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25. BIOGENIC CARBONATE PRODUCTION AND PRESERVATION CHANGES

BETWEEN 5 AND 10 MA FROM THE CEARA RISE, WESTERN EQUATORIAL ATLANTIC!

D.W. Murray? and L.C. Peterson?

ABSTRACT

This study presents carbonate concentration, accumulation, and preservation data for the middle to late Miocene (~5-10
Ma) to examine changes in carbonate sedimentation associated with surface productivity and dissolution at the Ceara Rise in
the western equatorial Atlantic. Time series of magnetic susceptibility-based estimates of calcium carbonate concentration for
Ceara Rise Sites 925, 928, and 929, which together form a transect that spans approximately 1500 m of water depth (3041-
4356 m), show substantial changes in the depth gradient of calcium carbonate concentration between 5 and 10 Ma. The esti-
mated carbonate concentrations at the shallow Site 925 were relatively high (X = 77.2%) throughout this whole time interval.
Prior to about 5.5 Ma, only trace amounts of carbonate are preserved at the deep Site 929, indicating that the carbonate compen-
sation depth (CCD) was close to or shallower than the depth of this site during most of the middle to late Miocene. To further
examine these gradients, we generated carbonate concentration, accumulation, and foraminiferal preservation data for four rep-
resentative time slices from Sites 925, 928, and 929.

The results show that, during the late Miocene, the quasi-cyclic changes in carbonate concentration at shallow Site 925 can
be attributed to either production or dilution by terrigenous material, depending on the interval. Calcium carbonate sedimenta-
tion at Site 925 averaged >20 g/m?/yr, more than twice the Holocene rates. The foraminiferal assemblage was extremely well
preserved, and the sediment fluxes reflect carbonate rain rates to the seafloor. These high accumulation rates are comparable to
the highest sediment trap-measured fluxes of carbonate from the equatorial Pacific. In contrast, calcium carbonate at the deep
sites is heavily dissolved and dissolution was the dominant control of concentration changes. This decrease reflects a shoaling
of the CCD, which coincides with a period of sea level rise. The results are not consistent with an increase of North Atlantic
Deep Water (NADW) during the late Miocene, although further work is necessary to evaluate the relative contributions of

NADW and southern component water at this site.

INTRODUCTION

One of the primary objectives of Ocean Drilling Program (ODP)
Leg 154 was to recover sediments from a depth transect of sites down
the Ceara Rise to study deep-water chemistry and circulation changes
in the tropical Atlantic. Located in the main flow path of the two ma-
jor deep-water masses in the Atlantic Ocean, North Atlantic Deep
Water (NADW) and Antarctic Bottom Water (AABW), the Ceara
Rise is ideally situated to record variations in the mixing of these wa-
ter masses that produce the chemical and physical characteristics of
deep waters in the world’s oceans today. The present mixing zone be-
tween NADW and AABW in the western equatorial Atlantic lies be-
tween 4000 and 4500 m water depth. Thus, the three shallow sites
cored during ODP Leg 154, Sites 925, 926, and 927, are from loca-
tions presently bathed by NADW. Site 928 is within the mixing zone
and Site 929 is bathed by AABW (Curry, Shackleton, Richter, et al.,
1995). Studies have shown glacial to interglacial changes in the rela-
tive proportion and mixing of the deep waters in the Atlantic (e.g.,
Oppo and Fairbanks, 1987; Curry et al., 1988; Charles and Fairbanks,
1992). During the last glaciation, there was a greater proportion of
Southern Ocean deep water at the Ceara Rise. Associated with this in-
crease in the more corrosive Southern Ocean water during the glacial
was a significant increase in carbonate dissolution at sites below 4000
m in the western Atlantic (Curry and Lohmann, 1990). On longer
time scales, such changes in dissolution should also have occurred.
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Preliminary shipboard data for the 5- to 15-Ma interval show that
carbonate accumulation at the deeper sites was 60%-100% lower
than at the shallower sites (Shipboard Scientific Party, 1995a). This
high loss of carbonate with depth reflects a shoaling of the carbonate
compensation depth (CCD) close to the depth of Site 928 (currently
4012 m) compared to preceding and following time intervals. For
comparison, the present CCD is below 4600 m for the modern and
last glacial interval (Curry and Lohmann, 1990). A shoaling of the
CCD is also observed in the late Miocene in the equatorial Indian and
Pacific Oceans (ODP Leg 115, Peterson and Backman, 1990; ODP
Leg 130, Berger et al., 1993). In contrast, mean carbonate accumula-
tion rates during the late Miocene and early Pliocene at the shallow
sites on the Ceara Rise were at least twice the modern rates (Ship-
board Scientific Party, 1995a). Between 5 and 7 Ma, similar increases
in calcium carbonate accumulation have been observed in all the ma-
jor oceans and have been attributed to an increase in surface produc-
tion (Peterson et al., 1992; Berger et al., 1993; Dickens and Owen,
1994; Farrell et al., 1995). Berger et al. (1993) called upon an in-
crease in the production of NADW as being responsible for the
changes observed in the Pacific. Berger et al. (1993) note that this
“modulator” of carbonate sedimentation would cause a Pacific—
Atlantic asymmetry. The preliminary data on carbonate accumula-
tion in the late Miocene from the Ceara Rise (Curry, Shackleton,
Richter, et al., 1995) indicate that this asymmetry did not exist, and
the records from the equatorial Pacific, Indian, and Atlantic Oceans
all show similar shallow to deep patterns of accumulation.

