper fan of the
Amazon Cone. Thiswas interpreted to reflect an increased deglacia
Amazon freshwater discharge to the equatorial Atlantic Ocean,
which may result from increased pluvia activity rather than from
tropical glacier melting (northern to central Andes) during deglacia-
tion. This is corroborated by the results of Jones and Ruddiman
(1982), suggesting that the Amazon plume, extending northwestward
into the Caribbean, was the largest deglacial tropical freshwater
source as aresult of enhanced rainfall runoff.

Moreover, climate-induced variations in the west equatorial sur-
face current system may play an important role in controlling the
transport of Amazon sediments to Ceara Rise, because CearaRiseis
located about 800 km northeast from the Amazon Delta. Today, the
Amazon River plumeis advected al ong the coast horthwestward with
the North Brazilian Coastal Current (NBCC). When the Amazon dis-
charge rate reaches its maximum (May—-July), the NBCC veers off-

shore near 5°N (above Ceara Rise) to feed the eastward flowing
North Equatorial Countercurrent (NECC) during Jubecember

(Nittrouer and DeMaster, 1986; Philander and Pacanowski, 1986; Ri-
chardson and Walsh, 1986) (Fig. 2). This flow pattern coincides with

Today, the Amazon drainage basin is one of the largest in the
world. Variationsin the supply of terrigenous materia from the Am-
azon to the Ceara Rise may provideimportant information about con-
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Figure 2. Schematic presentation of the modern surface circulation in the
western equatorial Atlantic for the second part of the year, when the ITCZ
reaches its northernmost position and the NBCC retroflects into the east-
ward-flowing NECC. During the first part of the year, the NBCC continu-
ously flows northward along the coast into the Gulf of Mexico and the
westward flowing NEC dominates the Ceara Rise region. (ITCZ = intertropi-
cal convergence zone, NBCC = North Brazilian Coastal Current, NECC =
North Equatorial Countercurrent, NEC = North Equatorial Current.)

asea-surface salinity minimum (anomaly) extending to CearaRise at
the end of the summer (Dessier and Donguy, 1994). During the first
half of the year, when the intertropical convergence zone (ITCZ) has
its southernmost position, the NECC does not exist and the NBCC
flows continuously along the coast into the Gulf of Mexico. Hence,
the amount of the advection of Amazon discharge at Ceara Rise de-
pends on the pal eofluctuations of Amazon outflow as well asthe lat-
itudinal paleoposition of the ITCZ, which controls the initiation of
the NECC.

METHODSAND DATABASE

The high-resolution magnetic susceptibility and reflectance
records (Curry, Shackleton, Richter, et a., 1995) were used for be-
tween-hole correlations to reconstruct a continuous composite record
for each site. In general, we used the composite depth sections report-
ed by the Leg 154 shipboard party (Curry, Shackleton, Richter, et dl.,
1995). However, careful inspection of the fluctuationsin our carbon-
ate records suggested arevision of composite depth intervals at Sites
925, 928, and 929 (Fig. 3A—-C). The revised interpretation of the be-
tween-hole correlation patterns deleted previous discrepancies that
occurred by correlating marked short-term fluctuations in the mag-
netic susceptibility and carbonate records between sites.

The 880 and 6*C values of the benthic foraminifers were mea-
sured according to the standard techniques at the University of Bre-
men. The samples were freeze-dried, weighed, and wet-sieved
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and to compensate for dilution effects caused by noncarbonate dilut-
ants. Benthic foraminifers were picked from the 250- to 500-um size
fraction. For isotope analysis, the epibenthic speCibscidoides
wuellerstorfi and Cibicidoides kullenbergi were preferred because
various studies demonstrated thatdH€ values of these species are
approximately equal to bottom wat®fC (dissolved inorganic car-
bon) and, thus, are a good proxy for reconstructions in deep-water
ventilation (e.g., Farrell, 1991; McCorkle and Keigwin, 1994). The
580 values were adjusted to seawater equilibrium by adding 0.64 %o
(Shackleton and Hall, 1984). At intervals where the above species
were absent in the sedimentdyigerina spp., Oridorsalis um-
bonatus, andPyrgo murrhina were analyzed to obtain complete iso-
tope records®=C records are based solely on values ff@nuel-
lerstorfi). Parallel measurements@wuellerstorfi were carried out

to correct thed®O values for interspecific isotope differences. We
found no significand*®0 difference betweedvigerina spp.,0. um-
bonatus, andP. murrhina. If possible, 36 specimens were selected
for each isotope analysis; some single measurements were made on
C. wuellerstorfi.

The CaCQ contents were determined by infrared absorption of
total CQ (organic and inorganic carbon) released by combustion
with a LECO-Analyzer. At Sites 926 and 927, organic carbon con-
tents are lower than 0.3% during the Pliocene time intervals. Hence,
carbonate percentages may be overestimated by maximally 2.5%
(equal to 0.3% &,). The organic carbon content was measured di-
rectly on the carbonate-free residue of the samples.

The siliciclastic fraction (100% — %CaGCbiogenic opal and
volcanic glass are negligible) at Ceara Rise is considered to reflect
the terrigenous sediment supply from the Amazon. Actually, the con-
tribution of terrigenous material from the Amazon may be slightly
overestimated when considering a few percent of aeolian sediment
supply from northwest Africa to Ceara Rise. Today, about 10% of the
Saharan dust that crosses the west coast of Africa is transported
across the tropical Atlantic to South America during boreal winter,
when the intertropical convergence zone reaches its southernmost
position (Carlson and Prospero, 1972).

Mass accumulation rates (giliyr) were calculated as the product
of sedimentation rates (cm/k.y.), percentages of the individual com-
pounds, and dry bulk density values. Dry bulk density values were
calculated from the GRAPE (Gamma-Ray Attenuation Porosity
Evaluator) density data, using the following equation (Curry, Shack-
leton, Richter, et al., 1995):

GRAPE density —water density grain density

cry density = grain density- water density

The pore-water density was set to 1.035 §/camecording to a
mean salinity value of 35%.. Grain density values were measured
downcore at discrete samples aboardJ®kDES Resol ution with ir-
regular distances of-8 m and were interpolated for our sample
depths. The GRAPE density data were measured every 1to 3cm. The
estimated dry bulk density data reproduced the measured in situ data
to within a standard error of 0.02 gnThe use of accumulation
rates compensated the effect of percentage dilution by different sed-
iment components.

