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16. LATE PLIOCENE TO HOLOCENE (2.6-0 MA) WESTERN EQUATORIAL ATLANTIC
DEEP-WATER CIRCULATION: INFERENCES FROM BENTHIC STABLE ISOTOPES!

T. Bickert,> W.B. Curry,’ and G. Wefer?

ABSTRACT

Oxygen and carbon isotope records measured in epibenthic foraminifers (Cibicides wuellerstorfi, 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 0.3%o reflects 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 1.0%o, but converge since 1.6 Ma, and especially since 1.0 Ma.

The evolution of Atlantic to Pacific carbon isotope gradients is examined using a record of the western equatorial Pacific
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 (0.7-0.3 Ma), glacial carbon isotope values of even the shallower Atlantic cores are indistinguish-

able from Pacific 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
CO, 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 §'*C 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
O13C at Deep Sea Drilling Program (DSDP) Site 607 (41°N, 33°W,
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 (1°N, 84°W, 3461 m)
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benthic §'3C record does not serve as an appropriate Pacific deep-wa-
ter reference because it reflects additional local variations in low-
8'3C organic matter contributing to ZCO, 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 §'*C. 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 8'3C record of this location to other 8*C
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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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.

CDW (LCDW) is encountered below 4000 m. The mixing zone be-
tween NADW and LCDW ismarked by gradientsin temperature, sa-
linity, nutrient concentrations, and corrosiveness of thewater 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 & CO, islinked to deep-water
circulation patternsbecause itsdistribution in seawater is affected by
photosynthesis and respiration. Deep water that isformed with asig-
nificant surface water component, like NADW today, is enriched in
13C because photosynthesis has preferentially removed 2C from the
&4 CO, of the surface water. CDW, as an old water mass, has lower
d*3C values because nearly all of the organic matter produced by pho-
tosynthesis is subsequently remineralized in the water column.
Thereforethe pattern of d3C of & CO, islargely driven by deep-water
circulation patterns (Fig. 2; Kroopnick, 1980).

The Ceara Riseisan ideal place to observe changes in the depth
distribution of deep-water properties of the Atlantic Ocean becauseit
intersects these water masses over the depth range of 2800-4500 m.
The Ceara Riseisan aseismic ridgein the western equatorial Atlantic
bearing a thick cover of calcareous 0oze with various amounts of ter-
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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 siteislocated (Fig. 2). Because of
the proximity of all sites, by comparing only synchronous measure-
ments, the vertical gradientsin d3C 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 corelogs of at least three holes of
each site during Leg 154 (Curry, Shackleton, Richter, et al., 1995).
Usually, 8- 10 cm? bulk sediment have been washed over a 63-nm
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-mm 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, O-
1 Ma) and at the University of Bremen (all sites, 1- 2.6 Ma). Thecar-
bonate was reacted with orthophosphoric acid at 75°C. The reproduc-
ibility of the measurements, asreferred to an internal carbonate stan-
dard in each laboratory, isbetter than + 0.07 %0 and £ 0.05 %o 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-
ueswere offset by - 0.2%o for d*®0 and +0.2%. for d**C to make their
data equivalent to Cibicides.

AGE MODEL

The age models devel oped here for Sites 925 through 929 are de-
fined relative to meters composite depth (mcd). They should be
equally applicableto 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
variationsin 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, lessthan 2 k.y. upto 2.5 Ma; Lourenset 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 '3C of ZCO, 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.

Table 1. Locationsand water depth of Leg 154 sites.

Water depth
Site Latitude Longitude (m)
Site925 4°12.2N  43°29.3W 3040
Site 926  3°43'N  42°54.3W 3598
Site 927  5°27'N  44°28.8W 3326
Site 928  5°27. ]  43°44.9W 4012
Site 929  5°58.N  43°44.4W 4369

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 oblig-
uity and precession components from the tuned susceptibility records
by filtering (41-k.y. filter: 24.4 cycledm.y., 4.88 cyclesm.y. band-
width; and 21-k.y. filter: 47.6 cycle¥m.y., 9.52 cyclesm.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 thereisaremarkable similarity to itsorbital
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 med (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 a., 1995). Cross-spectral anaysis between both
records shows a significant coherence over the obliquity (k = 0.96)

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 agesto obtain the final
age models (Appendix 1). Cross checkswith the 880 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 viainternet from
the first author upon request.