Because the shipboard results provide only a coarse view of the
calcium carbonate variations, the goal of this study is to examine the
Atlantic pattern between 5 and 10 Ma in greater detail. Four discrete
time intervals that represent different CaCO; concentration gradients
at the Ceara Rise were sampled in sufficient detail to resolve orbital-
scale variations. Data on carbonate concentration, accumulation, and
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preservation are used to decipher variations attributed to CaCO, pro-
duction, dissolution, and dilution. These data from the western tropi-
cal Atlantic will be compared with gradients of carbonate accumula
tion from other oceanic sitesto provide a broader perspective of deep
sea carbonate changes in the late Miocene and to evauate the pro-
posed basin-to-basin fractionation model (Berger et ., 1993).

METHODS

Between 5 and 10 Ma, four time slices of approximately 400 k.y.
in length were sampled at 10-cm intervals from ODP Sites 925 and
928 on the Ceara Rise (Fig. 1). The selected time intervals, 5.0-5.4,
6.0-6.4, 8.0-8.4, and 9.6-10.0 Ma, were chosen to reflect variations
in the depth gradient of CaCO, concentrations observed in the late
Miocene (Curry, Shackleton, Richter, et al., 1995). The 5.0-5.4 Ma
time interval was also sampled at Site 929. Sediments in the three
older time intervals at Site 929 consisted of either trace amounts of
carbonate material or contorted sediments thought to be redeposited,
slumped material (Shipboard Scientific Party, 1995c).

The 10-cm?® samples were taken from multiple holes at the sites
following the composite section developed during Leg 154 (Curry,
Shackleton, Richter, et a., 1995). Preliminary ages based on bio-
stratigraphy (Curry, Shackleton, Richter, et al., 1995) were used to
guide the sampling. All samples were freeze-dried, then split in half.
One-half was weighed, disaggregated in tap water, wet-sieved

ple. In some Site 928 and 929 samples where fragmentation was sub-
stantial, small splits with 50100 whole foraminifers were used to
obtain the preservation data. Benthics were relatively rare, generally
less than five in samples having 400 whole planktonic foraminifers.
Only one or two radiolarians were observed in all the samples exam-
ined, confirming the lack of biogenic opal in these sediments. In ad-
dition to the weight percentage in the sand (>63 um) fraction, we
used the following equation as an index of carbonate preservation:

whole planktonic foraminifers (%) = 100# whole planktonic
foraminifers >150 pm / (# whole planktonic foraminifers >150
um + # planktonic fragments >150 pm).

One-third of the remaining unprocessed sample was ground with
a mortar and pestle and used to determine GaG@xentration. The
calcium carbonate content of dried samples was measured on an au-
tomated, computer-controlled carbonate rig developed at Brown Uni-
versity and similar to the one described by Ostermann et al. (1990).
Approximately 10 mg of sample were reacted in 100% phosphoric
acid at a constant temperature of 70°C in an evacuated, closed sys-
tem. The pressure of the gas evolved from the reaction was measured
on a pressure transducer. This pressure was converted to %C&CO
ing a linear regression model based on five to six aliquots of a 100%
carbonate standard in each run with weights ranging from 3 to 12 mg.
Precision of the standards was better than 1%. The mean difference
of replicates on 103 samples in this study is 3.3% with a standard de-

through a 63-um sieve, and dried at 50°C. The fine fraction (<63 pmjation of 3.5%. Because of the longer reaction time needed for sam-
was dried and stored for future studies. The coarse fraction (>63 p)es with a high clay content, we used a reaction time of 30 min for
was weighed and dry-sieved at 150 um. The >150 um portion waamples <50% CaC@nd 10 min for samples >50% Cag{®res-

weighed and divided equally into two aliquots, one for the study ofure readings at 1-min intervals for the 10-min runs and 3-min inter-
faunal preservation (this study) and the other for stable isotope analyals for the 30-min runs were retained for each sample to monitor the

sis at the University of Miami.

reaction.

