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21. EARLY PLIOCENE DEEP-WATER CIRCULATION: STABLE ISOTOPE EVIDENCE

FOR ENHANCED NORTHERN COMPONENT DEEP WATER!

Katharina Billups,? A. Christina Ravelo,? and James C. Zachos?

ABSTRACT

High resolution benthic (Cibicidoides spp.) stable isotope and percent sand fraction records were constructed for the early
Pliocene (3.3-4.7 Ma) at Ocean Drilling Program (ODP) Sites 925 (3042 m water depth) and 929 (4361 m water depth). These
sites are located in the modern mixing zone of North Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW). We
evaluate changes in deep-water circulation between the two sites using the vertical stable isotope gradient. The oxygen isotope
records of both sites have well defined maxima that correspond to established glacial isotope stages for this time interval.
Between 4.2 and 3.7 Ma, average §'°0 values from the shallower Site 925 are higher than at the deeper Site 929 by 0.2%o, indi-
cating that NADW may have been relatively warm and salty compared to today. Site 929 8'30 values correspond well to previ-
ously published records, suggesting an average decrease in the isotopic composition of ocean water of ~0.4%o with respect to
the late Holocene. At the deeper Site 929, there is considerable §'C variability with extremely low minima. These results indi-
cate that Site 929 was highly sensitive to changes in the relative flux of northern vs. southern component deep water. Site 929
8!3C minima coincide with glacial stages suggesting a deep-water circulation link similar to that observed during the late
Pliocene/Pleistocene. At Site 925, 8'C values are consistently high and minima can be entirely accounted for by global 8'*C
variability. These data indicate a relatively strong NADW flux and suggest that the shallower Site 925 remained within the core
of NADW throughout the majority of the time interval. The prevailing influence of northern component deep water evident at

these sites is consistent with climate models that attribute early Pliocene warmth to increased northward heat transport.

INTRODUCTION

A general consensus has emerged that the early Pliocene (~3-5
Ma), was an interval of relative global warmth (e.g., Crowley, 1991;
Kennett and Hodell, 1993). Microfaunal evidence suggests that dur-
ing the early Pliocene (3 Ma), northern Atlantic sea surface tempera-
tures may have been up to 8°C higher than today (Dowsett and Poore,
1991; Dowsett et al., 1992). Terrestrial evidence exists that the Ant-
arctic continent may have been partially deglaciated (Webb and Har-
wood, 1991). Although evidence for the latter remains questionable
(Burckle et al., 1996), the evidence for higher sea surface tempera-
tures in the North Atlantic is fairly robust.

High-latitude warmth can be explained by several mechanisms,
including higher atmospheric CO, levels and/or more vigorous ther-
mohaline circulation relative to today (e.g., Crowley, 1991). Howev-
er, these two mechanisms appear to be somewhat mutually exclusive.
Atmospheric climate models, for example, suggest that high pCO,
weakens thermohaline circulation by concentrating precipitation
over the North Atlantic (e.g., Washington and Meehl, 1989). Ocean
circulation models suggest that an open Panamanian Seaway (until
3-4 Ma) weakens thermohaline circulation by allowing low salinity
Pacific water into the North Atlantic (e.g., Maier-Raimer et al.,
1990). The geologic record, on the other hand, shows evidence of a
vigorous conveyor belt in the early Pliocene that weakened as a re-
sponse to the onset of northern hemisphere glaciation (e.g., Hodell
and Ciesielski, 1990; Raymo et al., 1992; Raymo et al., 1996). In this
study, we reconstruct deep-water circulation to determine the pres-
ence or absence of northern component deep water (NCW) in the ear-
ly Pliocene Atlantic Ocean. Our results should help resolve the con-
troversies of early Pliocene climate change and may constrain mech-
anisms responsible for North Atlantic warmth.
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To reconstruct changes in the vertical distribution of deep water
during the early Pliocene, we have generated two benthic stable iso-
tope stratigraphies along a depth transect on the Ceara Rise (Leg 154,
Fig. 1) for the time interval of 3.3-4.7 Ma. In the deep western equa-
torial Atlantic, North Atlantic Deep Water (NADW) and Antarctic
Bottom Water (AABW) meet and mix in proportions relative to the
strength of their formation at the source areas. Today, the §'3C of
2CO, corresponding to the depth transect decreases from ~0.97%o at
3000 m to ~0.59%o at 4400 m (Sites 925 and 929, respectively; GEO-
SECS Stations 39-46, Kroopnick, 1985; Table 1; Fig. 2). This gradi-
ent reflects the predominance of NADW at the shallower site and in-
creased influence of AABW at the deeper site (83 Cyapw = 1.1%o vs.
OBCuppw = 0.3%o0; Curry et al., 1988). Not only the §'3C of ZCO,, but
also the concentration of dissolved oxygen and 2CO, change drasti-
cally at ~4000 m indicating increased mixing with nutrient-rich water
with depth in the water column below 4000 m (Fig. 2). We use the
variability in the 8'*C signal of benthic foraminifers from different
depths within the modern mixing zone between NADW and AABW
to reconstruct the relative contribution of each deep-water mass and
hence its relative production rate for the early Pliocene. The presence
or absence of NCW may be used to infer changes in northward heat
transport in the early Pliocene Atlantic.