RESULTS

The benthic oxygen and carbon isotope datafor thelast 2.6 Maare
presented as raw data vs. composite depth in Figure 4, and as afunc-
tion of time, interpolated in 3-k.y. intervals, in Figure 5. The %0
records exhibit the typical glacia-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 changesto a100-k.y. period dominancein thelate Pleistocene,
indicating a major influence of ice shield and/or crustal dynamics
since about 1 Ma (for arecent discussion see Berger et al., 1995).

The &'3C 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 6%3C 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 &'°C relative to
580 arenot constant. Variationsin 8*3C lead those of &'%0 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 %0 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 a., in press) and the eastern Pa-
cific Site849 (Mix et al., 1995). Thedifferent phasing of '3C relative
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Table 2. Coherencies (coh) and phaserelations (¢, expressed in radians and k.y.) of Sites 925, 927, and 929 benthic isotope records for the eccentricity,
obliquity, and precession frequency bands.

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

Site coh o(rad) o(ky.) coh o(rad) o(ky.) coh o (rad) o (ky.)
Benthic 8180 vs. Sites 677/846 benthic 5'°0

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 -05 0.92 0.06 0.2

929 0.97 -0.10 -16 0.98 -0.01 -0.1 0.67 0.28 10
Benthic 8'3C vs. benthic 5'%0

925 0.85 0.18 2.9 0.93 -0.07 -05 0.70 -1.55 -5.7

927 0.92 -0.01 -0.2 0.94 -0.07 -05 0.85 0.94 -34

929 0.77 0.25 4.0 0.92 0.16 1.0 0.70 -0.60 -2.2

Benthic AS*Cyy _pac.VS. benthic 50

925-806  0.57 092 146 079 -018  -12 (0.49) (-1.43) (-5.2)
927-806  0.64 0.52 8.3 076 -084 -55 073  -053 -1.9
929-806  0.52 0.35 11.9 0.75 -0.43  -2.8 0.75  -0.55 -20

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 changesin a given parameter lead changesin the reference record.