The faunal aliquot work was subdivided to obtain a representative Twenty-five of the shipboard carbonate samples from Sites 925,
sample of approximately 400 whole planktonic foraminifers. The928, and 929 spanning the late Miocene were analyzed for carbonate
number of whole planktonic foraminifers, planktonic fragments,content using the Brown Rig (Table 1). A comparison with analyses
benthic foraminifers, and radiolarians were tabulated for each sanmade during Leg 154 using a Coulometer (Curry, Shackleton, Rich-
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Figure 1. Location map for Sites 925 (4°1RI3

43°29.3W, 3041 m water depth), 928 (5°2'N3

43°44.9W, 4012 m water depth), and 929 (5°58L6
43°44.4W, 4356 m water depth). The map is modified

from Curry, Shackleton, Richter, et al. (1995). Bathyme-
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Table 1. Carbonate comparison of shipboard Coulometer and Brown
automated rig measurements.

Core, section, CaCO, (%) Ca00;(%) CaCO;(%)  CaCOj, (%)
interval (cm)@ Coulometer® BrownRig-1° Brown Rig-2¢ Mag. estimate®

154-925B-
15H-3, 77 85.6 89.0 927 69.3
16H-3, 115 69.6 71.6 74.2 744
17H-3, 69 66.8 68.5 70.7 58.5
18H-3, 106 74.6 75.8 79.4 77.3
19H-3, 132 75.0 78.1 755 78.8
20H-3, 90 83.6 85.9 80.1 83.9
21H-3, 135 728 75.0 740 78.2
22H-3, 50 68.1 70.5 68.9 69.4
23H-3, 33 59.7 60.6 58.4 64.8
24H-3, 97 78.4 83.0 79.3 80.6
25H-3, 100 66.7 69.5 64.8 68.0
26H-3, 116 81.0 745 76.2 74.1
27H-3, 130 50.7 52.8 513 59.2
28H-3, 56 80.7 79.0 78.1 80.6

154-928A-
16H-2, 47 26.0 26.1 255 16.8
16H-3, 73 48.6 49.8 50.4 50.6
17H-3, 81 39.1 38.6 40.1 26.8
19H-3, 85 81.8 84.5 79.7 75.7
20H-3, 81 733 75.9 749 70.6
21H-2, 110 0.7 05 31 9.4
22H-3,34 16.0 16.8 21.2 18.1
23X-3,75 48.2 51.9 42.4 79.8

154-929A-
15H-1, 77 425 417 46.9 48.8
15H-3, 79 26.5 24.4 28.1 35.9

I nterval is the top of a 1-cm-wide sample.

BFrom Curry, Shackleton, Richter, et al. (1995).

€30-minrun.

9430-min run for samples <50% CaCOj, 10 min for samples >50% CaCOs.
®Estimate from magnetic susceptibility using equation given in text.

ter, et a., 1995) shows no systematic offsets (Fig. 2), with the differ-
ences within the analytical errors of the two techniques.

RESULTS
Depth Transect of Carbonate Concentrations (5-10 Ma)

Multisensor track measurements provide a rapid analysis of cen-
timeter-scale changes in sediment properties and chemistry. The re-
sulting records allow an evaluation of both high-frequency and long-
term changesin the sediment record that can be examined in the con-
text of climate and oceanographic change (Hagelberg et al., 19953,
1995b; Shackleton et a., 1995). During ODP Leg 154, a number of
sediment properties measured with the multisensor track and hand-
held Spectrophotometer were compared to the calcium carbonate
content of the sediments (Curry, Shackleton, Richter, et al., 1995).
Because the Ceara Rise sediments are largely a mixture of calcium
carbonate and terrigenous material, properties such as magnetic sus-
ceptibility, color reflectance, and natural gammaradiation are highly
correlated to the carbonate content. However, the shipboard studies
showed that their rel ationshipsto carbonate content were not constant
and changed from site to site and among the lithologic units. In this
study we compared color reflectance (percentage at 550 nm) and
magnetic susceptibility datato measured %CaCO; values in samples
from Site 925, 928, and 929 spanning the 5- to 10-Ma time interval
(Fig. 3; Tables 2—-4, see CD-ROM, back pocket, this volume).