MATERIAL AND METHODS

High resolution (~3000 k.y.) benthic stable isotope stratigraphies
were constructed using samples collected at 10-cm intervals. The
benthic stratigraphies represent means of single shell measurements
on Cibicidoides wuellerstorfi, Cibicidoides kullenbergi, and Cibi-
cides corpulentus picked from the >250-um size fraction. In the ma-
jority of the intervals, multiple measurements were made on individ-
ual specimens to obtain a measure of the intraspecific and interspe-
cific variability. In constructing the stratigraphies, all values were
then averaged from a given stratigraphic level (Appendix A).

In preparation for stable isotope analysis, all shells were cleaned
ultrasonically in methanol to remove adhering particles, gently bro-
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Figure 1. Core locations along the Ceara Rise depth transect (ODP Leg 154).
Sites 925 and 929 investigated in this study are 3042 and 4361 meters below
sealevel (mbdl), respectively (Table 1).

ken into smaller pieces to ensure complete reaction, and roasted un-

der vacuum at 375°C for 1 hr to oxidize organic contaminants. Stable
isotope analyses were conducted using a VG Prism instrument
equipped with a common acid bath at 903€C andd*®0 values are
calibrated to Peedee belemnite via NBS-19 and an in-house standard
(Carerra marble). Based on replicate analyses of standards in the size
range of the samples, our measurement precision is better than 0.05%o
for 8'3C and 0.08%. fob'®0 (n = 280).

Various studies have shown thi@atwuellerstorfi andC. kullen-
bergi have similar isotopic values (e.g., Woodruff et al., 1980; Dup-
lessy et al., 1984; Graham et al., 1988; Farrell, 1991). Our results
agree with these findings in that the difference betw&enueller-
storfi andC. kullenbergi is on average no more than 0.2%. (Table 2).
Furthermore, the average difference betw@ewuellerstorfi andC.
corpulentus 5°C andd'®0 duplicate values is also less than 0.2%o
(Table 2).

A number of studies have shown that % value ofC. wuel-
lerstorfi is depleted by 0.64%. with respect to equilibrium values,
whereas it®9°C values reflect th&C of ZCO, (e.g., Shackleton et
al., 1973; Shackleton and Hall, 1984; Hodell and Venz, 1992). In this
study, we are only concerned about between-site gradients and use
the measured, uncorrect®dO data.

As a frame of reference, we compare our Plio@#@ andd'®O
records with published late Holocene benthic values from other cores
collected at the Ceara Rise (Curry et al., 1988). Sites 925 (3042 m)
and 929 (4361 m) are compared to late Holocene measurements from
KNR110-75 (3063 m) and KNR110-58 (4341 m), respectively (Cur-
ry et al., 1988; Table 1).

STRATIGRAPHY

The Early Pliocene sediments at Sites 925 and 929 are composed
primarily of a clayey nannofossil ooze with foraminifers (Curry,
Shackleton, Richter, et al., 1995). The primary difference in litholo-
gies between the two sites is in carbonate content, which averages
~70% at the shallower Site 925 and 30% at the deeper Site 929 (Cur-
ry, Shackleton, Richter, et al., 1995). After the age model was applied
(Tiedemann and Franz, this volume), Site 925 sedimentation rates
ranged between 20 and 40 m/m.y., and Site 929 sedimentation rates
ranged between 10 and 36 m/m.y. (Table 1). No evidence of signifi-
cant sediment redeposition, reworking, or slumping was found at ei-
ther site.

AgeModels

Both sedimentary sequences exhibit marked cyclic variations in
color reflectance and magnetic susceptibility that mainly reflect vari-
ations in calcium carbonate content. This cyclicity is present in all
sites drilled during Leg 154 and is clearly orbital in nature. The tuned
susceptibility records serve as the primary means of age control for
these sites (Tiedemann and Franz, this volume).

The magnetic susceptibility record from Site 926 was tuned to the
northern hemisphere insolation curve, and all sites were then corre-

Table 1. Sratigraphic and core-top information.