to 880 in thethree orbital bandsimpliesthat carbon- and ice-systems benthic record of ODP Site 659 (18°05°N, 21°02°"W, 3070 m water
are but loosely connected, or that, in any case, their interactions are depth), which is located on top of the Cape Verde Plateau off north-
nonlinear to some degree. west Africa (Tiedemann, 1991). The stable isotopes have been mea-
However, the amplitude of the glacia-interglacial &'°C variations sured orC. wuellerstorfi. The age model down to 2.85 Ma is based
at Site 925 is generally larger in the Pleistocene (about 1.2%. sin@am graphic correlation of the benthic oxygen isotope record with the
1.6 Ma) than in the interval before (about 0.6%o). While this patterrrecord of Site 677 (Tiedemann et al., 1994). Therefore, the Atlantic
is confirmed in the shallow Site 927, the record of the deepest Sitecord is directly comparable to the records of the Ceara Rise. The
929 exhibits high amplitudes (more than 1.0%.) throughout the entirsample spacing of the Site 659 record is about 4.3 k.y., which gives a
time interval (Fig. 5). The interglacial values are thereby close to theomewhat lower time resolution than the one from Site 925 (3.4 k.y.).
values of the shallower sites, but they are always about 0.3%. loweFor correlation purposes, we linearly interpolated the raw data of
exhibiting the modern depth gradient in carbon isotopes at the postach site in the time domain to 3-k.y. intervals and smoothed the re-
tion of the Ceara Rise (Fig. 2). In contrast, the glacial values are muahulting curves using a 5-point running average to avoid artificially
lower than the values of the shallower site, indicating an increasingigh-frequency noise while correlating. This smoothing effectively
depth gradient during cold stages. This is especially true for the timemoved variations with a wavelength less than 15 k.y., but it pre-
interval between 2.6 and 1.6 Ma. In addition to the glacial-interglaserved the signal in the primary orbital bands of 19 k.y. and longer.
cial variability, all carbon isotope records show a superimposed long- The carbon isotope records from Sites 925 and 659 are shown in
term variability with a magnitude of 0.5%. and wave length in the orFigure 7 as a function of age, after interpolation and smoothing as
der of 500 k.y. (Fig. 5). noted above. The records share many similarities, but they are not
Replicate isotope measurements at all three site&lsNx) docu-  identical. Over most of the record, the intergladidC values from
ment that there is a greater internal variabilitydS€ than ford®0. Site 659 are significantly lower than those from Site 925, with slight-
Paired measurements&®fO usually agree to within 0.2%., whereas ly increasing differences from 0.3%. during the Pliocene to 0.4%o in
O13C values exhibit significantly greater variability within a sample the late Pleistocene. These differences are consistent with the modern
up to 0.5%. and sometimes more than 1.0%. (Fig. 4). The variabilitp*3C gradient between the western and the eastern Atlantic, according
in 813C, but not ind®0, exceeds the level one might expect due toto the modern hydrographic asymmetry in deep-water distribution.
various biological processes that occur during the calcification prowhereas the main part of NADW, well oxygenated and enriched in
cess (Curry, 1996). This suggests that the observed variability in ca#C, known as the “western boundary current,” flows in the western
bon isotopes might reflect real changes in water column chemistétlantic to the south, the slower and older eastern branch of the
occurring on periods that are less than orbital scale and perhaps clod&kDW, therefore slightly depleted in oxygen &A@, flows in gen-
than time resolution of our records (about 10 cm sample spacing =e3al also to the south but is partly recirculated in the eastern basins
k.y.). (Kroopnick, 1985; Reid, 1989). Although Site 659 is located close to
Comparison of individuad*C maxima and minima between the the African coast, it is not influenced by the high productive up-
two shallow Sites 925 (3041 m) and 927 (3315 m) reveals that theelling system off northwest Africa. This is documented by the very
carbon isotope records usually agree to within 0.25%., except for sitew contents in total organic carbon (TOC) of 0.05-0.4 wt% and low
gle peaks with a difference up to 0.5%.. Moreover, it is obvious thaT OC-accumulation rates between 0.02 and 0.®/gfr{iTiedemann,
the Site 927 record has a higher variability as compared with the 92891). A “Mackensen-effect” (Mackensen et al., 1993) ondtfe
record, a finding that might be explained by the higher sedimentatiomalues ofCibicides as an explanation of the west-east Atlantic gradi-
rates and therefore higher resolution of Site 927 (36 m/m.y.) as corents is therefore rather unlikely.
pared with Site 929 (29 m/m.y.). However, the range of the site-by- Since about 1.6 Ma, the glac@FC values of Sites 925 and 659
site differences are well within the internal variability of single sam-are usually similar, suggesting more similar deep-water properties
ples, emphasizing the value of the depth-transect approach to the Legring those Pleistocene stages by the reduced production of NADW
154 sites. and the subsequent volumetric increase of southern water masses as
proposed by many authors (Curry et al., 1988; Duplessy et al., 1988;
DISCUSSION Oppo and Fairbanks, 1987; Oppo et al., 1990; Sarnthein et al., 1994;
Bickert and Wefer, 1996; Curry, 1996). This result is consistent with
OBC-Gradients: Western and Eastern Equatorial Atlantic  the pattern observed in carbonate dissolution records, which reveals
the same levelling of western and eastern bottom water properties in
For comparison of carbon isotope records of about the same watglacial times (Bickert and Wefer, 1996).
depth in the western and eastern equatorial Atlantic, we chose the
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OBC-Gradients; Western and Northern Atlantic

A further constraint on past variability of deep-ocean circulation
comes from comparing the western Atlantic 3C 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). Therecord 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 8#*C—due to its endobenthic

Figure 6. Evolutionary power spectra comparing the
580 and 3'3C records of Sites 925 and 929 from 0.1
to 2.6 Main 0.5-Mawindows.

ing routines described above. The revised time scale for Site 607 is

tabulated in Appendix 2.

Figure 8 illustrates the smooth&HC isotope records from Sites
607 and 925 on the Site 925 time scale. The two records appear high-
ly coherent, but are not identical. During the late Pliocene and the ear-
liest Pleistocene up to 1.6 Ma the intergladi&C values of the North
Atlantic site are about 0.25%. higher as compared with the equatorial
site values. Although these differences are small and within the inter-
nal variability of individual samples, as described above, these differ-
ences are significant and might be attributed to the normal gradient
along the flow path of the NADW, because Site 607 at 41°N is locat-
ed much closer to the source area of this deep-water mass as com-

way of life (Zahn et al., 1986). To make the comparison between thgared with Site 925 at 4°N. During glacial stages up to 1.6 Ma, the
West and the North Atlantic, we placed the Site 607 record on thearbon isotope records of the two sites exhibit similar values. In
same time scale as the Sites 677 and 846 by graphic correlation of thgreement with the observations of the west/east equatorial gradients,
oxygen isotope curves and used the same interpolating and smoothe entire deep Atlantic seems to be filled with a homogenous deep-
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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.
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Figure 8. Carbon isotope records from western equatorial Atlantic Site 925 (this study) and northern Atlantic Site 607 (Raymo et a., 1990), interpolated to 3-

k.y. sample spacing and smoothed with a 5-point running average.