Magnetic susceptibility and reflectance values for the sample
depths were obtained by linear interpolation from shipboard measured
depths. Magnetic susceptibility providesthe best correlation (r = —0.95)
to carbonate and one regression equation based on thisrelationship can
be applied to all sites (%CaCO, = 93.624 — [2.164 x magnetic suscep-
tibility]). Reflectance exhibits a curvilinear relationship with calcium
carbonate and separate equations are needed for each site. This inter-
site differenceisevident in Figure 3A where Site 928 values are shown
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Figure 2. Scatter plot of calcium carbonate concentrations for 25 samples
using the shipboard Coulometer (Curry, Shackleton, Richter, et al., 1995) and
the automated rig at Brown University. The 1:1 correspondence lineis shown
(solid line).

to have higher reflectance values for the same calcium carbonate con-
centration than either Sites 925 or 929. The accuracy of the magnetic
susceptibility-based estimate is shown in Figure 4A. The estimated
CaCO, concentrations accurately represent the primary cyclesin mea-
sured concentration with no major systematic offsets. Differences in
the amplitude and structure of some cycles are evident (Fig. 4) and
most likely result from variationsin the composition of the non-carbon-
ae portion of the sediments.

Carbonate concentrations estimated from magnetic susceptibility
data measured on the shipboard composite of Sites 925, 928, and 929
for the intervals spanning approximately 5-10 Ma are shown in Fig-
ure 5. As noted previously, sections of Site 929 prior to 5.5 Ma had
either trace amounts of carbonate or were riddled with redeposited
material. We do not include carbonate estimates from this ol der inter-
val of Site 929 and assume that the site was at or below the CCD
throughout this time period. Carbonate concentrationsin Site 925 re-
mained relatively high (x = 77.2%) between 5 and 10 Ma (Fig. 5),
whereas the concentrationsin Site 928 (~1000 m deeper) were more
variable. We infer that these changes at the deep site reflect variable
dissolution of CaCO,. Alternatively, the lower carbonate at depth
could also reflect the input of terrigenous materia from the prograd-
ing Amazon Fan. However, preliminary shipboard estimates of mean
non-carbonate accumulation rates over this interval and the poor
preservation of CaCQO; in the deeper Sites 928 and 929 suggest that
carbonate dissolution was responsible for the large-scale changes.
The late Miocene Site 925 carbonate record (Fig. 5) exhibits a high-
frequency change in carbonate content that exhibits a precessional
(23 k.y.) cyclicity (i.e., ~5 cycles/100 k.y.). These cycles do not ap-
pear to be well developed at the deeper sites. To determine the origin
of these cycles and quantify the depth gradients of carbonate dissolu-
tion, we selected four intervals to examine in greater detail.

Time Slices
A total of 410 samplesfrom Site 925, 154 samples from Site 928,

and 60 samples from Site 929, covering the four time slices between
5 and 10 Ma, were analyzed for percentage coarse fraction and calci-
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Figure 3. Scatter plots of (A) %CaCO; and magnetic susceptibility and (B)
%CaCO; and reflectance for the 550-nm band for samples from Sites 925,
928, and 929. The linear regresson model (%CaCO; = 93.624 — [2.164 x
magnetic susceptibility]; r2 = 0.90) shown in (A) (solid line) was used to cal-
culate calcium carbonate concentrations from the magnetic susceptibility
measurements of the composite section between 5 and 10 Ma at the three
sites.

um carbonate concentration. Foraminiferal preservation data were
obtained for 481 of these samples. These dataare given in Tables2—
4 (see CD-ROM, back pocket, this volume). Chronologies for Sites
925, 928, and 929 were developed by King et a. (thisvolume). These
age models are based on correlation of the carbonate changes at each
site to the orbitally tuned record of carbonate cycles at Site 926
(Shackleton and Crowhurst, this volume). Ages were assigned to
samplesin this study through interpolation by assuming alinear sed-
imentation rate of composite depth between datums. Sedimentation
rates were assigned to each sample by the composite depth and age
difference between a sample and the adjacent older sample:

Sedimentation rate; = [Depthy.,,) — Depth)] / [Age;.,) — Ageg].

Dry densities, needed to calculate mass accumulation rates
(MARYs), were estimated from shipboard gamma-ray attenuation po-
rosity evaluator (GRAPE) measurements. Separate relationships
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were developed for each site based on the comparison of discrete dry
density (Curry, Shackleton, Richter, et a., 1995) and GRAPE mea-
surements over the interval of studyHTabIe 5) GRAPE values were
assigned to sample depth in this study by linear interpolation. We ap-
plied the equations given in Table 5 to calculate the dry-density val-
ues given in Tables 2-4. The composites of GRAPE data from all
three sites showed a number of sections with anomalous low values
that we consider spurious and unreliable. Data from these sections
were deleted from the composite, and densities are assumed to
change linearly through these intervals (see notesin Tables 2-4). Be-
cause of the small density changes observed, this assumption should
not introduce significant errors to the MARs.

