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16. LATE PLIOCENE TO HOLOCENE (2.6Ð0 MA) WESTERN EQUATORIAL ATLANTIC
DEEP-WATER CIRCULATION: INFERENCES FROM BENTHIC STABLE ISOTOPES1

T. Bickert,2 W.B. Curry,3 and G. Wefer2
ABSTRACT

Oxygen and carbon isotope records measured in epibenthic foraminifers (Cibicides wuellerstorÞ, Cibicides spp., and Nut-
talides umbonifera) are presented for Sites 925 (3041 m water depth), 927 (3315 m), and 929 (4356 m), recovered during
Ocean Drilling Program (ODP) Leg 154 at the northeast slope of the Ceara Rise, western equatorial Atlantic. These records
comprise the time interval from 2.6 to 0 Ma. Dating is based on tuning variations of the magnetic susceptibility records to
orbital parameters using the 1,1 solution of Laskar.

The isotope records of all sites are exceptionally coherent and show a cyclicity dominated by a 41-k.y. cycle during the late
Pliocene and the early Pleistocene and a 100-k.y. cyclicity during the late Pleistocene. Carbon isotope records show a varying
depth gradient during the studied period. For interglacials, a difference of 0.3ä reßects the modern pattern of admixing of
Lower Circumpolar Deep Water into the overlying North Atlantic Deep Water (NADW). During glacials, carbon isotope values
of shallow and deep sites differ by up to 1.0ä, but converge since 1.6 Ma, and especially since 1.0 Ma.

The evolution of Atlantic to PaciÞc carbon isotope gradients is examined using a record of the western equatorial PaciÞc
ODP Site 806B (2520 m). From 2.6 to 1.6 Ma glacial reductions in NADW are less than those observed between 1.6 and 0 Ma.
During the mid-Pleistocene (0.7Ð0.3 Ma), glacial carbon isotope values of even the shallower Atlantic cores are indistinguish-
able from PaciÞc values from approximately the same depth.
INTRODUCTION

Variations in the relative flux of North Atlantic Deep Water
(NADW) to the Southern Ocean have been implicated as a driving
force in the growth and decay of continental ice sheets because this
deep-water mass plays a major role in the interhemispheric heat and
salt exchange (Broecker and Denton, 1989; Imbrie et al., 1992,
1993). It may also influence the chemical properties of Southern
Ocean surface waters and may, for example, result in atmospheric
CO2 changes due to the impact on ocean water alkalinity (Boyle,
1988; Broecker and Peng, 1989; Charles and Fairbanks, 1992). Ray-
mo et al. (1990) examined the evolution of deep ocean d13C gradients
for the last 2.5 Ma and found that glacial reductions in NADW were
less intense between 2.5 and 1.5 Ma as compared with those in the
late Pleistocene. At a number of times during this latter interval, the
d13C at Deep Sea Drilling Program (DSDP) Site 607 (41ûN, 33ûW,
3427 m) in the North Atlantic were indistinguishable from the eastern
equatorial Pacific values from about the same depth. Maxima in the
primary record of the NADW production (Site 607) lag minimum ice
volume. But there is evidence from other deep-water proxies, such as
the foraminiferal Cd/Ca record from the South Atlantic (Oppo and
Rosenthal, 1994), that suggest NADW production has the opposite
phasing: maxima in NADW production occur during ice growth.

Of course, until now, studies of the connection between deep-wa-
ter production and climate changes on longer time scales (i.e., the last
several million years) only relies on a very few records of deep-water
circulation, and some of these records are probably not ideally locat-
ed to monitor the critical deep-water components. For example, Mix
et al. (1995) and Bickert et al. (in press) showed that the eastern Pa-
cific Ocean Drilling Program (ODP) Site 677 (1ûN, 84ûW, 3461 m)
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benthic d13C record does not serve as an appropriate Pacific deep-wa-
ter reference because it reflects additional local variations in low-
d13C organic matter contributing to SCO2 in the relatively isolated
Panama Basin. Our understanding of deep-water circulation and its
link to climate would be enhanced greatly by new records that pro-
vide deep water proxy measurements with unambiguous interpreta-
tions and that are especially sensitive to changes in deep-water for-
mation.

In the study presented here, we use three of five sites, drilled along
a depth transect on Ceara Rise during ODP Leg 154 in 1994 (Fig.1),
to provide deep-water proxy records in a region that is sensitive to
changes in NADW production. The history of deep-water circulation
for the last 2.6 Ma will be reconstructed using measurements of
benthic foraminiferal d13C. Due to the fact that the analyses are still
in a status nascendi, the purpose of this paper is (1) to provide a high
resolution age model for all five sites by tuning their magnetic sus-
ceptibility records to an orbital target, (2) to present a high resolution
benthic isotope record of the shallowest Site 925 as a reference for the
depth transect and as an independent check for the tuning by compar-
ing its oxygen isotope record to the Site 677 record (Shackleton et al.,
1990), (3) to compare the d13C record of this location to other d13C
records (Site 607 in the northern Atlantic, Site 659 in the eastern
equatorial Atlantic, and Site 806 in the western Pacific), and (4) to
present first results of the depth gradients between two shallow sites
(925, 927) and the deepest site (929) in the time interval between 0
and 2.6 Ma.

STUDY AREA

Today the circulation in the deep western Atlantic, the main flow
path of deep-water, is dominated by interactions between NADW
flowing toward the south and Circumpolar Deep Water (CDW) flow-
ing to the north. The density characteristics of these water masses are
such that NADW divides the southern water mass into an upper and
lower branch. Consequently, the relatively warm and saline NADW
occupies the depth interval between 2000 and 4000 m, whereas lower
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CDW (LCDW) is encountered below 4000 m. The mixing zone be-
tween NADW and LCDW is marked by gradients in temperature, sa-
linity, nutrient concentrations, and corrosiveness of the water with re-
spect to calcium carbonate (Fig. 2). The depth of lysocline today is
about 4500 m, just below the depth of Site 929.