water mass. The absence of any 81°C gradients in the 3000-3500 m
ocean layer reveal sthat 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 Maon, thereisachangein theinter-site differences. The
interglacial differences decrease to about zero, whereas the glacial

ments of the piston Core EW9209-2JPC (5°38'N, 44°28"W, 3528 m;
Curry, 1996), which is located on the Ceara Rise only 10 nautical
miles to the north of Site 927, but deeper than this site and in about
the same water depth as Site 607. This core exhibits similar values to
Site 607 during the late Pleistocene. This suggests that there must
have been a strong gradien®fC between 3000 and 3500 m water

differences increase up to 0.7%. in the late Pleistocene, with théepth, which may have been related to the mixing zone between a
North Atlantic record depleted #C relative to the equatorial record. glacial northern component water above and a glacial southern com-
The question arises whether this gradient is a function of the distanpenent water below. Duplessy et al. (1988) mapped a glacial deep
to the source area of the glacial deep water or of its depth distributiowater, produced in the North Atlantic and enriche®@) which Im-

To ensure this, we examined the results of benthic isotope measutwie et al. (1992, 1993) defined as the upper branch of the NADW
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(the “boreal” heat pump) and which was similar or even increasinglgreasing values of Site 849 relative to those of Site 806. The mean
produced during glacials compared with today, while the lowenceand®C value, as it is best presented by Site 806 in the western
branch of NADW remained suppressed. Sarnthein et al. (1994), iequatorial Pacific, appears to have remained constant, aside from the
their detailed East Atlantic section for the last glacial maximumlong-term variability superimposed on constant mean values (see
(LGM, 21.5-23.5 ka), found a strong gradiend%C around 3500 m above). This indicates that the average nutrient content of the world’s
water depth extending from about 50°N to the equator. Curry andceans has been nearly constant despite the dramatic changes in earth
Lohmann (1990) and Bickert and Wefer (1996) showed that this glaslimate during the intensification of the Northern Hemisphere glaci-
cial gradient between 3000 and 4000 m water also existed in the westion since 2.6 Ma. An increase in the interoceanic contrast towards
ern Atlantic basins and that the asymmetry in bottom water distributhe Pleistocene, as shown in our data, is accompanied by an increase
tion present today (NADW in the eastern basins, LCDW in the westin northern source waté**C values at least over the past 1.5 Ma
ern basins) was absent during the LGM and also in older glaciglansen et al., 1988). Oppo et al. (1995), who found a similar increa
stages back to about 400 ka. The comparison of Sites 925 and 6@#he mid-depth tropical Atlantic (Caribbean Sea, Site 352) rel-
records reveal that this glacial pattern can be traced back to at leadive to the mean ocean values, proposed and discussed several hy-
Stage 22 (about 0.8 m.y. ago) and started to develop at about 1.6 Nvatheses for this phenomenon. As the most likely mechanism, a nu-
The absence of any glac@&fC gradient over this depth interval be- trient inventory increase is assumed, which was balanced by a non-
fore 1.6 Ma indicates that the boundary between northern and southdtrient-related whole oced?*C increase such as might occur due
ern component water masses must have lain above or below thatthe growth of terrestrial biosphere, to a reductiodtid values or
depth range. C/P ratios of buried organic matter, or to an increase in the weather-
Thus, the intersite comparison between the northern and the equag of carbonates relative to organic matter.
torial sites reveals that Site 607, despite its position close to the Comparing the short-term variability of the carbon isotope
source of NADW, does provide a reliable recorder of the late Neorecords of the Ceara Rise with that of Site 806, the evolution of At-

gene history of the mid-depth Atlantic deep-water circulation. lantic to Pacific carbon isotope gradients was different for each depth
level in the western equatorial Atlantic. From 2.6 to 1.6 Ma, at the

OBC-Gradients: Western Equatorial Atlantic shallow Site 925, glacial reductionsatfC were less than those ob-

vs. Western Equatorial Pacific served between 1.6 and 0 Ma. During the late Pleistocene0(8.7