Water Sedimentation 313C of
depth rate 5'80* 13C* SCO Tt
Site Location (m) (cm/k.y.)t (%o) (%o0) (%o)
925 4°12N, 43°29W 3042 2.23.0 0.97
929 5°58N, 43°44W 4361 1.63.6 0.59
KNR110-75 4°N, 43°W 3063 3.6 2.460.12 0.97+0.25
KNR110-58 5°N, 43°W 4341 3 2.620.16 0.62+0.21
849 0°11IN, 110°31W 3851 2.53.0 3.02 0.21

Notes: * = |ate Holocene Cibicidoides measurements by Curry et al. (1988) for KNR110-75 and KNR110-58 and by Mix et al. (1995) for Site 849. The 5180 datais not corrected for
disequilibrium. T = Sedimentation rates for Site 925 and 929 refer to the tuned record (Tiedemann and Franz, this volGERE)SELS station 346 (Kroopnick, 1985).
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Figure 2. 313C of ZCO, and concentrations of dissolved O, and ZCO, at GEOSECS Station 39-46 in the western equatorial Atlantic (Kroopnick, 1985). Arrows
point to the depth of core locations with respect to the water-column profiles. The 8°C of ZCO, datais also given in Table 1.

Table 2. Average difference in 33C and 80 values between species of
Cibicidoides.

ASBC average+1s A0 average: 1's
Site Species (%o) (%o)

925 C. wuellerstorfi—
C. corpulentus
C. wuellerstorfi—

C. kullenbergi

929 C. wuellerstorfi—
C. corpulentus

C. wuellerstorfi—

C. kullenbergi

017+033(n=20) 0.04+0.14 (n = 20)
-0.09+021(n=32) -022+0.25(n=32)
-0.06+0.32(n=16) -0.10+0.32 (n= 16)

-0.04%0.32(n=40) -0.07+0.33 (n=40)

lated to Site 926 to derive ages from 0 and 5 Ma (Tiedemann and
Franz, this volume). We use this age model to relate meters compos-
ite depth (mcd) to age. Following Tiedemann and Franz (this vol-
ume), we have recalculated the mcd at both sites by subtracting 2.10
m from the mcd at Site 925 and adding 1.04 m to the med for Site 929
(mcd* in Appendix A). We did not refine site-to-site correlations us-
ing the 8*0 records because discrepancies between the sites are very
minor, as discussed below.

Oxygen | sotope Stages

Oxygen isotope variability in early Pliocene records is distinct
and can be thought of in terms of well-defined i sotope stages signify-
ing global climate change (see discussion by Shackleton et al ., 1995).
In the most recent numbering scheme, Shackleton et al. (1995) des-
ignate magnetic reversals with corresponding capital letters and gla-
cia intervals with even numbers. Numbering of the isotope stagesis
reinitialized at each chron boundary. We follow the numbering sug-
gested by Shackleton et al. (1995).

To determine the presence of oxygen isotope stages in our
records, we compare Sites 925 and 929 &80 records to eastern equa-

torial Atlantic Site 659 (Fig. 3), which is strongly correlated to Pacif-

ic Site 846 (Tiedemann et al., 1994). We offset the Site 929 record by
0.9%0 and the Site 659 record by +1.8%. relative to the Site 925
record for ease of visual correlation.

Western equatorial Atlantic Sites 925 and 929 display a series of
maxima that can be visually correlated to most of the early Pliocene
isotope Stages M2 through NS4 (437 Ma; Fig. 3). Whereas we
cannot distinctly recognize Stage Gil0 at either Ceara Rise site, Stag-
es Gi20 and Gi22 are present at the deeper Site 929, as is Stage MG6,
which is not a prominent feature in the Site 659 record. Small but
consistent discrepancies between Sites 925 an®'65%eaks be-
come evident in the older part of the record. Isotope Stages N4, N6,
N8, and NS2 at Site 659 appear to lead maxima at Site 925 by approx-
imately 10,000 yr. This discrepancy is consistent with the difference
between the astronomical solutions that were used to derive age mod-
els for Site 659 (Tiedemann et al., 1994) and Site 925 (Tiedemann
and Franz, this volume). Because of the excellent agreement in the
timing of isotope stages between the Ceara Rise records, no attempt
was made to improve site-to-site correlations using¥@ stratig-
raphies. At the deeper Site 929, age control is poor between 4.3 and
4.55 Ma (Tiedemann and Franz, this volume), introducing a high de-
gree of uncertainty in peak-to-peak correlations. However, for the
purposes of this study, the small discrepancies between absolute ages
of the two sites after 4.3 Ma are inconsequential.

RESULTS

Both benthicd0 andd'*C records for Sites 925 and 929 contain
a high degree of variability (Fig. 4). This variability includes several
maxima and minima defined by only a single datum point. To make
more meaningful reconstructions of site-to-site gradients, we have
calculated three-point running means of the data (Fig. 5). The
smoothed data present a coherent picture and serve as the basis for
further data interpretation.
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Figure 3. Oxygen isotope records of western equatorial Atlantic Sites 925 and 929 and eastern Atlantic Site 659 (Tiedemann et a., 1994). Numbers refer to gla-
cial isotope stages established by Shackleton et al. (1995). The Site 929 record has been offset by 0.9%. and the Sité$539 .&%orelative to the Site
925 record. The vertical, dashed lines represent visual correlatitOomaxima between the three records.