The carbon isotopic composition of ∑ CO2 is linked to deep-water
circulation patterns because its distribution in sea water is affected by
photosynthesis and respiration. Deep water that is formed with a sig-
nificant surface water component, like NADW today, is enriched in
13C because photosynthesis has preferentially removed 12C from the
∑ CO2 of the surface water. CDW, as an old water mass, has lower
δ13C values because nearly all of the organic matter produced by pho-
tosynthesis is subsequently remineralized in the water column.
Therefore the pattern of δ13C of ∑ CO2 is largely driven by deep-water
circulation patterns (Fig. 2; Kroopnick, 1980).

The Ceara Rise is an ideal place to observe changes in the depth
distribution of deep-water properties of the Atlantic Ocean because it
intersects these water masses over the depth range of 2800–4500 m.
The Ceara Rise is an aseismic ridge in the western equatorial Atlantic
bearing a thick cover of calcareous ooze with various amounts of ter-

Figure 1. Location map showing the positions of the Sites 925 through 929
drilled during Leg 154 on Ceara Rise and the positions of other sites dis-
cussed in this study.
240
rigenous material delivered by the nearby Amazon River. Sites 925,
927, and 929, on which we report here, are drilled in a depth transect
at water depths of 3041 m, 3315 m, and 4356 m, respectively (Fig. 1;
Table 1). At shallower depths, the Ceara Rise is bathed in NADW
(Reid, 1989), with a broad transition zone to LCDW between 4200
and 4600 m, in which the deepest site is located (Fig. 2). Because of
the proximity of all sites, by comparing only synchronous measure-
ments, the vertical gradients in δ13C will largely reflect changes in
deep-water hydrography, namely, the depth or strength of gradient
between water masses.

MATERIAL AND METHODS

All sites were sampled at 10-cm intervals along the composite
record for each site, which has been spliced together using magnetic
susceptibility and color reflectance core logs of at least three holes of
each site during Leg 154 (Curry, Shackleton, Richter, et al., 1995).
Usually, 8− 10 cm3 bulk sediment have been washed over a 63-µm
mesh sieve and dried in an oven at 50°C. Five taxa of benthic fora-
minifers (predominantly Cibicides wuellerstorfi, to a minor degree
Cibicides bradyii, Cibicides cicatricosus, Cibicides kullenbergi, and
Nuttalides umbonifera) were picked from the >250-µm size fraction.
One or two specimens of these species were analyzed for stable car-
bon and oxygen isotopic composition using Finnigan MAT 252 mi-
cro-mass spectrometers coupled with a Finnigan automated carbon-
ate device at the Woods Hole Oceanographic Institution (all sites, 0−
1 Ma) and at the University of Bremen (all sites, 1− 2.6 Ma). The car-
bonate was reacted with orthophosphoric acid at 75°C. The reproduc-
ibility of the measurements, as referred to an internal carbonate stan-
dard in each laboratory, is better than ± 0.07 ‰  and ± 0.05 ‰  for oxy-
gen and carbon isotopes, respectively. The conversion to the Pee Dee
Belemnite scale was performed using the international standards
NBS 18, 19, and 20. According to Curry (1996), N. umbonifera val-
ues were offset by − 0.2‰  for δ18O and +0.2‰  for δ13C to make their
data equivalent to Cibicides.

AGE MODEL

The age models developed here for Sites 925 through 929 are de-
fined relative to meters composite depth (mcd). They should be
equally applicable to the intervals that define the shipboard splice on
the composite-depth scale, assuming all cores analyzed here were
correlated accurately by means of magnetic susceptibility and color
reflectance to the shipboard spliced records (Curry, Shackleton,
Richter, et al., 1995).

Due to the lack of any paleomagnetic reversals, the development
of the age models started with the shipboard biostratigraphic data
(which were— as we subsequently discovered— mostly within a
range of one obliquity cycle around their “true” age). This first step
was followed by tuning the composite magnetic susceptibility record
of Site 926, which has been chosen to serve as a master record, to
variations in orbital parameters. First using the insolation record de-
termined by Berger and Loutre (1991) for July at 65°N, we switched
later to another target record containing the Precession and Obliquity
records determined by the 1,1-solution of Laskar (1990) and Laskar
et al. (1993) and rescaled to match the Berger-solution using the for-
mula

790 (tilt – 1.2 precession) + 117. 

Although there is not much difference between the solutions back to
about 3 Ma (i.e., less than 2 k.y. up to 2.5 Ma; Lourens et al., 1996),
the latter target was chosen for consistency with the age models of
the Pliocene and late Miocene age models (Tiedemann and Franz,
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Figure 2. Western Atlantic transect of δ13C of ΣCO2 from GEOSECS (Kroopnick, 1980). The relative positions of Sites 925 through 929 are indicated as open
circles. Solid circles mark sites for which isotope records are presented in this study.
this volume; Shackleton and Crowhurst, this volume). The fine-tun-
ing was done iteratively by correlating each prominent maximum (in
roughly 1-m intervals) of the magnetic susceptibility to the minima
of the target record. This gave an age control point for each preces-
sion cycle or, if not possible, for at least each obliquity cycle. In a
third step, we transferred the obtained age model of Site 926 to all
other sites by graphic correlation of their composite susceptibility
records to the one of Site 926. This site-by-site correlation was be-
gun during Leg 154 in roughly 5-m intervals and was refined for our
purposes and, if necessary, corrected.