Ma), glacial carbon isotope values of even the shallower Atlantic

The last constraint on past deep-water variability comes frongores were indistinguishable from Pacific values from approximately
comparing the western equatorial Atlantic records from Sites 925 aritie same depth. These findings are similar to those described by Ray-
929 with a record from the western equatorial Pacific. At ODP Siteno et al. (1990), who attributed the glaé#C decrease to a reduced
806, which was drilled on the Ontong Java Plateau (0°N, 159°E, 253@oduction of NADW. Using the deep Site 929 record for estimating
m) and which is bathed today in Pacific Deep WateZ, aueller- the evolution of interoceania®*C gradients would result in a com-
storfi record is available back to about 4 Ma with a time resolution opletely different pattern. During the entire interval between 2.6 and 0
about 5 k.y. (Bickert et al., in press). The age model is based dvia, the glacial values resembled or were even lower than the Pacific
graphic correlation of the benthic oxygen isotope record with thend-member values, indicating an increased volume of southern
record of Sites 677 and 846 (Shackleton et al., 1990, 1995) and theg@mponent water in the deep equatorial Atlantic. From this pattern
fore directly comparable with the records of the Ceara Rise. Consige conclude that glacial reductions in NADW started much earlier
tent with the treatment of other data here, we interpolated arifhan previously thought and persisted throughout the past 2.6 Ma.
smoothed the carbon isotope record for the comparison with the othievertheless, during the late Pliocene, reductions in NADW were
data sets. As mentioned above, we preferred to use Sit6'8D6 less severe than during the Pleistocene, and the southern component
records as a Pacific deep-water reference because the eastern Pavifiter rose only to a level just above the water depth of Site 929 (4356
ODP Site 677 record was shown to reflect additional local variationg1), well below the water depth of Site 925 (3040 m). Since 1.6 Ma,
in low-813C organic matter contributing ®CO, in the relatively iso-  the mixing zone between northern and southern component water in
lated Panama Basin (Mix et al., 1995; Bickert et al., in press). the western Atlantic rose to its late Pleistocene level of about 3500 m

Figure 9 illustrates th&3C records from western Atlantic Sites and reached the shallowest depth of about 3000 m during 0.7 and 0.3
925 and 929 and the western Pacific Site 806. The Hii€@eecords  Ma. The interglacial values exhibited always the modern pattern of
are significantly different from each other. The Pacific site almost aladmixing of LCDW to the overlying NADW.
ways hasd'3C values lower than the two Atlantic sites, consistent The fact that glaciad®*C values of the deep Site 929 were often
with earlier studies. The deeper Atlantic Site 929 values vary bdower than the values of the Pacific end member raises the question
tween the shallower Site 925 values during interglacials and the Sigf whether this event was due to deep-water recirculation, “Macken-
806 values during glacials. For interglacials, a difference of 0.3%. besen effects,” or to the different resolution of the records. Whereas
tween the western equatorial sites exhibits the modern pattern of adeep-water recirculation was previously assumed to explain lower
mixing of LCDW to the overlying NADW. During glacials, carbon glaciald™C in the deep Atlantic compared to the glacial Pacific val-
isotope values of these sites differ by up to 1.0%. but converge sin¢s in the late Pleistocene (Oppo and Fairbanks, 1987), it is now
1.6 Ma. widely accepted that there was no change in the direction of deep-

Comparing the long-term trends of the interglacial values of Sitegcean circulation during glacials. Cd/Ca records from cores in the At-
925 and 806, the two records show a divergence of the Atlantic arlantic as well as in the Pacific do not reveal any inverse gradient be-
Pacific values from 0.8%o at 2.6 Ma to 1.2%. in the latest Pleistocendween the two oceans (Oppo and Rosenthal, 1994), and tf@ow
TheAdRC,,_p,record of these two sites exhibits maximum gradients in the deep Atlantic cores have been shown to be due to respiration of
up to 1.4%. during the last 1 m.y. (Fig. 9). This contradicts the resulterganic matter decreasing tb&C values of even epibenthic fora-
of Mix et al. (1995), who used Site 607 as the Atlantic representativeninifers (Bickert and Wefer, 1996). Such a “Mackensen effect”
and Site 849 as the Pacific reference. They calculated a decreasdMackensen et al., 1993) on th€C values oCibicides as an expla-
the interglacial differences from 1.1%o in the late Pliocene to 0.8-nation of the inverse Atlantic—Pacific gradients is also rather unlikely
1.0%o in the late Pleistocene with a maximum in interocean carboflue to the very low contents in total organic carbon (TOC) of 0.05 to
isotope gradients between 2.1 and 1.3 Ma. These differences in db3 wt% in this low-productive area of the western equatorial Atlantic
servations may result from the slightly decreasing values of Site 60(Bee also Bickert et al., this volume). The most likely explanation,
relative to those of Site 925 (as noted above) and in the slightly irfherefore, might be the much higher resolution of the Site 929 record
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Figure 9. Carbon isotope records from western equatorial Atlantic Sites 925 and 929 compared to western equatorial Pacific Site 806 (Bickert et al., in press), al interpolated to 3-k.y.
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(3.3 k.y.) compared to the lower resolution of the Site 806 record (5 give evidence for an upward and downward movement of the mixing
k.y.). This suggests that the observed variability in carbon isotopes zone between northern and southern component water masses.