Oxygen | sotope Results growth of west Antarctic ice sheets by 33905 Ma (Hodell et al.,
1982). Oxygen isotope Stage Co2 (4.25 Ma), which is a prominent
The Sites 925 and 929 &0 comparison shows several prominent feature in both Ceara Rise records, may signal the beginning of this
trends through the early Pliocene (Fig. 5A). Firgt, in the oldest part of cooling trend. Thus, whereas the absolute values of the Si#%®25
the records (4.4-4.3 Ma):*O values from the two sites essentially record differ from records of other oceans probably due to local tem-
overlap. As mentioned above, poor age control would make a momerature/salinity changes between 4.3 and 3.7 Ma, the amplitude of
detailed comparison inappropriate. Second, between 4.3 and 3.7 M&0 fluctuations are comparable to other records and does reflect
the 30 gradient between the two sites is reversed relative to the lagtobal processes.
Holocene as discussed below (Fig. 5A). Third, between 3.7 Ma and
3.2 Ma, thed'®O records overlap, displaying well-defined stepwise Carbon I sotope Results
increases towards the present. By isotope Stage M2 (3.3 Ma), Site
9255680 values have reached a maximum of ~0.5%. above late Ho- Comparison of Sites 925 and 929 bentff€ records indicates
locene, indicating that significant ice growth and/or deep-water coolthat at 4.2 Ma, a gradient similar to the late Holocene gradient be-
ing has occurred at this time. comes established (Fig. 5B; Table 3). Prior to 4.2 Ma and correspond-
Between 4.2 and 3.7 Ma, the shallower Site 826 values are ing to the interval 08O overlap, there is nd*C gradient between
consistently higher than those at Site 929. On average, Si®%25 the two sites. Within this time interva@*C values at the deeper Site
values are higher than at Site 929 by 0.2%. (Table 3) and several me829 exceed late Holocene values, whed¥svalues of the shallow-
ima in the Site 92%'®0 record exceed late Holocene values by aser site are lower. Both records converge towards a pronounced mini-
much as ~0.4%o., whereas Site 929 maxima remain well below the lateum at 4.2 Ma. After 4.2 Ma, the gradient is not stable but varies be-
Holocene reference line. Furthermore, minimdO values at Site tween ~0.2%. and 0.35%.. Maximubt3C values at the shallower
925 are only ~0.3%o lower than late Holocene, but at Site 929, loweS8ite 925 fluctuate between ~1 and 1.2%., reflecting pure NADW end
510 values are as much as 0.7%. below late Holocene (Table 3pember composition of 1.1%. (e.g., Curry et al., 1988). Some of the
which is in excellent agreement with published records from the earl$**C maxima at the deeper site are as much as 0.4%. above late Ho-
Pliocene (e.g., Hodell and Venz, 1992; Shackleton et al., 1995). THecene. During times a¥i**C maxima at the deeper Site 929, the ver-
relatively highd'®O values found at Site 925 are not recorded in thaical 33C gradient between Sites 925 and 929 is smallest. On average,
Southern Ocean or Pacific (Hodell and Venz, 1992; Shackleton et ahpwever, the vertical gradient is roughly 0.3%o., in close agreement
1995). Only eastern Atlantic Site 659 (Tiedemann et al., 1994) hasith the late Holocene.
similarly high values. Therefore, North Atlantic source waters may Extreme deviations from the average gradient are mainly the re-
have had significantly different temperature/salinity properties tharsult of large amplitud&*C minima at the deeper Site 929 (Fig. 5B).
today. Here,5°C values are nearly 0.8%o lower than late Holocene, whereas
The amplitude 0d'80 variability in the Sites 925 and 929 records Site 9256**C minima are only ~0.4%. lower. The low@&iC values
increases at 3.95 Ma (Fig. 5A). This change corresponds to a longt Site 929 and the largest verti®&C gradients between Sites 925
term, global cooling trend initiated at 4.3 Ma and with significantand 929 occur at 4.05 Ma, 3.75 Ma, 3.67 Ma, 3.63 Ma, and 3.45 Ma
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Figure 4. Benthic 5'%0 (A) and &'3C (B) records along the Ceara Rise depth transect for Sites 925 and 929. The stratigraphies are constructed from single shell
measurements of Cibicidoides spp. and then averaged (see text).