We used two independent methods to test our correlation between
the susceptibility record and the orbital target. We isolated the obliq-
uity and precession components from the tuned susceptibility records
by filtering (41-k.y. filter: 24.4 cycles/m.y., 4.88 cycles/m.y. band-
width; and 21-k.y. filter: 47.6 cycles/m.y., 9.52 cycles/m.y. band-
width) and comparing these to changes in orbital obliquity and pre-
cession, respectively (Fig. 3). For each filter output from the suscep-
tibility record of Site 926 there is a remarkable similarity to its orbital
counterpart, and it is evident that no cycle is missing throughout the
tuned interval between 0 and 2.6 Ma. Also, the records of Sites 925,
928, and 929 appeared to be complete. For the record of Site 927, we
detected a superfluous cycle between 52.10 and 53.60 mcd (1.298
Ma), and a cycle missing at 91.28 mcd (2.373−2.409 Ma). 

We applied the obtained age model for Site 925 to its benthic ox-
ygen isotope record and compared the resulting curve to the tuned
benthic record of ODP Sites 677 (Shackleton et al., 1990) and 846
(Shackleton et al., 1995). Cross-spectral analysis between both
records shows a significant coherence over the obliquity (k = 0.96)

Table 1. Locations and water depth of Leg 154 sites.

Site Latitude Longitude
Water depth 

(m)

Site 925 4°12.2′N 43°29.3′W 3040
Site 926 3°43.1′N 42°54.5′W 3598
Site 927 5°27.7′N 44°28.8′W 3326
Site 928 5°27.3′N 43°44.9′W 4012
Site 929 5°58.6′N 43°44.4′W 4369
and precession frequency bands (k = 0.84) with the Site 925 record
leading the Pacific record by 2.1 k.y. and 1.7 k.y., respectively. From
those phase differences, we determined the phase relationship be-
tween magnetic susceptibility and insolation to be in the order of 2
k.y., which has been subtracted from the tuned ages to obtain the final
age models (Appendix 1). Cross checks with the δ18O records of Sites
927 and 929 confirmed the subtracted phase shift to be correct (Table
2).

All data sets presented in this paper are available via internet from
the first author upon request.

RESULTS

The benthic oxygen and carbon isotope data for the last 2.6 Ma are
presented as raw data vs. composite depth in Figure 4, and as a func-
tion of time, interpolated in 3-k.y. intervals, in Figure 5. The δ18O
records exhibit the typical glacial-interglacial changes documenting
the growth and decay of the northern hemisphere ice sheets. As is
known from many other sites, the cyclicity is dominated by an obli-
quity-related response for late Pliocene and early Pleistocene times,
which changes to a 100-k.y. period dominance in the late Pleistocene,
indicating a major influence of ice shield and/or crustal dynamics
since about 1 Ma (for a recent discussion see Berger et al., 1995).

The δ13C records exhibit glacial-interglacial changes that closely
match the oxygen isotope variability. Carbon isotope values are low-
er at times of ice maxima and higher during warm periods. Most of
the δ13C variation at all sites occurs at the primary Milankovitch fre-
quencies (Fig. 6). Cross-spectral analyses for the interval 2.6−0 Ma
(Table 2) indicate that carbon and oxygen records of each site are co-
herent in the major orbital bands. But the phases of δ13C relative to
δ18O are not constant. Variations in δ13C lead those of δ18O at the 100-
k.y. period (2.8−4.0 k.y., except for Site 927), are nearly in phase at
the 41-k.y. period (−0.5 to +1.0 k.y.) and lag behind δ18O at the 23-
k.y. period (2.2−5.7 k.y.). Although these are relatively small varia-
tions in phase, they are significant, and similar to those found at the
western Pacific Site 806 (Bickert et al., in press) and the eastern Pa-
cific Site 849 (Mix et al., 1995). The different phasing of δ13C relative
241
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Table 2. Coherencies (coh) and phase relations (φ, expressed in radians and k.y.) of Sites 925, 927, and 929 benthic isotope records for the eccentricity,
obliquity, and precession frequency bands. 

Notes: We analyzed the variability in the frequency domain using the Blackman-Tuckey approach with 50% lags and at the 80% confidence level (k = 0.52). Parentheses highlight
coherencies below the 80% confidence level. Positive phasing indicates that changes in a given parameter lead changes in the reference record.

100 k.y. 41 k.y. 23 k.y.

Site coh φ (rad) φ (k.y.) coh φ (rad) φ (k.y.) coh φ (rad) φ (k.y.)

Benthic δ18O vs. Sites 677/846 benthic δ18O
925 0.94 0.04 0.6 0.96 0.01 0.1 0.84 0.07 0.3
927 0.94 0.02 0.3 0.99 −0.07 −0.5 0.92 0.06 0.2
929 0.97 −0.10 −1.6 0.98 −0.01 −0.1 0.67 0.28 1.0

Benthic δ13C vs. benthic δ18O
925 0.85 0.18 2.9 0.93 −0.07 −0.5 0.70 −1.55 −5.7
927 0.92 −0.01 −0.2 0.94 −0.07 −0.5 0.85 0.94 −3.4
929 0.77 0.25 4.0 0.92 0.16 1.0 0.70 −0.60 −2.2

Benthic ∆δ13CAtl.–Pac. vs. benthic δ18O
925–806 0.57 0.92 14.6 0.79 −0.18 −1.2 (0.49) (−1.43) (−5.2)
927–806 0.64 0.52 8.3 0.76 −0.84 −5.5 0.73 −0.53 −1.9
929–806 0.52 0.35 11.9 0.75 −0.43 −2.8 0.75 −0.55 −2.0
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to δ18O in the three orbital bands implies that carbon- and ice-systems
are but loosely connected, or that, in any case, their interactions are
nonlinear to some degree.