might reflect real changes in water column chemistry occurring on The evolution of Atlantic—Pacific carbon isotope gradients is ex-
periods that are less than orbital scale and perhaps even closer than amined using a record of the western equatorial Pacific ODP Site
time resolution of western Atlantic records. 806B (2520 m). From 2.6 to 1.6 Ma, glacial reductions in NADW are

Cross-spectral analysesfor theinterval 2.6-0 Maindicate that At- less than those observed between 1.6 and 0 Ma. During the late Pleis-
lantic—Pacificd**C differences, calculated for each site of the Cearaocene (0.7-0.3 Ma), glacial carbon isotope values of even the shal-
Rise vs. Site 806, and tB&O of each site are mostly coherent in the lower Atlantic cores are indistinguishable from Pacific values from
major orbital bands (Table 2). But like the phasedF& itself, the  approximately the same depth, indicating the shallowest position of
phases oAd"C relative tad*®0 are not constant. Variations/Ad'*C the NADW/LCDW transition since 2.6 Ma. The divergence of the av-
lead those 0d'80 at the 100-k.y. period (8:24.6 k.y.), and lag be- erage Atlantic and Pacific values from 0.8%. at 2.6 Ma to 1.2%o. in the
hind &'%0 at the 41-k.y. period (1-8.5 k.y.) and at the 23-k.y. period latest Pleistocene is apparently not due to a mean &&€arise, but
(1.9-5.2 k.y.). Again, these are relatively small variations in phasemight be attributed to an increase in #&C values of the northern
but they are significant, except for the phasing at the precessional p@urce waters during the history of Northern Hemisphere glaciation.
riod of Site 925. These new phase relationships agree only partly with
earlier results from the deep Atlantic. Like the North Atlantic record
from DSDP Site 607, our records lag ice volume in the obliquity and
in the precession band, but they do not lag ice volume at the eccen- L
tricity band. Therefore, they also partly contradict the Imbrie et al. We thank the crew and scientific party of Leg 154 for a successful
(1992) model of the deep water—climate link, which postulateyenture at sea, and ODP for samples. We are indebted to Monika
changes in deep-water production to lead changes in ice volume at &®gl, who carefully supervises the operation of the mass spectrome-
periods of orbital geometry. Finally, the phase relationships presenters of the Fachbereich Geowissenschaften, University of Bremen.
ed here agree with the Cd/Ca record of Oppo and Rosenthal (199\466 thank Ralph Tiedemann for providing data from Site 659 and for
only for the 100-k.y. band. This implies that the Cd/Ca AbEC, fruitful interactions during the last 3 yr. Our paper benefited from de-
two widely used proxies for deep-water reconstructions, have variailed reviews by Tim Bralower, Alan Mix, and Delia Oppo. We ac-
ability in the deep Atlantic that is uncoupled to nutrient variationsknowledge financial support from the NSF (OCE 9116303) and the
(Oppo and Rosenthal, 1994). They may be complicated by gas eReutsche Forschungsgemeinschatft (We 992/18).
change processes at the surface (Broecker and Maier-Reimer, 1992;
Charles et al., 1993), by variations in the stoichiometry of organic
matter production (Goericke and Fry, 1994), or by variations in th ' :
oceanic budget for Cd (Oppo and Rosenthal, 1994). %er?;rt, 1AOmalrlnﬁol;]o;gsl\glljiallgglr\)lg/soll%tlggglgs for the climate of the

Berger, W.H., Bickert, T., Takayama, T., Wefer, G, and Yasuda, M., 1995.
Quaternary time-scale for Ontong Java Plateau: Milankovitch template

