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ABSTRACT

A continuous 8'%0 and 8'3C record in bulk fine-fraction carbonate has been obtained for the late Miocene and late middle
Miocene (5-14 Ma) at 10-cm intervals (corresponding to an average 6 k.y.). Continuous data are presented for benthic foramin-
ifers over the interval 5-7.3 Ma as well as over intervals from ~9.5 to 9.8 Ma and 11 to 13 Ma. Limited data are also available
for planktonic foraminifers over the same intervals. There is strong orbital-frequency covariance between 8'3C in bulk fine frac-
tion and 8'3C in benthic foraminifers, suggesting that both parameters reflect variability in the 8'*C of dissolved CO, in the
ocean. Spectral analysis of the whole 8'3C record for bulk fine fraction shows strong power in the 400-k.y. and 100-k.y. eccen-
tricity bands. Benthic 8'%0 shows variability that probably reflects the temperature of the deep (3.6 km) Atlantic Ocean water.
Bulk fine-fraction 8'%0 displays very little high-frequency variability, possibly due to an original signal having been reduced
through isotopic equilibration with pore water. The origin of the long-term variability in bulk fine-fraction 8'0, which appar-
ently implies a cooling centered on about 9.5 Ma, is enigmatic, since this feature is not evident in the '%0 data for G. sacculifer.

INTRODUCTION

The sediments recovered during Ocean Drilling Program (ODP)
Leg 154 on the Ceara Rise include two complete, well-preserved sec-
tions through the upper Miocene, at Sites 925 and 926. This contrasts
with the experience of previous drilling in the North Atlantic, includ-
ing Deep Sea Drilling Project (DSDP) Site 354 that was also drilled
on the Ceara Rise (Supko, Perch-Nielsen, et al., 1977), which en-
countered hiatuses in the upper Miocene. The two Leg 154 sites that
were drilled at the greatest water depth penetrated carbonate-free sed-
iment at about 6 Ma (Site 929, 4356 m water depth) and about 7 Ma
(Site 928, 4012 m water depth). At Site 926 (3598 m water depth),
the entire Miocene section contains carbonate, although samples
from the upper Miocene show signs of carbonate dissolution. One of
the aims of this investigation was to contribute data that might ulti-
mately lead to a better understanding of the event that caused carbon-
ate dissolution at relatively shallow depths in the western equatorial
Atlantic, and which may have been responsible for the frequency of
reported hiatuses in this time interval.

The entire upper Miocene section of Site 926 was sampled at 10-
cm intervals following the shipboard splice. All samples were
washed to provide a record of percent coarse fraction. In these sedi-
ments, the coarse fraction is comprised almost entirely of foramin-
iferal tests, whereas the fine fraction is mainly coccoliths and terrig-
enous clays. Thus the percentage coarse fraction provides an indica-
tion of the extent of dissolution of the foraminifers. Stable isotope
data were gathered to learn as much as possible about low- and high-
frequency oceanographic variability over this interval of time. Some
of these data are discussed more extensively in a companion chapter
(Shackleton and Crowhurst, this volume).

METHODS AND RESULTS

All data are assigned ages using the time scale discussed by
Shackleton and Crowhurst (this volume). The age model is based en-
tirely on astronomical tuning of the lithological cycles that are clearly
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present in the sediments, and is therefore independent of the stable
isotope data. The tuning was performed using the astronomical data
of Laskar et al. (1993) and we have used the same data when perform-
ing our time-series analysis.