As noted by the shipboard studies (Shipboard Scientific Party,
1995b), there is ageneral correlation of carbonate concentration and
density at the Ceara Rise sites, with higher densities observed in the
carbonate-poor sections. This relationship is atypical for pelagic ma-
rine settings containing mostly carbonate and terrigenous material
(Herbert and Mayer, 1991) and may result from differential compac-
tion of alithogenic component that is enriched in quartz (see Herbert
et d., thisvolume). Of the three sites studied, the carbonate and den-
sity relationship was best developed at the shallow Site 925 (Figs. 6,
7). In addition, Figure 7 shows that the densities in time dlice 1 are
significantly less than those in deeper Site 925 samples with similar
carbonate contents. This reflects the norma downhole increase in
density attributed to compaction. Shipboard scientists observed that
the depth interval from 210 to 340 mbsf, which includes time slices
3 and 4 had an inverse or only a small density change with depth
(Shipboard Scientific Party, 1995b). This may explain the lack of the
normal downhole increase in density among time slices 2 through 4
(Fig. 7). Detailed investigation of the cause of thislack of gradientin
the densities was beyond the scope of this study.

Time Slice 1 (5.0-5.4 Ma)

Calcium carbonate concentrations at Site 925 between 4.9 and 5.5
Ma have a low amplitude of variability, ranging from 60% to 89%
with acyclic period of closeto 23 k.y. (Fig. 8). The largest variations
occur between 5.0 and 5.18 Ma, with a significant low in carbonate
concentration near 5.06 Ma. This decrease is accompanied by a de-
creasein foraminifer preservation (Forams % in Fig. 8). Foraminifers
are very well preserved throughout much of this time interval and,
with the exception of the event near 5.06 Ma, these dataindicate that
dissolution playsasmall rolein variationsin carbonate content at this
site. Variations in coarse fraction (% >63 pum), commonly used as a
dissolution index (Berger et al., 1982; Peterson and Prell, 1985), bear
little resemblance to the foraminifer index of dissolution from Site
925. Since all the >63 pm fraction consists of biogenic carbonate ma-
terial, weight changes in the fine fraction may potentially be attribut-
ed to terrigenous dilution. In an attempt to ameliorate the dilution
problem, we scaled the coarse fraction as a function of calcium car-
bonate concentration (Shackleton and Crowhurst, this volume) [wt%
>63 pum-scaled = 108 (wt% >63 pm / %CacCg)), to show weight
changes in the carbonate portion of the sediments. Note that the de-
crease in foraminifer preservation and %Ca@e€ar 5.06 Ma is not
associated with a decrease in the scaled coarse fraction, but it is asso-
ciated with a decrease in weight percentage >63 pm (Fig. 8). We infer
from these data that terrigenous dilution is responsible for at least
some of the %CaCQlecrease.

The accumulation rates of both carbonate and terrigenous compo-
nents are variable between 5.0 and 5.4 Ma (Fig. 8), suggesting that
changes in both production and dilution are likely factors. Note that
the interval from 5.04 to 5.15 Ma has both high-scaled coarse fraction
and low carbonate MARs. Taken together, these suggest that fine-
fraction carbonate decreased, either as a result of changes in produc-
tion or winnowing. Further work, which includes assessing carbonate
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1.4 es. For the common intervals of Site 925 and 928, there is an average
loss of 20% (3.5 g/éyr) per 1000 m of water depth. Note that this
loss is not as apparent in the concentration data (Fig. 10), a point
made by a number of other studies (e.g., Broecker and Peng, 1982).

Site 929, about 330 m deeper than Site 928, has even more disso-
—~ 1.3 - lution of carbonate (Fig. 10). From before 5.5 Ma until at least 10 Ma,
"’E little carbonate accumulated at Site 929 as a primary deposit. Be-
B tween 5.0 and 5.1 Ma, most of the 20 #¥mcarbonate flux reaching
= the shallow Site 925 is dissolved at the water depth of Site 929. The
: interval from Site 929 between 5.15 and 5.5 Ma is relatively enriched
Z 1.2 _ in carbonate. Examination of the photos and barrel sheets for Core
c 154-929A-15H (Curry, Shackleton, Richter, et al., 1995) reveals that
% much of the material is redeposited and the apparent increase in pres-
> ervation is an artifact produced by downslope transport of material.
a) In Site 929 sediments younger than 5.0 Ma, preservation increases,
1.1 . and the site remains above the CCD to the present (Shipboard Scien-
[u] Time Slice 1 EDD DDD H t|f|C Pal’ty, 19950).
[ ] Time Slice 2 o o
%« Time Slice 3 Time Slice 2 (6.0-6.4 Ma)
+ Time Slice 4
1.0 . 1 . 4 . 1 . / . Sampling of the time slices for this study was done using ship-
50 60 70 80 90 100 board biostratigraphic ages, and time slice 2 was selected to span the
6.0- to 6.4-Ma time interval. For Site 925, the revised chronostratig-
CaCO3 % raphy based on orbital tuning did not make significant age changes to

Figure 7. Scatter plot of dry density and %CaCO; for Site 925 samples used
in this study.

productivity indices, is necessary to differentiate between these two
factors. Weare presently generating stableisotopedatafor al the Site
925 samples, which will be used to provide an independent check of
the chronostratigraphy for future studies.