CONCLUSIONS for Ocean Drilling Program Site 806. Geology, 22:463-467.
Bickert, T., Berger, W.H., and Wefer, G, in press. The deep western eguato-

O13C records of the epibenthic foraminif&@swuellerstorfi, Cibi- [&ﬁg;g&ﬁg&% times: results from L eg 130 (Ontong Java Pla-

cides spp., andN. umbonifera from ODP Sites 925, 927, and 929 pjckert, T., and Wefer, G, 1996. Late Quaternary deep-water circulation in
were used to reconstruct the history of deep-water circulation in the the South Atlantic: reconstruction from carbonate dissolution and benthic
western equatorial Atlantic. The sites were drilled during Leg 154 at  stable isotopes. In Wefer, G, Berger, W.H., Siedler, G. (Eds.), The South
the northeast slope of Ceara Rise in a depth transect between 3040Atlantic: Present and Past Circulation: Berlin (Springer), 599-620.

and 4370 m. The records comprise the time interval from 2.6 to 0 M&oyle, EA., 1988. The role of vertical chemical fractionation in controlling
Dating is based on tuning variations of the magnetic susceptibility I@)aaf'els%uftir;fa{i atmospheric carbon dioxide. J. Geophys. Res,
rec_?_rhisétlgg rril(t%l rgzrgfm aelltesrifegstlzrc])?ntgg ré’\}vs;l) l\L,jvtilth:n O?Lé?ﬁ;%;) Broecker, W.S., and Denton, GH., 1989. The role of ocean-atmosphere reor-

- . . . . ization in glacial les. Geochim. C him. Acta, 53:2465-2501.
data sets, including Site 677 of the Panama Basin, which was usedlse}égcalr(‘g \llsgl.ngngcll\/lal(':gr(flgzim?CEl.mIQQOZS.n:Pﬁelmﬂu;ﬁie of air and sea

a reference chronology to check the reliability of the susceptibility exchange on the carbon isotope distribution in the sea. Global Bio-

tuning. Carbon isotope records show a varying depth gradient during geochem. Cycles, 6:315-320.

the studied period. For interglacials, a difference of 0.3%o. exhibits thBroecker, W.S., and Peng, T.-H., 1989. The cause of the glacial to intergla-

modern pattern of admixing of LCDW to the overlying NADW. Dur-  cial atmospheric CO, change: a polar alkalinity hypothesis. Global Bio-

ing glacials, carbon isotope values of shallow and deep sites are dif- geochem. Cycles, 3:215-239. _

ferent up to 1.0%o, but they converge since 1.6 Ma, and especialfyhales, C.D., and Fairbanks, R.G, 1992. Evidence from Southern Ocean
; sediments for the effect of North Atlantic deep-water flux on climate.

since 1.0 Ma. Nature, 355:416-419

e comparison of the western equatorial sites (0 the €astem Alyies ¢, wright, 1D, and Fairbanks, RG, 1993, Thermodynamic
antlc. 't.e, reveals that the intergla il values irom ite ) influences on the marine carbon isotope record. Paleoceanography,

are significantly lower than those from Site 925, consistent with the g.gg91-g97.

modernd™C gradient between the western and the eastern AtlantiGurry, W.B., 1996. Late Quaternary deep circulation in the western equato-

according to the modern hydrographic asymmetry in deep-water dis- ria Atlantic. In Wefer, G, Berger, W.H., Siedler, G. (Eds.), The South

tribution. During glacial times, th&#3C records of Sites 925 and 659 Atlantic: Present and Past Circulation: Berlin (Springer), 577-598.

are mostly identical since 1.6 Ma, suggesting an equalizing in deefurry, W.B., Duplessy, J.C., Labe}/srle, L.D., and Shackleton, N.J., 1988.

water properties during those Pleistocene stages by the reduced pro-Changesin the distribution of 5°C of deep water >CO, between the last

; . _glacia and the Holocene. Paleoceanography, 3:317-341.
g?r?tlv\?;[;fn':l:;\é\gand the subsequent volumetric increase of Soum(:urry, W.B., and Lohmann, GP,, 1990. Reconstructing past particle fluxesin
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APPENDIX 1. Age models for Leg 154 Sites 925 through 929 from 0 to APPENDIX 2. Revised age model for DSDP Site 607 used in this study.
2.6 Ma.