(Fig. 5B), corresponding to glacial Stages Gi18, Gi8, Gi4, Gi2, and cal deep-water circulation changes at the Ceara Rise appear to domi-
MG4, respectively (Fig. 3). nate the early Plioce®@°C signal at the deeper Site 929 on glacial to
Between 3.7 and 3.3 Mg, '°C values from both sitesare generally interglacial time scales.

lower than in the older parts of the records (Table 3). At Site 925, an

extreme &*3C minimum occurs during isotope Stage MG2 (3.4 Ma). 4.2-4.7Ma

At thistime, the Site 925 3'3C amplitude is comparable to that of the

last glacial to interglacial cycleinthewestern equatorial Atlantic at a There is a general trend of decreasti and decreasing'éO

water depth of 3000 m (0.69%.; Curry et al., 1988). Furthermore, duralues towards 4.2 Ma at the shallower Site 925 (Fig. 6A). Thus, the

ing Stage MG2, the verticat*C gradient is diminished. We note that evolution of the stable isotopic signals across this 400,000 yr time

this is the first occurrence of a lack of a significant vertical gradienspan indicates a transition from relatively cooler climate/greater ice

during a glacial event since 4.2 Ma. volume at 4.6 Ma to relatively warmer conditions/lower ice volume

at 4.2 Ma that was associated with a decrease in equatorial Atlantic

O1C values. Cross-plotting the individus#fC andd*®0O values also

DISCUSSION indicates a weak association of higd&C values with highed*O
Early Pliocene Deep-Water Circulation values and vice versa at both sites (Fig. 7A). The general drift from
4.6 to 4.2 Ma imC andd'®0 towards lower values as well as the
Changes in the relationship between benthic foraminiféfal relationship between individudlC andd*®0O values suggest that a

andd'®0 records reflect in part changes in the dominant water masse#rect link between ice volume/temperature and deep-water circula-

flowing into the deep western equatorial Atlantic through time. Fottion did not exist at this time. Whether #€C/5'%0 relationship re-

example, Late Pliocene/Pleistocene circulation in the deep Atlantic iects a global change in the carbon budget or a local effect of source

characterized by the presence of a nutrient-depleted water masswaditerd'*C cannot be determined from the Ceara Rise data alone. We

northern Atlantic origin during interglacial intervals (e.g., Oppo etwill address this issue further by making a comparison to equatorial

al., 1990; Raymo et al., 1990). As a result, relatively high benthic forPacific records from Site 849 (Mix et al., 1995) in a later section.

aminiferald'*C values are recorded during times of D values.

During glacials (higtd'®0), 613C values are lower, reflecting mixing 4.2-3.7 Ma

with a more nutrient-rich water mass originating in the Southern

Ocean (e.g., Boyle and Keigwin, 1987; Curry et al., 1988; Raymo et Between 4.2 and 3.7 Ma, th8C andd*®0 records at the shallow-

al., 1990; Oppo et al., 1990; Oppo et al., 1995). As we will show, loer Site 925 do not covary, wheréd¥C andd'®O records at the deep-
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Figure 5. Benthic 5'80 (A) and &'°C (B) records along the Ceara Rise depth transect for Sites 925 and 929 replotted using a three-point running mean.

Table 3. Summary of 380 and 8'°C data.

Site 925 Site 929 Sites 925-929
Time average minimum maximum range average minimum maximum range average vertical
(M a) (%o) (%o) (%o) (%o) (%o) (%o) (%o) (%o) g radient
880
3.2-3.7 2.39 1.92 3.03 111 2.35 2.04 2.70 0.66 0.04
3.7-4.2 2.40 2.07 2.84 0.77 2.19 1.85 2.50 0.65 0.21
4.2-4.7 2.35(2.29) 2.06 2.82 0.76 2.21 1.88 2.44 0.56 0.08
&tC
3.2-3.7 0.88 0.17 1.19 1.02 0.52 -0.28 0.95 1.23 0.36
3.7-4.2 0.94 0.51 1.18 0.67 0.62 0.00 0.97 0.97 0.32
4.2-4.7 0.91(0.76) 0.48 1.27 0.79 0.77 0.41 0.94 0.53 -0.01

Notes: Values in parentheses represent average 580 and &'3C val ues between 4.2 and 4.4 Ma (interval of overlap of Sites 925 and 929; see text).

er Site 929 are closely related (Fig. 6). At the shallower Site 925, only
four of the glacial events are accompanied by &*C minima (Fig. 6A).
At the deeper Site 929, al glacial maxima are associated with 3*C
minimaand vice versawith only one exception; the 3*3C minimum at
3.75 Ma occurs during maximum interglacial conditions (Fig. 6B).
The cross-plot of individual datum pointsillustrates the general lack
of association between the variables at the shallower Site 925 (Fig.
7B). At the deeper Site 929, thereistendency for the lowest 3**C val-
ues to correspond with the highest 380 values. Thus, for thistimein-
terval the stable isotope records at the deeper Site 929 indicate that
the relationship between deep-water circulation and ice volume/tem-
perature was similar to that of the late Pliocene/Pleistocene.