For spectral analyses, we used the standard techniques of Imbrie
et al. (1984). For spectral estimates as a function of depth, the proxy
records were interpolated at 10-cm intervals. For spectral analyses in
the time domain, the age of each data point was estimated by linear
interpolation between age-depth control points. We then interpolated
each record at constant 3-k.y. intervals. After the data had been lin-
early detrended, the spectra, coherencies, and phase angles between

through a 63-um-mesh sieve. The sand fraction was dried, weighe@vo signals over a given frequency band were estimated (confidence
and then dry-sieved at intervals of 150, 250, 315, and 500 um. Thevel of 80%). The number of lags of the cross-correlation function
content of the sand fraction >63 um is given as percent of totalas set to 90 (70) for the time interval 3:3% Ma (4.944.4 Ma)
CaCQ because the sand fraction consists of nearly 100% carbonaitgving at least 7 degrees of freedom. The average sample spacing for
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generating the composite depth. 928C-11-5, 75 102.25 112,91 tieto 9288-12-3, 112 103.11 112,91 11435  (-1.44)

isotope, carbonate, and sand fraction analysesis 10 cm at all sitesand
corresponds to a mean time resolution of 3.5 k.y. (yielding a Nyquist
period of 7k.y.). At Site 929, strong carbonate dissol ution events dur-
ing theearly Pliocenetimeinterval occasionally caused low sedimen-
tation rates of about 1 cm/k.y. and decreased the sample spacing to
about 10,000 yr.
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Astronomical Calibration of the Pliocene Time Scale
(5-25Ma)

At Ceara Rise, the opportunities for an astronomica calibration of
the Pliocene time scale are excellent, as the composite sections at all
sites are characterized by high-frequency, cyclic variationsin lithology
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929A 1075 89.05 99.56 tie to 929C 10-3, 144 92.94 99.56 9852 (+1.04)  Figure 3 (continued).

caused by high-amplitude changesin theratio of carbonate and terrig-
enous sediments. The existing, orbitally derived age models for the
Pliocenefrom 5to 2.5 Maareamost identical (Hilgen, 1991; Shackle-
tonetal., 1995; Tiedemann et a., 1994; Lourens, 1994) and have been
calibrated to the astronomical solution of Berger and Loutre (1991),
(Ber90). Recently, Lourens et al. (1996) demonstrated, however, that
unrealistic large time lags will occur between obliquity and the obli-
quity-related variations in the proxy records, if the orbita data from
Berger and Loutre (1991) are used as a tuning target. Lourens et al.
pointed out that the geological record can be calibrated most accurately
to the summer insolation record calculated from the Laskar (1990) so-
lution La90, ;) withadynamically ellipticity of the Earth of 1 and atid-
al dissipation term of 1, both close to present-day values. The advan-
tage of the Lad0;, ;) solution is that it considers the chaotic motion of
the Earth (caused by perturbation effects of Jupiter and Saturn) more
accurately. Hence, we prefer the astronomical solution of Laskar
(1990) to that of Berger and Loutre (1991) for the tuning procedure.
Differences between the astronomical solutions of Ber90 and La90(1,1
are small in the middle Pliocene but increase towards the early
Pliocene. The obliquity of Ber90 leadsthosefrom La90,, ;) by 7k.y. at
25Maand by 22Kk.y. at 5 Ma At precession, Ber90 leads Lad90, ;) by
3ky.a25Maand by 10k.y. a5 Ma.

To be consistent with the astronomical calibration of the Pleis-
tocene and Miocene sediment profilesfrom CearaRise (Bickertet al.,
Chapter 16, this volume; Shackleton and Hall, this volume), we used

The first step toward astronomical calibration was to examine the
cyclic fluctuations of the magnetic susceptibility in the depth domain,
because the Pliocene sedimentation rates were expected to show only
little variability of 2.5-3.5 cm/k.y. as inferred from the initial bio-
stratigraphic age model (Curry, Shackleton, Richter, et al., 1995).
Hence, if the fluctuations of the magnetic susceptibility were strongly
controlled by the main orbital cycles of obliquity and precession, then
dominant susceptibility cycles with wave lengths of 4D8 cm
(obliquity forcing) and 5577 cm (precession forcing) are expected.
Frequency spectra of magnetic susceptibility fluctuations (Fig. 5) ex-
actly reflected these cycles with dominant wave lengths of 1185
cm and 5570 cm over the Pliocene depth interval;-¥84 m com-
posite depth (mcd), which represents the time interval from 5 to
2.5 Ma. After filtering in the depth domain, we found a good match
in amplitude variations between orbital precession and the preces-
sion-related filter outputs (55-cm and 70-cm cycles). These filter out-
puts were used to generate a time scale that brings the filtered cycles
into phase with the inferred astronomical forcing. Magnetic suscepti-
bility maxima (CaCQ@ minima) were tuned to northern hemisphere
insolation minima, assuming no phase difference (Fig. 6). This neg-
ative correlation was indicated by the benthic oxygen isotope records
from Site 926 (3.32.6 Ma; 54.5 Ma), which clearly indicated that
magnetic susceptibility maxima occurred during cold stages. The as-
sumption of zero phase differences might be an oversimplification of
the true phase relationships between the magnetic susceptibility

the same target record (65°N summer insolation, based on orbitacord and the insolation record, but small phase differences for the
data from La9Q ;). As the tuning medium, we used the high-resolu-early and middle Pliocene would only result in a minor error of the
tion magnetic susceptibility records, which are indicative of fluctuatuned time scale.

tions in the supply of terrigenous sediments (e.g., Robinson et al., After tuning the magnetic susceptibility minima to insolation
1995). The tuning concentrated on Site 926 (3598 m water depth), beraxima, the susceptibility record from Site 926 was filtered again in
cause high-resolution biostratigraphic studies focused on this site the time domain at the main orbital frequencies. The amplitude vari-
calibrate the Pliocene and Miocene nannofossil and foraminiferations of orbital precession and the 22-k.y.-filter output are character-
events to the orbitally tuned time scale at Ceara Rise. The age modetd by a remarkable similarity, suggesting that we correctly mapped
for Site 926 was then transferred to the other sites by correlating thke climate signal onto the orbital record (Fig. 6). The 41-k.y.-filter
magnetic susceptibility records (Fig. 4). output appeared to be in phase with orbital obliquity (Fig. 6). Cross-
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Figure 4. Correlation of magnetic susceptibility records
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3315 m - Site 927
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from the Ceara Rise depth transect. Depth scales are “ 80 '
adjusted to the Site 926 composite depth.