Ascompared with Site 925, the 5.1- to 5.4-Matimeinterval at Site
928 has significantly lower carbonate concentrations and greatly in-
creased dissolution of the carbonate fraction, as indicated by de-
creased foraminifer preservation (Fig. 9). Unlike Site 925, where the
coarse fraction changes bear little resemblance to the record of car-
bonate concentration or foraminifer dissolution, the coarse fraction

our samples (Fig. 11). However, significant age offsets are evident at
Site 928 with the new chronostratigraphy, which resulted in sampled
sections in Site 928 without temporal overlap with Site 925 samples
for either the 6- to 6.4-Ma and 8- to 8.4-Ma time periods. Although
comparison of the dissolution indices is impossible, magnetic suscep-
tibility-based estimates of calcium carbonate concentrations can be
used in conjunction with density and sedimentation rate data to con-
struct time series of calcium carbonate concentration and accumula-
tion as well as non-carbonate accumulation (Figs. 11, 12). In both
time intervals, overlapping sections of measured and estimated
%CaCQ yield essentially the same results. The depth gradient of
%CaCQ in the 6.1- to 6.7-Ma time interval exhibits substantial vari-
ation. The amplitude of the cycles in carbonate and foraminiferal
preservation at Site 925 are similar to those observed between 5.04
and 5.15 Ma (Fig. 10). At Site 928, the carbonate changes are more

(>63 um) at Site 928 appears to be a good record of the preservatimariable in amplitude, but the cycles are more defined compared to
The carbonate cycles at Site 928 have a strong dissolution overpritiie 5.0- to 5.4-Ma time interval. Preservation between 6.4 and 6.7 Ma
and this overprint made it difficult to match cycles at the deeper sitat Site 928 is the lowest of all the intervals studied, with the low mean
to the orbitally tuned, but minimally dissolved cycles at Sites 925 an@aCQ concentration (36.5%) and MAR (6.5 g/ym), as well as low

926 (King et al., this volume). Other difficulties arose because thahole foraminifer percentages and weight percentages >63 um, re-
deeper sites contained disturbed sections, either related to corifigcting the increased effects of dissolution. We infer that the CCD
(flow-in noted at 5.385.4 Ma in Site 928, Fig. 9) or downslope was close to the depth of Site 928 during this time interval.
movement of sediments associated with slumps or turbidites—5.18

5.2 Ma in Site 928, Fig. 9). The high sedimentation and accumulatiofime Sice 3 (8.0-8.4 Ma)

rates for these disturbed intervals result in inversions of the water

depth gradient of carbonate accumulation (Fig. 10). Clearly, more Both Sites 925 and 928 contain disturbed sections in the respec-
work is needed to place better age controls and identify disturbed seese time periods sampled as part of this interval (Fig. 12). The car-
tions at the deeper sites than could be achieved in this preliminabonate decrease observed in Site 925 between 8.01 and 8.06 Ma and
study. However, the mean accumulation rates are nevertheless usefug substantial increase in MAR near 8.28, 8.42, and 8.74 Ma are dis-
in quantifying the carbonate loss with depth. If the disturbed depositsirbances associated with mass wasting. Most of the Site 928 section
are included in the 5- to 5.4-Ma interval, these reflect minimum lossprior to 8.6 Ma is thought to be a slump. Because of these disturbanc-
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es, orbital tuning of the carbonate cyclesin these sectionsislikely to
produce anomal ous ages.

The section between 8.06 and 8.26 Main Site 925 appears undis-
turbed and contains the characteristic high CaCO; concentrations and
MARs, as well as well-preserved foraminifers that are observed in
themiddleto late Miocene at this site. Although the mean rates of ac-
cumulation seem higher for the section sampled at Site 928, much of
the increase is within the slumped deposit. Considering only the un-
disturbed intervals, the low rates and poor preservation are consistent
with placement of the CCD near the depth of Site 928, but deeper
than in the 6.4- to 6.7-Matimeinterval.