The lack of alate Pliocene/Pleistocene type of signal at the shal-
lower Site 925 islargely due to the fact that 5*3C values are not con-
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sistently low during glacia stages (Fig. 6A). Mixing with southern
component deep water (SCW) must have been minimal at 3000 m
water depth even during times of 8'¥0 maxima (glacials). Thus, the
influence of NCW was always strong. In alater section, we will show
that the 3**C minimathat do exist at Site 925 can berelated to chang-
es in the global carbon budget on these glacial to interglacia time
scales. High amplitude 6'3C variability at the deeper Site 929, on the
other hand, is related to fluctuationsin the relative amount of SCW.
Consistently high 3*C values characteristic for thistime interval
provide further evidence for the presence of NCW in the equatorial
Atlantic. About half of the 3°C values are higher than late Holocene
values at these sites (Fig. 7B). At Site 925, many of the 3*°C values
reflect the modern end-member NADW3i3c  composition of ~1.1%o
(Curry et al., 1988), and maximud®C values are even higher. At
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Figure 6. Comparison of &'3C record with &80 record for Sites 925 (A) and 929 (B).

the deeper Site 929, maximum '3C values are as high as 6**C values
at 3000 m water depth during the late Holocene (Fig. 5B), suggesting
significantly reduced mixing with nutrient-rich water at these times.
Predominantly high 8'3C values, together with a persistent vertical
O13C gradient comparable to late Holocene, provide strong evidence
that NCW formation prevailed during thistime interval.

3.7-3.3 Ma

Between 3.7 and 3.3 Ma, 8'*C minima consistently coincide with
glacial stages at both sites (Fig. 6). Cross-plotting the variables fur-
ther illustratesthat in thistimeinterval, low 8'3C values coincide with
highest 380 values (Fig. 7C), suggesting that deep-water circulation
isrelated to ice volume/temperature during thistimeinterval. For ex-
ample, Site 925 31°C values are extremely low during glacial Stage
MG2 (3.4 Ma), reflecting an increase in mixing with nutrient-rich
water at 3000 m water depth. The lack of avertical '*C gradient be-

more dramatic climate conditions associated with cooling in high
northern latitudes at 3.2 Ma (e.g., Shackleton and Opdyke, 1973;
Raymo et a., 1987; Kennett and Hodell, 1993; Raymo, 1994). In-
creased 61%0 and &%3C amplitude in our records, particularly at the
shallower Site 925, may indicate more variable relative deep-water
formation rates at high northern latitudes prior to this cooling event.
The decrease in the relative flux of NCW at ~3.4 Mamay be associ-
ated with the subseguent cooling of high northern latitudes.

Additional Constraints on Early Pliocene Deep-water Circulation

During the Pleistocene, carbonate preservation declined during
times when the influence of SCW, or AABW, increased in the north
Atlantic (e.g., Crowley, 1983). We would expect that in the early
Pliocene there would be a similar link between dissolution and deep-
water circulation. Because planktonic foraminifers are particularly
dissolution susceptible, carbonate preservation can be approximated

with percent coarse fraction records (particles >63 pm; e.g., Bassinot,
1994; Woodruff and Savin, 1991). Thus, percent coarse fraction (per-
cent sand size) records may provide an additional constraint on early
Pliocene deep-water circulation patterns.

Percent coarse fraction records from the Ceara Rise may also be
strongly influenced by clay dilution from the Amazon river. Both cir-
culation induced changes in preservation and climate induced fluctu-
ations in terrestrial riverine input respond in a complementary fash-

tween Sites 925 and 929 at this time supports the possibility of aup-
ward migration of the mixing zone between NCW and SCW (Fig.
5B). Thus, the relative flux of NADW may have decreased to below
|ate Holocene production rates for the first time at 3.4 Ma.

Both sites also show an increased range in 3%0 and &*°C values
between 3.7 and 3.3 Mawith respect to the older timeintervals (Table
3). Thisis most evident at the shallower Site 925. Thisobservationis
consistent with previous reconstructions; it may reflect the onset of
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ion. For example, riverine input from the Amazon increases during
sea-level lowstands (Curry, Shackleton, Richter, et a., 1995) when
benthic 8'80 values are higher and preservation is lower (Crowley
1983). Because we cannot easily differentiate between dilution and
preservation, we use the percent sand records only asaqualitativein-
dicator of preservation between the two sites. Computation of mass
accumulation rates (MAR) would have provided a more quantitative
indicator of carbonate preservation; however, high resolution gamma
ray porosity evaluator (GRAPE) data needed to compute MAR are
not available for this site (Curry, Shackleton, Richter, et al., 1995).
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Between 4.7 and 4.2 Ma, percent sand size and 6'°C records de-
crease from 4.7 to 4.2 Maat both sites (Fig. 8). This patternistypical
for late Pliocene/Pleistocene circulation changesin the Atlantic when
preservation improved in association with the presence of a nutrient-
poor, 3C-enriched water mass. However, the associated decrease in
5180 values (Fig. 6A) suggests a shift towards lower ice-volume/
warmer conditions from 4.7 to 4.2 Ma. Thus, preservation appears to
have been relatively enhanced during the higher &'80 interval relative
to the lower &'%0 interval, a pattern more commonly observed in the
Pleistocene Pacific (e.g., Farell and Prell, 1991; Broecker and Peng,
1982). Hence deep-water circulation in the Atlantic may not be di-
rectly linked to glacial-interglacial climate variability characteristic
of the late Pliocene/Pleistocene Atlantic Ocean during this time inter-
val.