spectral comparison indicated that northern hemisphere insolation
and magnetic susceptibility were exactly in antiphase (Fig. 7) and
displayed high coherencies at the precessiona (0.95 and 0.93) and
obliquity (0.90) frequency bands. After transferring the age model to
the other sites by correlating sequences of distinct magnetic suscep-
tibility fluctuations (Fig. 4), the sedimentation rates were found to
vary from 2 to 4 cm/1000 years at the shallower sites 925-927 (Fig.
6). The deeper Sites 928 and 929 show lower values and larger fluc-
tuations of 1-3.6 cm/k.y., reflecting changes in carbonate preserva
tion. At Site 929, uncertainties in the age model may occur between
4.55 and 4.3 Ma (Fig. 4; 137-143 mcd), because extremely low-am-
plitude fluctuationsin the magnetic susceptibility record indicated no
clear cyclicity or prominent structuresthat could be correlated to oth-
er sites. In the time interval from 5 to 4.55 Ma, the structure of the
magnetic susceptibility fluctuations (as well as the variability of the
reflectance record; not shown) deviated also markedly from the other
sites, although a distinct cyclicity occurred. For this reason, we cor-
related the carbonate record from Site 929 to the other sitesand trans-
ferred afew age control points of prominent carbonate minima, be-
fore tuning the rest of the interval separately.

RESULTS
Oxygen and Carbon | sotopes

For comparison, the benthic 320 records from Site 926 are plot-
ted vs. the benthic 680 records from the subtropical northeast Atlan-
tic (Site 659; Tiedemann et a., 1994) and the eastern equatoria Pa-
cific (Site 846; Shackleton et al., 1995), which have independently
tuned time scales (based on the Ber90 time scale). During thetimein-
terval from 3.3t0 2.6 Ma(Fig. 8A), isotope stages G2 to M2 are eas-
ily recognized at Site 926 and are well correlated with the isotope
records from Sites 659 and 846. During the early Pliocene from 5 to
4.4 Ma (Fig. 8B), the prominent isotope events Si4 and Si6 occurred
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at Site 926 about 20 k.y. earlier, aswell asone obliquity cycle earlier,
than at Sites 659 and 846. This offset results from the phase differ-
ences for obliquity and precession, if the La90,, ;, solution is applied
instead of the Ber(90) solution.

Spectral analyses of the &80 record from Site 926 indicate the
Pliocene dominance of the obliquity period (Fig. 9), which have been
shown to be typical for Atlantic and Pacific benthic isotope records
(Shackleton et al., 1995; Tiedemann et al., 1994). At precessiona pe-
riods, thevarianceislessthan 5%. Cross-spectral analysesreveal that
the oxygen i sotope fluctuations tend to lag northern hemisphere sum-
mer insolation by 1 + 1 k.y. (middle Pliocene) and 2.5 + 1 k.y. (early
Pliocene) at the obliquity frequency band (Fig. 10). For comparison,
Imbrie et a. (1984) proposed for the late Pleistocene atime lag of 8
k.y. between ice volume (3'®0) and obliquity forcing. However, a
lower time lag for the Plioceneis expected according to the model re-
sults of Imbrie and Imbrie (1980), because this estimate depends on
the size of the ice sheets and would imply a lower response time
(about 4 k.y.) for smaller ice sheets in the Pliocene (Chen et al.,
1995). Hence, our time scal e that is based on an in-phase relationship
between magnetic susceptibility and summer insolation may include
an error of lessthan 3 k.y.

The short-term amplitude variations of 30 fluctuations at Site
926 are very similar to those at Sites 846 and 659 during the early
Pliocene (Fig. 8). During the middle Pliocene, the amplitude varia-
tions are similar to those in the equatoria northeast Atlantic but ex-

ceed those at the equatorial Pacific Site 846 by about 0.5%.. This im-
plies larger fluctuations in deep-water temperature/salinity in the
equatorial Atlantic. The long-term variations between both Atlantic
records appear to be different. Cycles of about 300 k.y. dominate the
0180 curve at Site 926, whereas the long-term minima show values of
about 0.5%. lower than at Site 659. This suggests different water
masses for 3000 and 3600 m water depth in the equatorial Atlantic.
At Site 926, the Pliocene carbon isotopes fluctuate between 1.4

and-0.3%o (Fig. 8). The extreme negat®&C excursions (<0.5%o)
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are regarded as less trustworthy, because they are based on single curs later at about 2.7 Ma, when first glacial maxima occur in stages
samples and are not corroborated by the next younger or older sam- G6-G4.

ple. Compared to the early Pliocene time interval, variations in am-
plitudes are higher during the middle Pliocene, when climatic differ-
ences are enhanced. The cyclic variations contain concentrated vari-
ance at the 41-k.y. obliquity band. The 41-k.y.-related &'*C maxima,
indicative of deep-water ventilation maxima, lag ice-volume minima
by about 4 +2 k.y. The variance at precessional periodsislower than
5% and is not significant.

Carbonate

The bathymetric transect of carbonate records from 3000 to 4400
m water depth show broad coherency, as well as good correlation in
detail, during the Pliocene time intervals (Fig. 11) In general, the
deeper sites show lower values and larger fluctuations, as one would