Time Slice 4 (9.6-10.0 Ma)

Although much of the section sampled in Site 925 between 9.9
and 10.2 Ma appears undisturbed, most of the Site 928 samples are
from disturbed sections and are thought to be redeposited slump or
turbidite material. This may account for therelatively high carbonate
contents observed in Site 928 (Fig. 13), which produce an anoma-
lously low depth gradient. The foraminifer preservation and carbon-

from the first time slice. The age model is from King et

al. (this volume).

ate concentrations for Site 925 indicate very little dissolution of the
calcium carbonate portion of the sediments at this site. Between 9.9
and 10.0 Ma, there is a substantial decrease in the accumulation of
carbonate MAR. This decrease, if real, can most likely be attributed
to a decrease in the fine-fraction production or winnowing, because
it is not accompanied by a decrease in preservation and the coarse
fraction isrelatively high.

DISCUSSION

Curry and Lohmann (1990) quantified carbonate accumulation on
the Ceara Rise for the Holocene and last glacial maximum. Accumu-
lation rates at the sites above 3500 m for the last 18,000 yr were close
to 10 g/m?yr. Because the sediments above 3500 m are well pre-
served, these accumulation rates provide a reasonabl e approximation
of the carbonate production rate in the euphotic zone (Curry and L oh-
mann, 1990). Similar carbonate accumulation rates are observed at
other equatorial sites on the western side of ocean basins. Using data
from Kroenke, Berger, Janecek, et a. (1991) for Site 807 (2804 m
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Figure 10. Time series showing the depth transect of %CaCO,, percentage whole foraminifers, weight percent >63-um scaled, Od8R, and terrigenous
MAR for the depth transect of Sites 925 (solid line with pluses), 928 (dashed line with squares), and 929 (solid ling Withdotsst time slice. Ages are
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Figure 14. A. Depth transects of carbonate accumulation on the Ceara Rise for time intervals indicated. The intervals were chosen to avoid sections of redepos-
ited material. B. Depth transects of carbonate accumulation that have increased carbonate sedimentation at the shallow sites compared to the modern rates for
the Mascarene Plateau (Sites 709, 710, 711), the Ontong Java Plateau (Sites 807 and 804), and the Ceara Rise (Sites 925, 928, and 929) for thetime interval near
5Ma

water depth) in the western equatorial Pacific, we cal culate acalcium Ceara Rise exhibit minimal dissolution. We infer that the high pro-
carbonate MAR of 10.8 g/m?/yr for the most recent sediments cored duction of carbonate was not associated with a relative increase in or-
at this site. Peterson and Backman (1990) show arate near 9 g/m?/yr ganic matter production, or if organic production increased, the sed-
for Site 709 (3038 m water depth) from the western equatorial Indian iments were buffered against dissolution driven by organic matter de-
Ocean. For comparison, eastern equatorial sites in the Pacific with cay (see Archer, 1991, for a discussion of the organic matter
minimal dissolution have calcium carbonate accumul ation rates near influence on dissolution).

12 g/m?lyr (Lyle, 1992; Murray et a., 1995), which are not signifi- This late Miocene increase in “blue ocean” production (Brummer
cantly higher than those in the western Pacific. However, this rate and van Eijden, 1992) is observed globally at shallow sites in the
may be an underestimate of carbonate production because some post- tropical ocean and in the north Pacific (Fig. 4B; Peterson et al., 1992;
depositiona loss of carbonate due to organic matter degradation Berger et al., 1993; Leg 145 Shipboard Scientific Party, 1993; Farrell
(e.g., Emerson and Bender, 1981; Peterson and Prell, 1985; Archer, et al., 1995). As noted earlier, Berger et al. (1993) proposed that in-
1991) islikely in eastern basin sites that receive arelatively largein- creased flow of NADW could be responsible for the simultaneous in-
put of organic matter. More realistic estimates of the carbonate pro- crease in both production and depth-dependent dissolution observed
duction come from sediment traps moored in the high productivity in western Pacific sites at this time. However, this process should re-
zone in the eastern equatorial Pacific (Honjo et al., 1995). The mea- sult in a corresponding increase in carbonate deposition in the deep
sured rates in the traps during non-El Nifio conditions are above 20 gtlantic to balance the deficit found in the deep Pacific. As shown by
m?/yr, more than twice the accumulation at the shallow western basihe results of this study (Fig. 14), the dissolution gradient at Ceara
sites. Rise during the late Miocene was dramatically higher than the Ho-

At Ceara Rise, as well as the other western equatorial sites, a subeene (15 g/rilyr/km vs. 3 g/rfyr/lkm), corresponding to a shoaling
stantial loss of carbonate is observed at sites near 4000 m, attributeitthe CCD. Peterson et al. (1992) note that shoaling of the CCD in
to depth-dependent dissolution of carbonate. Curry and Lohmarthis interval does occur at a time of rising sea level (i.e., Haq et al.,
(1990) showed a 50% loss of carbonate in coretop sediments beld®87), and shallow to deep partitioning of carbonate is thus likely to
4000 m as compared with coretops retrieved above 4000 m on the at least partly responsible for the change in gradient. In the ab-
Ceara Rise. This depth-dependent loss through dissolution is eveance of an increased supply rate of?Céne combined effect of
more evident for sediments deposited during the last glacial maximore shallow areas for deposition (sea level) and increased open
mum (Curry and Lohmann, 1990), an observation attributed to an irocean carbonate production should act to increase the carbonate dis-
crease in the proportion of the more corrosive AABW relative tosolution gradient. To test the potential role of production change in
NADW, as compared with the Holocene. NADW, studies of interbasinal**C gradients in deep water (e.g.,