However, the amplitude of the glacial-interglacial δ13C variations
at Site 925 is generally larger in the Pleistocene (about 1.2‰ s
1.6 Ma) than in the interval before (about 0.6‰). While this patt
is confirmed in the shallow Site 927, the record of the deepest
929 exhibits high amplitudes (more than 1.0‰) throughout the e
time interval (Fig. 5). The interglacial values are thereby close to
values of the shallower sites, but they are always about 0.3‰ lo
exhibiting the modern depth gradient in carbon isotopes at the 
tion of the Ceara Rise (Fig. 2). In contrast, the glacial values are m
lower than the values of the shallower site, indicating an increa
depth gradient during cold stages. This is especially true for the 
interval between 2.6 and 1.6 Ma. In addition to the glacial-inter
cial variability, all carbon isotope records show a superimposed l
term variability with a magnitude of 0.5‰ and wave length in the
der of 500 k.y. (Fig. 5).

Replicate isotope measurements at all three sites (0−1 Ma) docu-
ment that there is a greater internal variability for δ13C than for δ18O.
Paired measurements of δ18O usually agree to within 0.2‰, wherea
δ13C values exhibit significantly greater variability within a samp
up to 0.5‰ and sometimes more than 1.0‰ (Fig. 4). The variab
in δ13C, but not in δ18O, exceeds the level one might expect due
various biological processes that occur during the calcification 
cess (Curry, 1996). This suggests that the observed variability in
bon isotopes might reflect real changes in water column chem
occurring on periods that are less than orbital scale and perhaps 
than time resolution of our records (about 10 cm sample spacin
k.y.).

Comparison of individual δ13C maxima and minima between th
two shallow Sites 925 (3041 m) and 927 (3315 m) reveals tha
carbon isotope records usually agree to within 0.25‰, except for
gle peaks with a difference up to 0.5‰. Moreover, it is obvious 
the Site 927 record has a higher variability as compared with the
record, a finding that might be explained by the higher sedimenta
rates and therefore higher resolution of Site 927 (36 m/m.y.) as 
pared with Site 929 (29 m/m.y.). However, the range of the site
site differences are well within the internal variability of single sa
ples, emphasizing the value of the depth-transect approach to th
154 sites.

DISCUSSION

δ13C-Gradients: Western and Eastern Equatorial Atlantic

For comparison of carbon isotope records of about the same 
depth in the western and eastern equatorial Atlantic, we chos
ince
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benthic record of ODP Site 659 (18°05´N, 21°02´W, 3070 m wa
depth), which is located on top of the Cape Verde Plateau off no
west Africa (Tiedemann, 1991). The stable isotopes have been 
sured on C. wuellerstorfi. The age model down to 2.85 Ma is bas
on graphic correlation of the benthic oxygen isotope record with
record of Site 677 (Tiedemann et al., 1994). Therefore, the Atla
record is directly comparable to the records of the Ceara Rise.
sample spacing of the Site 659 record is about 4.3 k.y., which giv
somewhat lower time resolution than the one from Site 925 (3.4 k
For correlation purposes, we linearly interpolated the raw data
each site in the time domain to 3-k.y. intervals and smoothed the
sulting curves using a 5-point running average to avoid artificia
high-frequency noise while correlating. This smoothing effectiv
removed variations with a wavelength less than 15 k.y., but it p
served the signal in the primary orbital bands of 19 k.y. and long

The carbon isotope records from Sites 925 and 659 are show
Figure 7 as a function of age, after interpolation and smoothing
noted above. The records share many similarities, but they are
identical. Over most of the record, the interglacial δ13C values from
Site 659 are significantly lower than those from Site 925, with slig
ly increasing differences from 0.3‰ during the Pliocene to 0.4‰
the late Pleistocene. These differences are consistent with the mo
δ13C gradient between the western and the eastern Atlantic, acco
to the modern hydrographic asymmetry in deep-water distribut
Whereas the main part of NADW, well oxygenated and enriched
13C, known as the “western boundary current,” flows in the west
Atlantic to the south, the slower and older eastern branch of
NADW, therefore slightly depleted in oxygen and 13C, flows in gen-
eral also to the south but is partly recirculated in the eastern ba
(Kroopnick, 1985; Reid, 1989). Although Site 659 is located close
the African coast, it is not influenced by the high productive u
welling system off northwest Africa. This is documented by the v
low contents in total organic carbon (TOC) of 0.05–0.4 wt% and l
TOC-accumulation rates between 0.02 and 0.1 g/m2/yr (Tiedemann,
1991). A “Mackensen-effect” (Mackensen et al., 1993) on the δ13C
values of Cibicides as an explanation of the west-east Atlantic gra
ents is therefore rather unlikely.

Since about 1.6 Ma, the glacial δ13C values of Sites 925 and 65
are usually similar, suggesting more similar deep-water prope
during those Pleistocene stages by the reduced production of NA
and the subsequent volumetric increase of southern water mass
proposed by many authors (Curry et al., 1988; Duplessy et al., 1
Oppo and Fairbanks, 1987; Oppo et al., 1990; Sarnthein et al., 1
Bickert and Wefer, 1996; Curry, 1996). This result is consistent w
the pattern observed in carbonate dissolution records, which rev
the same levelling of western and eastern bottom water properti
glacial times (Bickert and Wefer, 1996).
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Figure 4. Oxygen and carbon isotope measurements for Sites 925, 927, and 929, measured on Cibicides wuellerstorfi, Cibi
umbonifer (crosses) vs. composite depth. N. umbonifera values were offset by −0.2‰ for δ18O and +0.2‰ for δ13C to make 
values at each depth level.
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δ13C-Gradients: Western and Northern Atlantic