The comparison of benthic 3'°C records from Ceara Rise (3598 m expect. Both Pliocene time intervals show an “Atlantic-type” carbon-
water depth) and the equatorial northeast Atlantic (Site 659, 3070 m ate preservation pattern with maxima during warm stages. The deep-
water depth; Tiedemann, 1991) shows on average 0.35%. i§6er water transect is marked by Pliocene variations in carbonate between
values for the Ceara Rise deep-water, despite the greater water dep8¥% and 90%. Cyclic variations are dominated by orbital obliquity
(Fig. 8). This may indicate that the deep-water flow in the westermluring the middle Pliocene and by precession during the early
equatorial Atlantic is less influenced by remineralization processe$liocene. The most drastic change in carbonate concentrations from
The long-term trends and the short-term variations in amplitude§0% to 60% occurs at 4.65 Ma below 4000 m water depth (Site 929);
however, are similar at both sites. During the early Pliocene, botprior to 4.6 Ma, carbonate contents are lowered by factor 2.
records indicate a long-term decrease in deep-water ventilation from Before reaching any conclusion, we have to consider the role of
4.9 to 4.55 Ma, followed by an increase until 4.4 Ma. The middlenoncarbonate dilution (mainly siliciclastics). At the shallow sites,
Pliocene interval is marked by a gradual decrease in gt#éaval- where carbonate preservation was good, changes in sedimentation
ues at Site 659 and parallels the intensification of the northern hemiates should reflect the variability of the dominant sediment compo-
sphere glaciation from 3.15 to 2.5 Ma. At Ceara Rise, this trend oaient. Low sedimentation rates during the early Pliocene are associat-
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Figure 6. Site 926 time scale from 2.5 to 5 Ma based on tuning the magnetic susceptibility record to the La90,, ;) summer insolation record (65°N; Laskar,
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k.y. at Site 926 and vary from 1 to 4 cm/k.y. over the entire bathymetric transect.

ed with high percentages in carbonate and high sedimentation rates
during the middle Pliocene are associated with lower carbonate con-
tents (Fig. 11A and B). Thisinverted pattern indicates that sedimen-
tation rates are controlled by variationsin the supply of siliciclastics.
Thus, the lower carbonate contents during the middle Pliocene result
fromanincreasein thedilution by terrigenoussiliciclastics. Thisalso
explainsthe discrepancy in carbonate contents between Sites 926 and
927. The deeper Site 926 shows on average dightly higher carbonate
concentrations. This discrepancy disappears when using carbonate
accumulation rates.

The difference in carbonate accumulation between shallow and
deep sites (Fig. 11) is a quantitative indicator of the amount of car-
bonate lost to dissolution, because all sites are located close together
so that surface productivity and the carbonate flux to each site should
be equal. At the shallowest Site 925 (3041 m water depth), the vari-
ability of the carbonate accumulation rates from 15 to 30 g/m?/yr was
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relatively uniform during the early and middle Pliocene time inter-
vals. The deepest Site 929 (4356 m water depth), however, is charac-
terized by distinct long-term differences in carbonate accumulation.
The Pliocene intensification of northern hemisphere glaciation
from 3.15 Mato 2.6 Ma(Fig. 8) is paralleled by decreasing carbonate
accumulation rates at 4350 m water depth and an increased |oss of
carbonate between 3000 and 4350 m water depth (Fig. 11). The early
Pliocene, from 5 to 4.57 Ma, is marked by an extremely low level of
carbonate accumulation rates (7 g/m?/yr) below 4350 m water depth.
At 4000 m water depth, the carbonate accumulation rates approach
thislevel of poor carbonate preservation at 4.9 and 4.65 Ma. Thisear-
ly Pliocenetime interval is marked by the greatest loss of carbonate
(about 17 g/m?lyr) between 3000 and 4350 m water depth and a
strong increase in carbonate dissolution below 3800 m. This loss to
carbonate dissolution is about two times higher than during the mid-
die Pliocene from 3.3 to 2.6 Ma. Only small differencesin carbonate
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Figure 7. Top: Spectra density and cross coherency between Northern Hemi-
sphere summer insolation and magnetic susceptibility from Site 926 for the
Pliocene from 2.5 to 5 Ma. Bottom: Phase angle vs. frequency plot (3 ka steps,
110 lags, 20 degrees of freedom).

preservation over the entire bathymetic transect occur from4.5t0 4.4
Maand at about 3.05 Ma.

Spectral analyses indicate that the coupling to Milankovitch forc-
ing is strongest in the precession band during the middle Pliocene
(Fig. 9). No clear response is shown for the early Pliocene.

Sand Fraction

It has been shown that the sand content of deep-sea carbonates de-
creases as dissolution progresses (e.g., Yasudaet al., 1993; Bickert et
al., Chapter 15, thisvolume), and hence, the sand content can be used
as aproxy for changes in carbonate dissolution (Fig. 12). In general,
the sand contents decrease with increasing water depth. The bathy-
metric patterns of variationsin sand percentages and carbonate accu-
mulation rates are very similar. The sand contents, however, seem to
respond more sensitively to changes in deep-water carbonate satura-
tion.

During the middle Pliocene, from 3.3 to 3.05 Ma (Fig. 12A), the
sand contents are very similar between 3300 and 4000 m water depth,
suggesting no significant long-term differences in carbonate preser-
vation and auniform water mass. From 3.05to 2.6 M a, the sand curve
at 4000 m water depth diverges from the shallower ones, indicating a
reorganization in deep-water chemistry and circulation, paralel to
the intensification of northern hemisphere glaciation. Thisis marked
by agradual decreasein glacial sand contents and an increasein am-
plitude variations at 4000 m water depth, reflecting a long-term
shoaling of the glacial lysocline from 3.05to 2.6 Ma. In contrast, the
level of interglacial sand values remains nearly constant and very
close to that of the shallower sites, suggesting no long-term changes
in carbonate preservation above 4000 m water depth during middle
Pliocene warm stages. Below 4000 m, agradual shoaling of theinter-
glacial position of the lysocline from 3 to 2.6 Ma s indicated by a
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long-term decrease in interglacial sand contents and amplitude fluc-
tuations as monitored at the deepest Site 929 (4356 m water depth).

In contrast to the middle Pliocene, the early Pliocenefrom5to 4.4
Mais characterized by lower sand contents and lower amplitude vari-
ations over the entire depth transect, suggesting ashallower lysocline
during the early Pliocene (Fig. 12B). A dramatic highstand of the
lysocline occurs at about 4.9 Ma and coincides with a pronounced
4180 cold event. From 4.95 to 4.6 M a, the &80 trend towards warmer
climate conditions is paralleled by a slight long-term deepening of
the lysocline. This is illustrated by increasing sand contents at the
shallower Sites 926 and 927, and by amarked step-likeincrease at the
deeper Site 928 at 4.6 Ma. The sand curve of the deepest Site 929
shows two steps of increased carbonate preservation, one with afirst
pronounced maximum at 4.6 Ma, and a second one at 4.5 Ma. Short-
term fluctuations of the lysocline depth appear to be strongest at
around 4000 m water depth and are characterized by high-amplitude
fluctuations in the sand contents (Site 928), which correlate with the
8%80 record. Peak sand content is associated with warm stages. After
4.5 Ma, the differences in the sand content decrease over the depth
transect, probably indicating less stratified water masses or a higher
alkalinity.