A comparison of modern fluxes to the carbonate accumulatioWVoodruff and Savin, 1989; Wright et al., 1992) are clearly needed.
rates from this study reveals temporal changes in production and The orbitally tuned age model reveals cyclic changes in carbonate
depth-dependent dissolution (Fig. 14). The mean rate of carbonasémd terrigenous accumulation. Because of the preliminary nature of
deposition near 3000 m during the late Miocene was more than twidhe correlations between shallow and deep sites, we await higher res-
the modern rate (Fig. 14A). These high rates are typical of those mealution biostratigraphy and stable isotope data to discuss orbital-scale
sured today in sediment traps moored in the equatorial Pacific (Honghanges in the variations in carbonate production and depth-depen-
et al., 1995). In contrast to the eastern equatorial Pacific sites whedlent dissolution.

a high input of organic matter causes significant dissolution above Preliminary shipboard studies (Shipboard Scientific Party, 1995a)
the lysocline, the shallow deposits from the late Miocene on thehowed an increase in the terrigenous flux at Ceara Rise sites near 8
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Ma. Because the Ceara Rise sediments are largely a mixture of bio-
genic carbonate and terrigenous materials, the non-carbonate accu-
mulation rates primarily reflect changes in terrigenous input to the
Ceara Rise. The present source of these terrigenous sedimentsis the
Amazon River outflow. Theterrigenous MARs at Site 925 were sig-
nificantly higher in time slice 2 (6-6.4 Ma; 11.2 g/m?/yr) compared
to the older two intervals (6 g/m?/yr), which is consistent with the
shipboard findings (Shipboard Scientific Party, 19954). Although a
significant decrease in terrigenous MAR occurred between time dic-
es 1 and 2 (from 11.2 to 6.4 g/m?/yr), the shipboard studies show a
dramatic increasein terrigenous flux since 5.0 Ma, to rates approach-
ing 17 g/m?/yr for the modern. Such alarge increase may be related
to increased erosion of the Andes caused by accelerated uplift (Ben-
jamin et a., 1987) and/or global cooling. Thistopic is considered by
other studies in this volume.

SUMMARY AND FUTURE STUDY

Our study of carbonate sedimentation between ~5 and 10 Ma
shows dramatic changes in both the production and depth-dependent
dissolution of calcium carbonate in thistime period as compared with
the present. Inthistimeinterval, asimplerelationship between reflec-
tance and carbonate cannot be applied to all Ceara Rise sitesto give
reliable carbonate concentration changes. However, magnetic sus-
ceptibility, which reflects the terrigenous component of the sedi-
ments, has a high negative correlation to calcium carbonate concen-
tration and is areliable proxy for carbonate concentration variations
between 5 and 10 Ma for Sites 925, 928, and 929. Thus, a depth
transect of magnetic susceptibility-based carbonate concentrations
was constructed for Sites 925, 928, and 929 between 5 and 10 Ma
These time series show that the depth gradient of carbonate concen-
tration exhibited substantial changesin the middle and late Miocene.

A high resolution study of four representative intervals showsthat
the high frequency changes at shallow Site 925 can be attributed to
variability in carbonate production and terrigenous dilution. The car-
bonatefractionisvery well preserved and the measured fluxesarein-
dicative of carbonate production in the euphotic zone. In contrast,
sites 1000 to 1500 m deeper have a strong overprint of dissolution.
During the late Miocene, there is a significant increase in carbonate
production observed at Site 925, as compared with the Holocene.
This increase in relatively shallow-water deposition of carbonate is
associated with a shoaling of the CCD and substantially increased
dissolution at depth. The pattern of shallow to deep fractionation of
carbonateis observed globally at thistime, and the increased NADW
flow proposed by Berger et a. (1993) does not appear to be respon-
siblefor the change. Further work on benthic stable isotope datafrom
shallow and deep sites, and between basins, will be useful in address-
ing the NADW hypothesis. Our future plans also include the use of
stable isotope and high resolution biostratigraphy to help improve
correlations between the shallow and deep Ceara Rise sites. With re-
fined age models, orbital-scale changes in the depth gradients can be
examined along with the distortion of the carbonate flux time series
caused by dissolution.
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