A further constraint on past variability of deep-ocean circulation
comes from comparing the western Atlantic δ13C record from Site
925 with the North Atlantic Site 607 (Raymo et al., 1990). At this
site, a high resolution isotope record of C. wuellerstorfi is available
for the interval from 0.24 to 3.5 Ma (including the additions by Ray-
mo et al., 1992). The record from the nearby piston Core V30−97, an-
alyzed by Mix and Fairbanks (1985), which is normally used to sub-
stitute the missing late Pleistocene interval, is not discussed here, be-
cause it contains analyses from the genus Uvigerina, which is known
to give different results—especially in δ13C—due to its endobenthic
way of life (Zahn et al., 1986). To make the comparison between
West and the North Atlantic, we placed the Site 607 record on
same time scale as the Sites 677 and 846 by graphic correlation
oxygen isotope curves and used the same interpolating and sm
the
the
f the
oth-

ing routines described above. The revised time scale for Site 60
tabulated in Appendix 2.

Figure 8 illustrates the smoothed δ13C isotope records from Sites
607 and 925 on the Site 925 time scale. The two records appear h
ly coherent, but are not identical. During the late Pliocene and the 
liest Pleistocene up to 1.6 Ma the interglacial δ13C values of the North
Atlantic site are about 0.25‰ higher as compared with the equato
site values. Although these differences are small and within the in
nal variability of individual samples, as described above, these diff
ences are significant and might be attributed to the normal grad
along the flow path of the NADW, because Site 607 at 41°N is loc
ed much closer to the source area of this deep-water mass as 
pared with Site 925 at 4°N. During glacial stages up to 1.6 Ma, 
carbon isotope records of the two sites exhibit similar values.
agreement with the observations of the west/east equatorial gradie
the entire deep Atlantic seems to be filled with a homogenous de
247



T. BICKERT, W.B. CURRY, G. WEFER
δ1
3 C

 (
‰

)

Age (Ma)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6
-1

-0.5

0

0.5

1

1.5

2

Site 925

Site 659

Figure 7. Carbon isotope records from western equatorial Atlantic Site 925 (this study) and eastern equatorial Atlantic Site 659 (Tiedemann, 1991), interpolated
to 3-k.y. sample spacing and smoothed with a 5-point running average.
δ1
3 C

 (
‰

)

Age (Ma)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6
-1

-0.5

0

0.5

1

1.5

2

Site 925

Site 607

Figure 8. Carbon isotope records from western equatorial Atlantic Site 925 (this study) and northern Atlantic Site 607 (Raymo et al., 1990), interpolated to 3-
k.y. sample spacing and smoothed with a 5-point running average.
 
.
a
t
s

m;
cal
out
s to
ust

r
n a
m-

eep

W

water mass. The absence of any δ13C gradients in the 3000−3500 m
ocean layer reveals that the exchange rates for this glacial deep water
was low compared to the fluxes observed in NADW today (about 20
Sverdrups; Reid, 1989).

From 1.6 Ma on, there is a change in the inter-site differences. The
interglacial differences decrease to about zero, whereas the glacial
differences increase up to 0.7‰ in the late Pleistocene, with
North Atlantic record depleted in 13C relative to the equatorial record
The question arises whether this gradient is a function of the dist
to the source area of the glacial deep water or of its depth distribu
To ensure this, we examined the results of benthic isotope mea
248
the

nce
ion.
ure-

ments of the piston Core EW9209-2JPC (5°38´N, 44°28´W, 3528 
Curry, 1996), which is located on the Ceara Rise only 10 nauti
miles to the north of Site 927, but deeper than this site and in ab
the same water depth as Site 607. This core exhibits similar value
Site 607 during the late Pleistocene. This suggests that there m
have been a strong gradient in δ13C between 3000 and 3500 m wate
depth, which may have been related to the mixing zone betwee
glacial northern component water above and a glacial southern co
ponent water below. Duplessy et al. (1988) mapped a glacial d
water, produced in the North Atlantic and enriched in 13C, which Im-
brie et al. (1992, 1993) defined as the upper branch of the NAD
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(the “boreal” heat pump) and which was similar or even increasin
produced during glacials compared with today, while the low
branch of NADW remained suppressed. Sarnthein et al. (1994
their detailed East Atlantic section for the last glacial maxim
(LGM, 21.5–23.5 ka), found a strong gradient in δ13C around 3500 m
water depth extending from about 50°N to the equator. Curry 
Lohmann (1990) and Bickert and Wefer (1996) showed that this
cial gradient between 3000 and 4000 m water also existed in the 
ern Atlantic basins and that the asymmetry in bottom water distr
tion present today (NADW in the eastern basins, LCDW in the w
ern basins) was absent during the LGM and also in older gla
stages back to about 400 ka. The comparison of Sites 925 and
records reveal that this glacial pattern can be traced back to at
Stage 22 (about 0.8 m.y. ago) and started to develop at about 1.
The absence of any glacial δ13C gradient over this depth interval be
fore 1.6 Ma indicates that the boundary between northern and s
ern component water masses must have lain above or below
depth range.

Thus, the intersite comparison between the northern and the e
torial sites reveals that Site 607, despite its position close to
source of NADW, does provide a reliable recorder of the late N
gene history of the mid-depth Atlantic deep-water circulation.