The percent sand records are consistent witB'#teandd'®O re-
sults between 4.2 and 3.3 Ma. At the shallower Site 925 the percent
sand remains relatively high consistent with the persistence of nutri-
ent-poor, non-corrosivé3C-enriched NCW (Fig. 8A). At the deeper
site, percent sand maxima correspond welt6 maxima and vice
versa, reflecting the varying influences of NCW (Fig. 8B). Between
3.7 and 3.2 Ma, there is a trend of decreasing percent coarse fraction,
which parallels a general decreas&'iC values at the shallower Site
925 (Fig. 8A), suggesting a circulation induced decrease in preserva-
tion that is also evident at the shallower Site 925 at this time. Thus,
assuming that percent sand is partially controlled by preservation and
dissolution, the sand fraction records support our interpretations of
the stable isotope results.

Atlantic—Pacific Stable Isotope Gradients
Oxygen | sotope Gradients

Comparison of the equatoria Atlantic &0 stratigraphies to the
Pacific record at Site 849 (Mix et a., 1995) demonstrates that some
short- and long-term features are likely global in nature (Fig. 9). For
example, the marked increase in 8%0 amplitude at 3.95 Ma at the
CearaRiseisalso strongly evident at Pacific Site 849, suggesting in-
creased magnitude of globa ice-volume fluctuations in agreement
with previous discussions of early Pliocene climate change (e.g.,
Hodell et al., 1982). Furthermore, coincident &'¥0 maxima between
the three records are close to late Holocene values (e.g., at 3.65-3.7
Maand 3.3 Ma) indicating that continental ice volume was as sizable
astoday.

Prior to ~3.7 Ma, only the Site 925 %0 values exceed late Ho-
locene, and Sites 929 and 849 3180 valuesremain at least 0.2%o below
late Holocene. The difference &fO values between Sites 929 and
849 is similar to the late Holocene, suggesting that the thermal gradi-
ent between the two ocean basins remained the same. Hence, the At-
lantic—Pacific comparison supports our previous interpretation that
the relatively high5*®O value at Site 925 (and Site 659) may be due
to regional temperature/salinity anomalies.

Northern latitudes could provide a source f@-enriched deep
water. For instance, a reversed vertid8D gradient in the Indian
Ocean during the middle Miocene is consistent with the influence of
warm saline waters of Tethyan origin (Woodruff and Savin, 1991).
Today, Mediterranean overflow can be traced into the North Atlantic
(e.g., Pickard and Emery, 1990). In the early Pliocene, there may
have been a stronger relative flux of warm saline waters originating
in the Mediterranean. Alternatively, warmer, more salif®;en-
riched waters may have originated from subtropical gyres that ex-
tended farther north than today. Ocean general circulation models in-
dicate that subtropical salinity and temperature anomalies can be ad-
vected north within the eastern boundary current to deep-water
formation sites in the North Atlantic in agreement with modern ob-
servations (e.g., Rind and Chandler, 1991). A more northward posi-
tion of the subtropical gyre during the Pliocene may explain the rela-
tively high %0 values observed at the shallower Site 925. The ob-
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servation of relatively high 61°C values at the shallower site would 613C record can be accounted for by fluctuations in the global carbon

also be consistent with this scenario, indicating the presence of anu- budget. This implies that the shallower site remained within the core
trient-depleted water mass. of NCW throughout the entire time interval between 4.2 and 3.7 Ma.
Consistent with our above interpretation, Site 925 was not sensitive
Carbon | sotope Gradients to changes in the relative flux of either NCW or SCW because it was
continuously bathed by hight’C NCW.
In aglobal context, 3°C values can be interpreted as a change in The degree of basin-to-basin fractionation between the deeper

mean oceanic 613C values due to the transfer of *2C-enriched carbon Site 929 and the Pacific Site 849 is more variable (Fig. 10) between
between terrestrial and marine environmentson glacial to interglacial 4.2 and 3.7 Ma. Minima in th&3C record at Site 929 are often in ex-

time scales (Shackleton, 1977). To constrain theinfluence of globally cess of the global 0.4%. recorded in the Pacific and even approach Pa-
averaged carbon budget on the Ceara Rise sites, we al so compare our cific values in some instances (e.g., 4.05 Ma). Such extremely low
6%C recordsto Site 849 (Mix et a., 1995). This comparison provides 83C values in the deep Atlantic can only be explained by intrusion of
ameans of constraining the horizontal 5'3C gradient between the two a nutrient-rich, lowd**C water mass such as AABW. Because the

ocean basins and assessing NCW production in the Atlantic (e.g., most extrem@'*C minima of Site 929 correspond to glacial stages as