Spectral analysesindicate that the dominant variability in the sand
records over the middle Plioceneinterval includes Milankovitch vari-
ability at the main orbital frequencies bands of obliquity and preces-
sion (Fig. 13). The bathymetric comparison of frequency spectra be-
tween Sites 925, 927, 928, and 929 reveal s a distinct shift in spectral
character with increasing water depth. At the shallow Sites 925 and
927 (3041-3315 m), fluctuations in the sand content are dominated
by precession cycles, whereas the deeper sand records below 4000 m
water depth are dominated by obliquity cycles. The strongest re-
sponseto orhital obliquity occurred at Site 928, where changesin car-
bonate dissolution/preservation, and thus the effects of fluctuations
of the lysocline depth, are greatest. This clearly reflects the response
of different aspects of the carbonate production/dissol ution/preserva
tion system at Ceara Rise. Variations in the lysocline depth and
changesin deep-water alkalinity have a strong coupling to high-lati-
tude climate forcing, whereas the dominance of the precession cycles
at less-undersaturated water masses well above the lysocline may be
indicative of changes in carbonate production and carbonate flux.
Thetransition zone from precession- to obliquity-dominated frequen-
cies is marked by no response to orbital periods during the middle
Pliocene. At 3600 m water depth (Site 926), most variance of sand
content variability is concentrated at periods of 56 and 37 k.y.

In addition, cross-spectral analyseswere carried out between 380
and %sand and insol ation and %sand for the middle Pliocenetimein-
terval. Surprisingly, we found for the obliquity band, that carbonate
preservation maxima (maximum sand content) lead ice volume min-
imaby 7.5 ka at 4356 m water depth and that this phasing decreased
towards shallower water depths (Table 1). The implications will be
discussed later. Phase relationships for the precession band were es-
timated from cross-spectral analyses between insolation and sand
contents, because the 880 variance at precession was less than 5%.
The phase relationships for the precession band indicate no water
depth relationship (considering the error limits), and sand maxima
dlightly lag insolation maxima by about 1.5 k.y., except for the shal-
lowest Site 925, where sand maxima lag insolation maxima by about
9.5k.y. (Table1).

Organic Carbon

Organic carbon records are available from the shallow Sites 926
and 927 (Fig. 14). Both Pliocene time intervals are characterized by
very low organic carbon contents of <0.3%. The fluctuations in or-
ganic carbon contents (not shown) do not indicate significant vari-
ance at 41-k.y. tilt and 23-k.y. precession cycles (Fig. 9); instead,
they contain significant variance near periods of 56 and 37 k.y.,
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which are also prominent in the sand content record from Site 926.
Thismay indicate acoupling between remineralization and carbonate
dissolution, because the decay of organic matter will reduce the car-
bonate ion concentration in the pore water and, hence, the carbonate
preservation (Archer and Maier-Reimer, 1994). The early Plioceneis
marked by extremely low organic carbon accumulation rates of <0.05
g/m?/yr. During the middle Pliocene, the accumulation rates and am-
plitude variations are twice as high. The organic carbon recordsindi-
cate adight increase from 3.25 to 2.6 Ma. Larger differencesin ab-
solute organic carbon contents and accumul ation rates between both
sites occur only during the middle Pliocene, with higher values at the
shallower Site 927. This coincides with higher terrigenous accumu-
lation rates at Site 927 and lower terrigenous accumulation rates at
Site 926. Maxima in organic carbon percentages and accumulation
rates correspond to maximain terrigenous sediment input. From this,
we cannot exclude that the major proportion of the organic carbon ar-
rived by terrigenous sediment supply at Ceara Rise and probably con-
sists mainly of terrigenous organic carbon, rather than indicating
fluctuationsin paleoproductivity.

Siliciclastic Accumulation Rates

During the middle Pliocene, the supply of terrigenous sediments
from the Amazon drainage basin is, on average, increased by afactor
of two compared to the early Pliocene time interval (Fig. 14). Fur-
thermore, it is recognized that, during both time intervals, the more
northerly Sites 927-929, because of their proximity to the Amazon
River outflow, have dlightly higher siliciclastic accumulation rates
than the southerly Sites 925 and 926.

The amplitude fluctuations of the siliciclastic accumulation rates
arealso different in both time intervals. From 3.3 t0 2.6 Ma, the rates
fluctuated from 6 to 29 g/m?/yr and have high amplitudes. In contrast,
the rates of the warmer time interval from 5.1 to 4.4 Ma have lower
amplitudes and the rates fluctuated from 3 to 21 g/m?/yr. The higher
amplitudes in the middle Pliocene are paralleled by higher ampli-
tudes in the magnetic susceptibility records (Fig. 4), which areaso a
good proxy for terrigenous sediment supply. During the middle
Pliocene, cyclic fluctuations of the siliciclastic accumulation ratesre-
spond with nearly equal concentration of variance to the precession
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Figure 11. Variations of Pliocene carbonate contents and accumulation rates at Sites 925-929 (3041-4356 m water depth). A. 2.6-3.3 Ma. B. 4.4-5.1 Ma. The
benthic 580 record from Site 926 is plotted on top for comparison. Carbonate accumul ation rates were shifted as indicated to facilitate graphical presentation.

and obliquity periods of orbital forcing. In contrast, the cyclic fluctu-
ations in the early Pliocene are dominated by the precession. Cross-
spectral analyses between the siliciclastic accumulation rates and the
6180 record indicate that for both time intervals the supply of terrig-
enous material parallelsice volume.