δ13C-Gradients: Western Equatorial Atlantic
vs. Western Equatorial Pacific

The last constraint on past deep-water variability comes fr
comparing the western equatorial Atlantic records from Sites 925
929 with a record from the western equatorial Pacific. At ODP S
806, which was drilled on the Ontong Java Plateau (0°N, 159°E, 2
m) and which is bathed today in Pacific Deep Water, a C. wueller-
storfi record is available back to about 4 Ma with a time resolution
about 5 k.y. (Bickert et al., in press). The age model is base
graphic correlation of the benthic oxygen isotope record with 
record of Sites 677 and 846 (Shackleton et al., 1990, 1995) and t
fore directly comparable with the records of the Ceara Rise. Con
tent with the treatment of other data here, we interpolated 
smoothed the carbon isotope record for the comparison with the 
data sets. As mentioned above, we preferred to use Site 806δ13C
records as a Pacific deep-water reference because the eastern 
ODP Site 677 record was shown to reflect additional local variat
in low-δ13C organic matter contributing to ΣCO2 in the relatively iso-
lated Panama Basin (Mix et al., 1995; Bickert et al., in press).

Figure 9 illustrates the δ13C records from western Atlantic Site
925 and 929 and the western Pacific Site 806. The three δ13C records
are significantly different from each other. The Pacific site almos
ways has δ13C values lower than the two Atlantic sites, consiste
with earlier studies. The deeper Atlantic Site 929 values vary 
tween the shallower Site 925 values during interglacials and the
806 values during glacials. For interglacials, a difference of 0.3‰
tween the western equatorial sites exhibits the modern pattern o
mixing of LCDW to the overlying NADW. During glacials, carbo
isotope values of these sites differ by up to 1.0‰ but converge s
1.6 Ma.

Comparing the long-term trends of the interglacial values of S
925 and 806, the two records show a divergence of the Atlantic
Pacific values from 0.8‰ at 2.6 Ma to 1.2‰ in the latest Pleistoc
The ∆δ13CAtl–Pac record of these two sites exhibits maximum gradients
up to 1.4‰ during the last 1 m.y. (Fig. 9). This contradicts the res
of Mix et al. (1995), who used Site 607 as the Atlantic representa
and Site 849 as the Pacific reference. They calculated a decrea
the interglacial differences from 1.1‰ in the late Pliocene to 0
1.0‰ in the late Pleistocene with a maximum in interocean car
isotope gradients between 2.1 and 1.3 Ma. These differences i
servations may result from the slightly decreasing values of Site
relative to those of Site 925 (as noted above) and in the slightly
gly
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creasing values of Site 849 relative to those of Site 806. The m
ocean δ13C value, as it is best presented by Site 806 in the west
equatorial Pacific, appears to have remained constant, aside from
long-term variability superimposed on constant mean values (
above). This indicates that the average nutrient content of the wor
oceans has been nearly constant despite the dramatic changes in
climate during the intensification of the Northern Hemisphere gla
ation since 2.6 Ma. An increase in the interoceanic contrast towa
the Pleistocene, as shown in our data, is accompanied by an incr
in northern source water δ13C values at least over the past 1.5 M
(Jansen et al., 1988). Oppo et al. (1995), who found a similar incre
in the mid-depth tropical Atlantic (Caribbean Sea, Site 502) δ13C rel-
ative to the mean ocean values, proposed and discussed sever
potheses for this phenomenon. As the most likely mechanism, a
trient inventory increase is assumed, which was balanced by a n
nutrient-related whole ocean δ13C increase such as might occur du
to the growth of terrestrial biosphere, to a reduction of δ13C values or
C/P ratios of buried organic matter, or to an increase in the weat
ing of carbonates relative to organic matter.

Comparing the short-term variability of the carbon isotop
records of the Ceara Rise with that of Site 806, the evolution of 
lantic to Pacific carbon isotope gradients was different for each de
level in the western equatorial Atlantic. From 2.6 to 1.6 Ma, at t
shallow Site 925, glacial reductions in δ13C were less than those ob
served between 1.6 and 0 Ma. During the late Pleistocene (0.7−0.3
Ma), glacial carbon isotope values of even the shallower Atlan
cores were indistinguishable from Pacific values from approximat
the same depth. These findings are similar to those described by 
mo et al. (1990), who attributed the glacial δ13C decrease to a reduced
production of NADW. Using the deep Site 929 record for estimati
the evolution of interoceanic δ13C gradients would result in a com-
pletely different pattern. During the entire interval between 2.6 an
Ma, the glacial values resembled or were even lower than the Pa
end-member values, indicating an increased volume of south
component water in the deep equatorial Atlantic. From this patt
we conclude that glacial reductions in NADW started much earl
than previously thought and persisted throughout the past 2.6 
Nevertheless, during the late Pliocene, reductions in NADW w
less severe than during the Pleistocene, and the southern comp
water rose only to a level just above the water depth of Site 929 (4
m), well below the water depth of Site 925 (3040 m). Since 1.6 M
the mixing zone between northern and southern component wate
the western Atlantic rose to its late Pleistocene level of about 350
and reached the shallowest depth of about 3000 m during 0.7 and
Ma. The interglacial values exhibited always the modern pattern
admixing of LCDW to the overlying NADW.

The fact that glacial δ13C values of the deep Site 929 were ofte
lower than the values of the Pacific end member raises the ques
of whether this event was due to deep-water recirculation, “Mack
sen effects,” or to the different resolution of the records. Wher
deep-water recirculation was previously assumed to explain low
glacial δ13C in the deep Atlantic compared to the glacial Pacific va
ues in the late Pleistocene (Oppo and Fairbanks, 1987), it is n
widely accepted that there was no change in the direction of de
ocean circulation during glacials. Cd/Ca records from cores in the
lantic as well as in the Pacific do not reveal any inverse gradient
tween the two oceans (Oppo and Rosenthal, 1994), and the low δ13C
in the deep Atlantic cores have been shown to be due to respiratio
organic matter decreasing the δ13C values of even epibenthic fora-
minifers (Bickert and Wefer, 1996). Such a “Mackensen effec
(Mackensen et al., 1993) on the δ13C values of Cibicides as an expla-
nation of the inverse Atlantic–Pacific gradients is also rather unlik
due to the very low contents in total organic carbon (TOC) of 0.05
0.3 wt% in this low-productive area of the western equatorial Atlan
(see also Bickert et al., this volume). The most likely explanatio
therefore, might be the much higher resolution of the Site 929 rec
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(3.3 k.y.) compared to the lower resolution of the Site 806 record (5
k.y.). This suggests that the observed variability in carbon isotopes
might reflect real changes in water column chemistry occurring on
periods that are less than orbital scale and perhaps even closer than
time resolution of western Atlantic records.