Depth Age  Depth Age Depth  Age

Site 925 Site 926  Site 927  Site 928  Site 929 (med)  (Ma) (med) (Ma) (med) (Ma)
Age depth  depth depth depth depth
(Ma)  (med)  (med) (med) (med)  (mod) 932 0245 4887 1195 866  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

0.000 000 0.00 .00 000 000 2072 0535 5766 1416 99.85 2.364
0.021 098 095 122 1oL 103 2488 0628 5936 1458 10379 2443
0.043 193 195 2300 208 239 2923 0719 627 1542 10769 2519
g.08 303 3.05 sré 3 38 3232 0794 646 1574 11129 2.606
0.091 3.3 3.60 da9 376 43 3487 0874 6803 1652 11478 2700
0.2 443 435 D S 44 3697 0916 7231 1749 11958 2817
0.138 543 533 670 68 666 3883 0963 7421 1795 12199 2920
0061 653 638 797 682 196 b 1058 1047 lole R
0205 815 810 1020 868 978 160 1S 306 1993
0220 915 919 1160 976 1085 ‘ ' ' '
0252 984 988 1240 1043 1155

0277 1095 1103 1376 1157 1291

0299 1185 1180 1475 1237  13.77

0321 1255 1240 1548 1296 1431

0344 1347 1320 1647 1377 1515

039 1575 1522 1896 1568  17.14

0416 1675 1605 2012 1653 1798

0433 1785 1695 2128  17.03 1902

0473 1935 1785 2251 1868  19.90

0515 2075 1918 2416 2012 21.40

0545 2186 2015 2551 2130  22.82

0565 2226 2056 2602 2172 2353

0588 2296 2122 2692 2246 2410

0.631 2426 2226 2832 2372 2548

0.659 2526 2306 2977 2496  26.66

0.679 2586 2379 3046 2560  27.52

0701 2651 2435 3131 2621 2816

0720 2690 2480 3186 2668 2863

0756 2768 2570 3306  27.80  29.58

0795 2915 2715 3490 2934  31.04

0832 3032 2840 3645 3055  32.54

0853 3065 2883 3685 3081 3287

0873 3130 2940 3754 3134 3342

0891 3182 3000 3820 3184 3405

0923 3272 3115 3950 3284 3521

0965 3382 3205 4054 3374 3601

0985 3452 3270 4130 3434 3671

1010 3532 3340 4215 3501 3737

1059 3642 3453 4383 3616 3854

L1081 3724 3515 4464 3691 3944

1101 3770 3554 4515 3738 3986

1136 3890 3660 4639 3851 4106

1175 3999 3755 4766 3972 4219

1213 4114 3855 4901 4089 4354

1252 4218 3950 5026 4194 4460

1260 4274 4005 5094 4249 45l

1298 4360 4090 52.10/53.60% 4347  46.03

1328 4478 4190 5459 4467 4713

1386 4636 4355 5635 4607  48.48

1419 4721 4450 5750 4688  49.52

1461 4837 4580 5894 4816 5077

1502 4922 4682  60.04  49.13 5187

1536 50.50 4826 6160  50.53 5314

1555 5097 4880 6209 5101 5359

1593 5228 5026 6344 5221 5480

1632 5333 5156 6449 5320 5580

1671 5443 5260 6585 5429 5714

1706 5563 5380 6732 5560 5846

1727 5625 5445 6804 5632 5895

1746 5678 5495 6876 5698 5958

1796 5836 5650  70.53 5868  6lL15

1820 5904 5721 7135 5926 6180

1841 5966 5780 7206 5990 6250

1863 6022 5835 7293  60.68 6310

1882 60.88 5900 7358  6LIS 6370

1913 6190 6000 7477 6232 6480

1955 6321 6135 7624 6357  66.11

1993 6427 6225 7743 6441 6692

2050 6571 6361 7893 6592 6822

2084 6690 6470 8034  67.08 6948

2127 6824 6602 8201 6828  70.76

2174 6954 6716 8353 69.63 7215

2199 7094 6845 8528 7104 7317

2219 7163 6910 8614 7173 7392

2242 7247 995 8716 7263 746l

2280 7398 7145 8897 7423 7602

2314 7484 7238 9005 7518 7692

2334 7532 7278 9059 7584 7748

2341 90.78**

2358 90.79%*

2373 7634 7375 9128 7682 7843

2409 7736 7483 9258 7782 79.61

2446 7829 7583 9358 7886 8031

2486 7989 7737 9547 8057 8191

2531 8118 7869 9689 8212  83.54

2601 8349 8133 99.40 8451 8571

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