DISCUSSION
Pliocene Carbonate Preservation Patterns
in the Western Equatorial Atlantic

The Pliocene proxy records of deep-water chemistry document
that deep-water carbonate dissolution in the equatorial West Atlantic
was stronger during the early Pliocene (5-4.5 Ma) than during the
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middle Pliocene (3.3-2.6 Ma). Thisisindicated by (1) lower carbon-
ate accumul ation rates at the deeper Sites 928-929, (2) agreater loss
of carbonate between 3000 and 4300 m (on average 18 g/m?/yr vs. 10
g/m?/yr), and (3) lower sand contents between 3600 and 4300 m. The
bathymetric differences in the sand contents suggest that the lyso-
cline was on average about 200 m shalower during the early
Pliocene. Several factors may be responsible for these differencesin
carbonate preservation including climatic driven changes in deep-
water circulation, changesin sealevel, variationsin productivity, and
the closure of the Panama I sthmus. Changesin carbonate productiv-
ity as amajor cause for the difference in carbonate dissolution be-
tween early and middle Pliocene are regarded as minor, because the
lower Sites 925-927, well abovethelysocline, indicate on average no
difference in carbonate accumulation rates.
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Figure 11 (continued).

Several studies have demonstrated that Pleistocene fluctuationsin
Atlantic carbonate preservation were linked to therate of NADW for-
mation, whereas glacial suppressions caused higher carbonate disso-
Iution in the deep Atlantic in response to a greater proportion of car-
bonate aggressive AABW in the Atlantic. A Pliocene—Pleistocene
global comparison of benthic 3'3C records (Raymo et al., 1990b,
1992) suggested that the middle Pliocene global cooling led to grad-
ually stronger suppression of NADW production and that the North
Atlantic prior to the mgjor northern hemisphere glaciation, was prob-
ably characterized by vigorous thermohaline circulation. At Ceara
Rise, the long-term decrease in glacial sand contents below 4000 m
water depth and the gradual shoaling of the lysocline from 3.3 t0 2.6
Ma coincides with decreasing carbonate contentsin the North Atlan-
tic (Raymo et a., 1989) and with progressively greater ice volume,
lower sea level, cooler climate, and with an increasing influence of

southern source deep-water in the Atlantic. During the middle
Pliocene interglacials, no evidence for increased carbonate dissolu-
tion occurred in the equatorial West Atlantic.

General circulation model experiments that examined the warmer
Pliocene climate prior to the intensification of northern hemisphere
glaciation suggested a strengthening of the thermohaline circulation
asaresult of asalinity increase in the source area of NADW produc-
tion (Raymo et a., 1990a; Chandler et al., 1994). The prediction of
enhanced thermohaline circulation in the North Atlantic during the
warmer period of the Pliocene is not reflected by our results. If
changes in deep-water circulation have controlled the preservation/
dissolution pattern at Ceara Rise, the long-term maximum of en-
hanced carbonate dissolution during the warm early Pliocene (5-4.5
Ma) would suggest the opposite, asuppression in NADW production
and a stronger influence of southern source deep-waters.
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Figure 12. Variations of Pliocene sand contents at Sites 925-929 (3041-4356 m water depth). A. 2.6-3.3 Ma. B. 4.4-5.1 Ma. The content of the sand fraction

>63 um is given as percent of total CaCGM@d indicative of changes in carbonate dissolution. The beifi@aecord from Site 926 is plotted on top for com-

parison. Sand contents were shifted as indicated to facilitate graphical presentation.

The key to understanding is possibly an additional mechanism
that prevented an increase in surface salinities in the Norwegian-
Greenland and Labrador Seas during the early Pliocene and, thus,
lowered the formation of NADW. Strong evidence exists for an open
Panama |sthmus during the early Pliocene. A comparison between
planktonic %0 records from the eastern equatorial Pacific and the
Caribbean (Keigwin, 1982) indicate that, prior to about 4.2 Ma, the
isotope values were the same at both sites (to adjust for the astronom-
ically tuned time scale, the conventional age of 4.2 Mashould be old-
er by about 0.4 Ma; Hilgen, 1991). After 4.2 Ma, the Caribbean 3'%0
value became significantly heavier than in the eastern Pacific, which
was interpreted to reflect an increase in Caribbean surface salinity
dueto arestricted surface-water communication through the Panama
Isthmus. Anincreasing abundance of high-salinity-tolerant plankton-
ic species in the Caribbean since 4.2 Ma has been reported by Keller
et al. (1989). Asaresult, the Gulf Stream and the thermohaline circu-
lation strengthened in response to a gradual emergence of the isth-
mus. This scenario is corroborated by the results from an ocean gen-
era circulation model that examined changes in ocean circulation
patterns with an opened/closed Central American isthmus (Maier-
Reimer et a., 1990). With an open isthmus during the early Pliocene,
lower salinity waters from the Pacific diluted North Atlantic surface
waters and caused a significant reduction in NADW formation. The
model results also predicted a higher dissolution of Atlantic carbon-
ate and a better preservation of Pecific carbonate as long as the isth-
mus was open. High carbonate accumulation rates are known from
the equatorial Pacific (Berger et al., 1993; Hagelberg et al., 1995),

Shackleton, Richter, et al., 1995) and the following increase in car-
bonate preservation at about 4.6 Ma (Figs. 11B, 12B), when the ex-
change of surface water started to decrease significantly.

We attribute the short-term fluctuations in carbonate preservation
to high latitude, climatically induced changes in deep-water circula-
tion that led to a cyclic shoaling and deepening of the lysocline at a
41-k.y.-rhythmin response to vertical movements of the mixing zone
between NADW and AABW. This is suggested by the spectral and
cross-spectral results between the sand records, as a sensitive indica
tor of carbonate dissolution, and the benthic 380 record, indicative
of changes in ice volume. The bathymetric comparison of sand fre-
quency spectrabetween 3000 and 4300 m water depth indicate for the
middle Pliocene dominant precession cycles at shallower depth and a
strong overprint of the 41-k.y.-cyclewith increasing water depth, and
which dominates below 4000 m (Fig. 13). The strongest overprint oc-
cursat Site 928 (4012 m water depth), which was mostly affected by
fluctuations in the lysocline depth. The dominance of the precession
cycles that occur in the spectra of the sand content records (Fig. 13)
and in the carbonate accumul ation rate record (Fig. 9) for water mass-
eswell above the lysocline may be indicative of Pliocene changesin
carbonate production and carbonate flux.