Cross-spectral analyses for the interval 2.6−0 Ma indicate that At-
lantic–Pacific δ13C differences, calculated for each site of the Ce
Rise vs. Site 806, and the δ18O of each site are mostly coherent in th
major orbital bands (Table 2). But like the phases for δ13C itself, the
phases of ∆δ13C relative to δ18O are not constant. Variations in ∆δ13C
lead those of δ18O at the 100-k.y. period (8.3−14.6 k.y.), and lag be-
hind δ18O at the 41-k.y. period (1.2−5.5 k.y.) and at the 23-k.y. period
(1.9−5.2 k.y.). Again, these are relatively small variations in pha
but they are significant, except for the phasing at the precessiona
riod of Site 925. These new phase relationships agree only partly
earlier results from the deep Atlantic. Like the North Atlantic reco
from DSDP Site 607, our records lag ice volume in the obliquity a
in the precession band, but they do not lag ice volume at the ec
tricity band. Therefore, they also partly contradict the Imbrie et
(1992) model of the deep water–climate link, which postula
changes in deep-water production to lead changes in ice volume 
periods of orbital geometry. Finally, the phase relationships pres
ed here agree with the Cd/Ca record of Oppo and Rosenthal (1
only for the 100-k.y. band. This implies that the Cd/Ca and ∆δ13C,
two widely used proxies for deep-water reconstructions, have v
ability in the deep Atlantic that is uncoupled to nutrient variatio
(Oppo and Rosenthal, 1994). They may be complicated by gas
change processes at the surface (Broecker and Maier-Reimer, 1
Charles et al., 1993), by variations in the stoichiometry of orga
matter production (Goericke and Fry, 1994), or by variations in 
oceanic budget for Cd (Oppo and Rosenthal, 1994).

CONCLUSIONS

δ13C records of the epibenthic foraminifers C. wuellerstorfi, Cibi-
cides spp., and N. umbonifera from ODP Sites 925, 927, and 92
were used to reconstruct the history of deep-water circulation in
western equatorial Atlantic. The sites were drilled during Leg 154
the northeast slope of Ceara Rise in a depth transect between
and 4370 m. The records comprise the time interval from 2.6 to 0 
Dating is based on tuning variations of the magnetic susceptib
records to orbital parameters using the 1,1 solution of Laskar.

The δ18O records of all sites compare well with other long δ18O
data sets, including Site 677 of the Panama Basin, which was us
a reference chronology to check the reliability of the susceptibi
tuning. Carbon isotope records show a varying depth gradient du
the studied period. For interglacials, a difference of 0.3‰ exhibits
modern pattern of admixing of LCDW to the overlying NADW. Du
ing glacials, carbon isotope values of shallow and deep sites are
ferent up to 1.0‰, but they converge since 1.6 Ma, and espec
since 1.0 Ma.

The comparison of the western equatorial sites to the eastern
lantic Site 659 reveals that the interglacial δ13C values from Site 659
are significantly lower than those from Site 925, consistent with 
modern δ13C gradient between the western and the eastern Atlan
according to the modern hydrographic asymmetry in deep-water
tribution. During glacial times, the δ13C records of Sites 925 and 65
are mostly identical since 1.6 Ma, suggesting an equalizing in d
water properties during those Pleistocene stages by the reduced
duction of NADW and the subsequent volumetric increase of so
ern water masses.

The δ13C gradients between the Ceara Rise transect and the N
Atlantic Site 607 indicate the previous published site to be a relia
recorder of the NADW variations, but only for its distinct depth lev
Strong gradients during glaciations, especially in the late Pleistoc
ra
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give evidence for an upward and downward movement of the mixi
zone between northern and southern component water masses.

The evolution of Atlantic–Pacific carbon isotope gradients is ex
amined using a record of the western equatorial Pacific ODP S
806B (2520 m). From 2.6 to 1.6 Ma, glacial reductions in NADW ar
less than those observed between 1.6 and 0 Ma. During the late P
tocene (0.7–0.3 Ma), glacial carbon isotope values of even the sh
lower Atlantic cores are indistinguishable from Pacific values from
approximately the same depth, indicating the shallowest position
the NADW/LCDW transition since 2.6 Ma. The divergence of the av
erage Atlantic and Pacific values from 0.8‰ at 2.6 Ma to 1.2‰ in th
latest Pleistocene is apparently not due to a mean ocean δ13C rise, but
might be attributed to an increase in the δ13C values of the northern
source waters during the history of Northern Hemisphere glaciatio
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APPENDIX 1. Age models for Leg 154 Sites 925 through 929 from 0 to
2.6 Ma.

Note: * = superßuous cycle in Site 927, ** = missing cycle in Site 927.