Miller and Fairbanks, 1985; Raymo et a., 1990; Wright et al., 1991; discussed above, there appears to be a strong link between increases

Mix et al., 1995). For example, increased Atlantic—-Pac#iéC gra-  in the relative flux of SCW and glacial climates during the early

dients reflect relatively high NCW flux, whereas low gradients re-Pliocene. The high*3C variability suggests that Site 929, unlike Site

flect a relative increase in SCW flux in the deep Atlantic. 925, was located within the mixing zone of NCW and SCW and was
Between 4.4 and 4.2 Ma, Pacific Site 849 &&@ values well be-  therefore highly sensitive to changes in relative production rates.

low late Holocene (Fig. 10), possibly indicating that*#@#2C ratio During isotope Stage MG 2 (~3.4 Ma), the horizodtéC gradi-

of mean global ocean water was lower than today. This global signaht between Site 925 and Site 849 decreased to nearly half of the late
is reflected in the Site 928°C record, which also shows low values Holocene gradient (~0.45%o vs. ~0.8%o., respectively) due to the large
during this time span. Site 928°C values, on the other hand, are decrease in Site 928°C values (Fig. 10). This is consistent with the
above late Holocene, indicating that factors other than gi#B@l  lack of a verticab®®*C gradient between Sites 925 and 929 due to an
variability are imprinted on the deeper Atlantic record. In addition,increase in the relative flux of SCW. Oxygen isotope Stage MG 2 is
the d3C gradient between the deepest Atlantic (Site 929) and Pacifithe only time that our records provide evidence for significant influ-
is greatest at approximately 4.4 Ma and approaches late Holocerace of SCW at the shallower Atlantic Site 925 during the early
values by 4.2 Ma. Using the magnitude of the Atlantic—Pa&¥#ic Pliocene interval under investigation (4373 Ma).
gradient as a measure of relative flux of NCW (Raymo et al., 1990),
we conclude that NCW was relatively strong between 4.4 and 4.3 Ma,
and then decreased to late Holocene rates by 4.2 Ma. CONCLUSIONS

Between 4.2 and 3.7 Ma, basin-to-basin fractionation between the
shallower Atlantic Site 925 and the Pacific was enhanced relative to Stable isotope stratigraphies from two vertically offset sites
the late Holocene (Fig. 10). All Site 925C values are at or above bounding the modern mixing zone of NADW and AABW have been
late Holocene values except during the few lo®#&€ events in the constructed from the Ceara Rise depth transect to trace deep-water
record. However, the amplitude of each Site 6 minimais com-  flow during the early Pliocene (3.3—4.6 Ma). Both records (Site 925
parable to the corresponding amplitude in the Pacific recoréind 929) display'®O maxima corresponding to most of the early
(~0.4%0). These observations suggest that minima in the Site 928liocene isotope stages between M2 and NS4 (Shackleton et al.,
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1995). Higher than expected %0 values at Site 925 between 4.2 and Farrell, J.W., 1991. Late Neogene paleoceanography of the central equatorial
3.7 Mamay represent warmer and more saline source-water masses. Pacific: evidence from carbonate preservation and stable isotopes [Ph. D.
Site 929 30 values correspond well to previously published thesis]. Brown Univ,, Providence, RI. _ "

records, suggesting an average decrease in the isotopic composition Farrell, J.W., and Prell, W.L., 1991. Pacific CaCfdeservation and'®O

of ocean water of ~0.4%. with respect to late Holocene. Until 3.4 Ma, ;lr?yczligl\gizlggleoceamc and paleoclimatic implicatiGiateoceanogra-

only the deeper Site 929 is_ aﬁeqted by chan_ges in the relati_ve_ quX%%Sraham, D.W.,, Corliss, B.H., Bender, M.L., and Keigwin, L., 1988. Carbon
of NCW vs. SCW on glacial to interglacial time scales. This is re-  ang oxygen isotopic disequilibria of Recent deep-sea benthic foramin-
flected by the higld*3C variability with extreme minima associated ifera. Mar. Micropaleontol., 6:483-497.
predominantly with glacial events. The shallower Site 925 remaine#iodell, D.A., and Ciesielski, P.F., 1990. Southern ocean response to the
within the core of NCW throughout the majority of the early Pliocene intensification of Northern Hemisphere glaciation at 2.4 Ma&leil, U.,
as evidenced by persistently higfBC values. Not until isotope Stage and Thiede, J. (Eds.Jzeological History of the Polar Oceans: Arctic
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