Results from cross-spectral analyses (Table 1) clearly indicate
that the mixing between southern and northern source ocean water
controlled the temporal dissolution pattern in the equatorial West At-
lantic during the middle Pliocene. At the shallowest Site 925, middle
Pliocene maxima in carbonate preservation (sand content maxima)
were in phase with ice volume minima at the obliquity frequency

which decreased from the middle Miocene towards the Pliocene. An
open Central American isthmus may explain the persistently strong
carbonate dissolution at Ceara Rise since the late Miocene (Curry,

band (Fig. 15, Table 1), which reflects the “Atlantic-type” intergla-
cial spikes of carbonate preservation (Olausson, 1965; Ruddiman et
al., 1988). Below 4000 m water depth, however, which is close to the
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Figure 12 (continued).
80 ate water (Fig. 15). We attribute the observed phase difference to the
— 925 (3041 m water depth) chemical asymmetry (out-of-phase relationship) between Atlantic
41 ka . . . .
------ 927 (3315 m water depth) and Pacific, whereas the AABW transferred the early dissolution sig-
i —— 928 (4012 m water depth) nal of the Southern Ocean into the equatorial Atlantic. The Plipcene
phasing of southern source ocean deep-water to changes in ice vol-
- - - 929 (4356 ter depth .
¢ m water depth) ume has been examined by Hagelberg et al. (1995). They used
GRAPE density records from the equatorial East Pacific to calculate
> carbonate percentages and tried to separate the dissolution signal
a K through the use of empirical orthogonal function (EOF) analyses.
3 | 100ka L They found two modes, the second one possibly indicative of carbon-
8 ¢ ate dissolution. Significant coherence with ice volume occurred for
g 29ka 23ka 19ka the time interval 43 Ma, where dissolution maxima lag ice volume
8 .

0.04

0.08
Frequency (cycles/k.y.)
Figure 13. Frequency spectra of sand contents with increasing water depth

from 3041 to 4356 m, Sites 925-929. Dominant periods of precession (19
and 23 ka), obliquity (41 ka), and eccentricity (100 ka) are indicated.

modern mixing zone between NADW and AABW, preservation
maxima started to lead ice volume minima by -38° at 4012 m water

minima by about 17 k.y. Additional results, that are based on more
reliable indicators of dissolution than carbonate percentages, such as
coarse fraction percentages, fragment ratios from coarse fractions or
differences in planktonic species compositions according to their re-
sistance to dissolution (Berger, 1970) only exist for Pleistocene
records (60.8 Ma). Le and Shackleton (1992) reported for the deep
equatorial West Pacific that dissolution maxima lag ice volume min-
ima by 9.515 k.y. at orbital obliquity, whereas Peterson and Prell
(1985) found a lag of about 12 k.y. for the eastern equatorial Indian
Ocean. Harris et al. (this volume) used reflectance and magnetic sus-
ceptibility records from Ceara Rise to estimate carbonate percentag-
es. They used the ratio of carbonate accumulation rates Site 929/926
as a dissolution index and found that dissolution maxima lag ice vol-
ume minima by about 13 k.y. during the last 1 Ma. If we interpret our
results in terms of dissolutior73° + 180°), then dissolution maxi-

ma at the deepest site of the Ceara Rise transect lag ice volume min-
ima by about 12 k.y. Although this would be consistent with the re-

depth, and by73° at 4356 m water depth. This phasing clearly indi-sults cited above and could explain the observed phasing differences
cates a mixing zone between southern and northern source deep-ivathe deep equatorial West Atlantic, it is questionable if the early dis-
ter, whereas maximum dissolution in the southern source deep-watsslution events occurred in phase with changes in Atlantic deep water
occurred during ice growth about 8 k.y. earlier than in the intermedieirculation. This would suggest an early shoaling of the upper surface
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Table 1. Results of cross-spectral analyses between

various Leg 154 proxies at the main orbital frequencies.

2.6-3.3 Ma 4.4-5 Ma
Obliquity Precession Obliquity Precession
X-variable VS. Y-variable coherency phase coherency phase coherency phasecoherency phase
0.94 0.96 0.96
Insolation -S180 (Site 926) +1G 10 (—22+ 8)* +22+8
0.83 0.83 0.87
-3180 (Site 926) 3'3C (Site 926) +3& 18 (+35+ 18)* (+5+ 15)*
0.75 0.71
Insolation Sand (Site 925) +#924 +148+ 26
g 057 f 0.73
Insolation Sand (Site 927) 339+ 370 +3828
0.97 0.96
Insolation Sand (Site 928) —227 +25+ 7
0.90 0.88
Insolation Sand (Site 929) —-a614 +9+ 15
0.71 0.60
—3'80 (Site 926) Sand (Site 925) +26 —
] ) g 068 f 0.56
—3'80 (Site 926) Sand (Site 927) 312+ 270 —
0.95 0.84
-5180 (Site 926) Sand (Site 928) —380 (+45+ 18)*
0.75 0.83
-5180 (Site 926) Sand (Site 929) 24 (+15+ 19)*
— 0.87
CaCQ AR (Site 925) Sand (Site 925) — +16715
0.73 g 064 [f
CaCQ, AR (Site 927) Sand (Site 927) +5@5 354 + 300
0.92 0.97
CaCq AR (Site 928) Sand (Site 928) —3212 +24+ 6
0.87 0.93
CaCQ AR (Site 929) Sand (Site 929) —5116 +25+ 11
0.96 0.97 0.86 0.98
Insolation Silicicl. AR (Site 926) —1748 +171+ 7 -141+ 16 -166+ 6
0.96 0.92 0.83 0.88
—3'80 (Site 926) Silicicl. AR (Site 926) +1748 (-167+ 12)* —162+ 18 (-178+ 14)*

Notes: The sign of 580 i's reversed to indicate minimum ice volume. Positive (negative) phase anglesimpliesthat Y lags (leads) X. For example, sand content maxima at Site 929
lead ice volume minima (5180 Site 926) or insolation maxima by —73° or —66°, respectively, at the obliquity frequency band. * = these phase estifdatescsinsidered

with great caution, because the variance3t§0 fluctuations at the precession
levels. Silicicl. AR = siliciclastic accumulation rate.

of AABW inthe equatorial Atlantic in responseto adecreased export
of NADW, that occurred several thousand years before the ice vol-
ume maximum.

The phase relationships for the precession band indicate no water
depth relationship between 3300 m and 4350 m (considering the error
limits), and sand maxima slightly lag insolation maxima by about 1.5
k.y. (Table 1). This suggests that changes in deep-water circulation
and/or the redistribution of carbonate ionsin the equatorial West At-
lantic mainly operated at obliquity cyclesduring the middle Pliocene.