Age
(Ma)

Site 925
depth 
(mcd)

Site 926
depth 
(mcd)

Site 927
depth
(mcd)

Site 928
depth 
(mcd)

Site 929
depth 
(mcd)

0.000 0.00 0.00 0.00 0.00 0.00
0.021 0.98 0.95 1.22 1.01 1.05
0.043 1.93 1.95 2.30 2.05 2.35
0.068 3.03 3.05 3.74 3.19 3.85
0.091 3.63 3.60 4.49 3.76 4.55
0.112 4.43 4.35 5.44 4.53 5.49
0.138 5.43 5.35 6.70 5.68 6.66
0.161 6.53 6.38 7.97 6.82 7.96
0.205 8.15 8.10 10.20 8.68 9.78
0.229 9.15 9.19 11.60 9.76 10.85
0.252 9.84 9.88 12.40 10.43 11.55
0.277 10.95 11.03 13.76 11.57 12.91
0.299 11.85 11.80 14.75 12.37 13.77
0.321 12.55 12.40 15.48 12.96 14.31
0.344 13.47 13.20 16.47 13.77 15.15
0.396 15.75 15.22 18.96 15.68 17.14
0.416 16.75 16.05 20.12 16.53 17.98
0.433 17.85 16.95 21.28 17.03 19.02
0.473 19.35 17.85 22.51 18.68 19.90
0.515 20.75 19.18 24.16 20.12 21.40
0.545 21.86 20.15 25.51 21.30 22.82
0.565 22.26 20.56 26.02 21.72 23.53
0.588 22.96 21.22 26.92 22.46 24.10
0.631 24.26 22.26 28.32 23.72 25.48
0.659 25.26 23.16 29.77 24.96 26.66
0.679 25.86 23.79 30.46 25.60 27.52
0.701 26.51 24.35 31.31 26.21 28.16
0.720 26.90 24.80 31.86 26.68 28.63
0.756 27.68 25.70 33.06 27.80 29.58
0.795 29.15 27.15 34.90 29.34 31.04
0.832 30.32 28.40 36.45 30.55 32.54
0.853 30.65 28.83 36.85 30.81 32.87
0.873 31.30 29.40 37.54 31.34 33.42
0.891 31.82 30.00 38.20 31.84 34.05
0.923 32.72 31.15 39.50 32.84 35.21
0.965 33.82 32.05 40.54 33.74 36.01
0.985 34.52 32.70 41.30 34.34 36.71
1.010 35.32 33.40 42.15 35.01 37.37
1.059 36.42 34.53 43.83 36.16 38.54
1.081 37.24 35.15 44.64 36.91 39.44
1.101 37.70 35.54 45.15 37.38 39.86
1.136 38.90 36.60 46.39 38.51 41.06
1.175 39.99 37.55 47.66 39.72 42.19
1.213 41.14 38.55 49.01 40.89 43.54
1.252 42.18 39.50 50.26 41.94 44.60
1.269 42.74 40.05 50.94 42.49 45.11
1.298 43.60 40.90 52.10/53.60* 43.47 46.03
1.328 44.78 41.90 54.59 44.67 47.13
1.386 46.36 43.55 56.35 46.07 48.48
1.419 47.21 44.50 57.50 46.88 49.52
1.461 48.37 45.80 58.94 48.16 50.77
1.502 49.22 46.82 60.04 49.13 51.87
1.536 50.50 48.26 61.60 50.53 53.14
1.555 50.97 48.80 62.09 51.01 53.59
1.593 52.28 50.26 63.44 52.21 54.80
1.632 53.33 51.56 64.49 53.20 55.80
1.671 54.43 52.60 65.85 54.29 57.14
1.706 55.63 53.80 67.32 55.60 58.46
1.727 56.25 54.45 68.04 56.32 58.95
1.746 56.78 54.95 68.76 56.98 59.58
1.796 58.36 56.50 70.53 58.68 61.15
1.820 59.04 57.21 71.35 59.26 61.80
1.841 59.66 57.80 72.06 59.90 62.50
1.863 60.22 58.35 72.93 60.68 63.10
1.882 60.88 59.00 73.58 61.18 63.70
1.913 61.90 60.00 74.77 62.32 64.80
1.955 63.21 61.35 76.24 63.57 66.11
1.993 64.27 62.25 77.43 64.41 66.92
2.050 65.71 63.61 78.93 65.92 68.22
2.084 66.90 64.70 80.34 67.08 69.48
2.127 68.24 66.02 82.01 68.28 70.76
2.174 69.54 67.16 83.53 69.63 72.15
2.199 70.94 68.45 85.28 71.04 73.17
2.219 71.63 69.10 86.14 71.73 73.92
2.242 72.47 69.95 87.16 72.63 74.61
2.289 73.98 71.45 88.97 74.23 76.02
2.314 74.84 72.38 90.05 75.18 76.92
2.334 75.32 72.78 90.59 75.84 77.48
2.341 90.78**
2.358 90.79**
2.373 76.34 73.75 91.28 76.82 78.43
2.409 77.36 74.83 92.58 77.82 79.61
2.446 78.29 75.83 93.58 78.86 80.31
2.486 79.89 77.37 95.47 80.57 81.91
2.531 81.18 78.69 96.89 82.12 83.54
2.601 83.49 81.33 99.40 84.51 85.71
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APPENDIX 2. Revised age model for DSDP Site 607 used in this study.

Depth 
(mcd)

Age 
(Ma)

Depth 
(mcd)

Age
(Ma)

Depth 
(mcd)

Age
(Ma)

9.32 0.245 48.87 1.195 86.6 2.075
14.03 0.345 52.54 1.288 90.63 2.162
17.78 0.422 54.65 1.332 94.45 2.245
20.72 0.535 57.66 1.416 99.85 2.364
24.88 0.628 59.36 1.458 103.79 2.443
29.23 0.719 62.7 1.542 107.69 2.519
32.32 0.794 64.6 1.574 111.29 2.606
34.87 0.874 68.03 1.652 114.78 2.700
36.97 0.916 72.31 1.749 119.58 2.817
38.83 0.963 74.21 1.795 121.99 2.920
42.42 1.038 79.47 1.916
46.02 1.128 83.06 1.993
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