Pliocene Changesin the Supply of Amazon Siliciclastics

The late Neogene evolution of Amazon sediment discharge to
Ceara Riseis marked by along-term increase since the late Miocene
(Curry, Shackleton, Richter, et a., 1995). This increase is also re-
flected in the Pliocene timeintervalswith lower siliciclastic accumu-
lation rates in the early Pliocene and higher rates during the middle
Pliocene (Fig. 14). The Pliocene increase of the siliciclastic accumu-
|ation rates may result from enhanced erosion of the Andes caused by
accelerated uplift (Benjamin et a., 1987) and/or globa cooling.
However, we cannot ascertain a long-term connection between the
middle Pliocene intensification of northern hemisphere glaciation
and the terrigenous sediment supply to the Ceara Rise (Fig. 14A). In
addition, resultsfrom general circulation models provide no evidence
that Pliocene changesin Arctic ice cover were responsible for signif-
icant changesin tropical precipitation that would effect the extension
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al bands is less than 5%. # = coherency and phase estimates are just below the 80% confidence

of tropical rain forests and the fluvia runoff (Crowley et d., 1994;
Chandler et al., 1994).

During both intervals, cyclic fluctuations of the siliciclastic accu-
mulation rates respond with nearly equal concentration of varianceto
the precession and obliquity periods of orbital forcing, whereas cy-
clic changes in the benthic oxygen isotope record are dominated by
the obliquity cycle (Fig. 9). Cross-spectral analyses between the si-
liciclastic accumulation rates and the 5'80 record indicate an in-phase
relationship at orbital obliquity with maxima in the supply of terrig-
enous material at ice volume maxima (Table 1). Hence, the 41-k.y.-
fluctuations in the supply of Amazon siliciclastics may result from
sea-level changes as suggested by Flood, Piper, Klaus, et al. (1995).
However, benthic oxygen isotopes, as an indicator for changeinice
volume, show no significant response to orbital precession (Fig. 9).
This suggests that climatological changes in South America and/or
changes in the intensity of the North Brazilian Coastal Current are
strong candidatesin the control of the precessional flux of terrigenous
material to Ceara Rise.

CONCLUSIONS

1. At Sites 925-928, an orbitally tuned time scale was generated
for the Pliocene from 5 to 2.5 Ma by correlating precessional
magnetic susceptibility cycles to the 65°N summer insolation
record that was based on the astronomical solution of Laskar
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Figure 14. Variations of organic carbon contents and accumulation rates, and siliciclastic accumulation rates at Sites 925-929 (3041-4356 m water depth). A.
2.6-3.3 Ma. B. 4.4-5.1 Ma. The benthic 80 record from Site 926 is plotted on top for comparison. Siliciclastic accumulation rates were shifted as indicated to
facilitate graphical presentation (continued next page).

et al. (1993). The tuning enabled a high resolution comparison
between various proxy records that monitor the different as-
pects of the Pliocene carbonate production-preservation-dis-
solution system at CearaRise, aswell as changesin the supply
of Amazon sediments.

2. Theintensification of northern hemisphere glaciation from 3.3

to 2.6 Mawas paralleled by a gradual decreasein glacial sand
contents below 4000 m water depth and the gradual shoaling
of the lysocline. This coincides with progressively greater ice
volume, lower sealevel, cooler climate, and with anincreasing
influence of southern-source deep-water in the Atlantic. Dur-
ing the middle Pliocene interglacials, no evidence for in-
creased carbonate dissolution occurred in the equatorial West
Atlantic.

. In the equatorial West Atlantic, middle Pliocene fluctuations
in carbonate preservation were linked to high-latitude, climat-
ically induced, changes in deep-water circulation that led to a
cyclic shoaling and deepening of the lysocline at a 41-k.y.-
rhythm in response to vertical movements of the mixing zone

between NADW and AABW. Maxima in carbonate dissolu-

tion at 4356 m water depth lead maxima ice volume by 8 k.y.

at the obliquity band and suggest an early response to climate
change in the Southern Ocean. This phasing decreased to-
wards shallower water depths returning to the “Atlantic type”
of carbonate preservation (in-phase with changes in global ice
volume). The dissolution fluctuations are consistent with
Boyle’s nutrient rearrangement model (Boyle, 1992).

. In contrast to the deeper sediment records, fluctuations in car-

bonate accumulation rates and sand contents in less undersat-
urated water masses well above the lysocline are dominated by
23-k.y.- and 19-k.y.-cyclicities, indicating that carbonate pro-
ductivity and flux were mainly controlled by precessional cli-
mate forcing during the middle Pliocene.

. The early warm Pliocene, from 5 to 4.6 Ma, was marked by a

greater loss of carbonate between 3000 and 4300 m water
depth and a lysocline depth of about 200 m shallower than dur-
ing the middle Pliocene. This time interval of stronger carbon-
ate dissolution may result from an open Central American
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Figure 14 (continued).

isthmus, when NADW production was suppressed. A distinct
increase in carbonate preservation occurred at about 4.6 Ma
and may reflect a restricted surface-water communication
through the Panama | sthmus, as suggested by Keigwin (1982).

6. At Ceara Rise, the fluctuations in the supply of Amazon sedi-
ments during the early and middle Pliocene were dominated
by precessional and obliquity periods. The 41-k.y.-fluctua-
tions were in phase with benthic 6'%0 and, hence, may result
from sea-level changes. At the precessional band, however,
benthic oxygen isotopes showed no responseto orbital preces-
sion. This suggests that climatological changes in South
Americaand/or changesin theintensity of the North Brazilian
Coastal Current were strong candidates in controlling the pre-
cessional flux of terrigenous material to CearaRise.
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Figure 15. Comparison of phase relationships
between ice volume and carbonate dissolution
proxies for the equatorial west Atlantic and Indo-
Pacific in the 41-k.y. frequency band. The phase
wheel for the Ceara Rise region (left) indicates that
maxima in sand concentration, indicative of car-
bonate preservation, lead ice volume minima with
increasing water depth (about 8 k.y. at 4356 m)
during the middle Pliocene. On the other hand,
maximum dissolution lags ice volume minimum
by 12 k.y. (4356 m). This phase lag is equal to the
average lag observed for the equatorial West
Pacific (Le and Shackleton, 1992) and Indian
Ocean (Peterson and Prell, 1985).
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