The samples analyzed were taken in accordance with the ship-
board splice so as to obtain a complete coverage of the time interval
investigated with minimal overlap between adjacent segments from
different holes at the site. We generated four types of data: percent
coarse fraction (>63 wm) by weight, stable isotope measurements for
bulk fine fraction (<63 um), benthic foraminifers, and planktonic for-
aminifers. The percent coarse fraction data are not discussed in this
chapter but are used (and illustrated) by Shackleton and Crowhurst
(this volume). Benthic foraminifers were picked from the fraction
>250 um (very occasionally supplemented by smaller specimens).
The great majority of analyzed picks were either Cibicidoides wuel-
lerstorfi or other species of Cibicidoides resembling C. kullenbergi.
However, due to the paucity of specimens, it was not possible to
maintain complete homogeneity of types accepted for analysis.
Where Cibicidoides sp. were not available other genera were select-
ed. The adjustment factors in Table 1 were used to reference analyses
to “equilibrium”; these figures have been compiled from various
sources. Farrell (1991) provides a critical evaluation for the more im-
portant of the species we have used, but the adjustments for some of
those that we were obliged to select less frequently are probably no
more accurate than +0.2%o. Table 1 also gives the number of analyses
for each species (or mixture of species) and thus gives an indication
of the proportion of measurements on less reliable species. Plankton-
ic species Globigerinoides sacculifer (to 11.5 Ma) and G. ruber (old-
er than 12 Ma) were picked from the 355- to 425-um size range
where available, but in many samples specimens were so scarce (due
to dissolution) that it was not possible to select from a narrow size
range. Both for picked foraminifers and for fine fraction, hydrogen
peroxide was used to remove surface organic contaminants prior to
analysis. All isotope measurements were made on gas released in a
common acid bath attached either to a VG PRISM mass spectrometer
(used chiefly for the smaller samples of benthic foraminifers) or to a
VG SIRA mass spectrometer. Analyses are reported referenced to the
Vienna Peedee belemnite (VPDB) standard via the marble standard
NBS19 (Coplen et al., 1983; Coplen, 1983, pers. comm.). For stan-
dard-sized samples (over about 0.1 mg weight), analytical precision
is about +0.05%o, but precision is less good and also less easily quan-
tified for the very small samples of benthic specimens. All data are
listed in Tables 2—5 (see the CD-ROM, back pocket, this volume).
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Table 1. Adjustment factors used to convert measurements madein differ-
ent benthic foraminiferal species to an assumed equilibrium value, and
abbreviationsused in Table 4. The number of analysesfor each category is
also given.

Number Adjustment
analyzed Abbreviation 580  oRC Species name
466 PWUELL 0.64 0.0  Cibicidoides wuellerstorfi
104 PWUELCIB 0.5 0.0 C. wuell. and another sp.
97 GLOBOCAS -0.1 0.5 Globocassidulina subglobosa
66 CIBKULL 0.64 0.0 C. kullenbergi
45 CIB 0.5 0.0 Cibicidoides sp.
30 ORID 0.0 n.u. Oridorsalissp.
21 UVIG 0.0 —0.9 Uvigerina sp.
5 NUTT 0.35 0.0  Nuttalides umbonifera
5 ORTHO 0.0 n.u. Orthomorphina sp.
5 ORIDGLOB 0.0 n.u.
4 NUTTCIB 0.5 0.0
4 GYROIDIN 0.0 n.u. Gyroidina sp.
3 PWUELNUT 0.5 0.0
3 STILOS -0.15 n.u. Silostomella sp.
3 PYRGO 0.0 n.u. Pyrgo sp.
2 UVIGLOB 0.0 n.u.
2 ORIDGYR 0.0 n.u.
1 NODO 0.0 n.u. Nodosaria sp.
1 UVIGORID 0.0 n.u.
1 ORIDCIB 0.0 n.u.

Note: n.u.= not used because 3'°C data for the species are not considered to be reliable.

Table 2. Weight percent of sediment >63 um in Site 926 samples.

Depth Depth Age >63pm

Core, section, interval (cm) (mbsf)  (mcd) (Ma) (%)

154-926A 16H-2, 144-146 139.95 15791 5.173 10.9
154-926A 16H-3, 4-6 140.05 158.01 5.178 17.7
154-926A 16H-3, 14-16  140.15 158.11  5.183 171
154-926A 16H-3, 24-26  140.25 158.21 5.188 17.1
154-926A 16H-3, 34-36 14035 158.31 5.193 15.3
154-926A 16H-3, 44-46 14045 15841 5.198 18.5
154-926A 16H-3, 54-56 14055 158.51  5.203 19.9
154-926A 16H-3, 64-66  140.65 158.61  5.209 18.1
154-926A 16H-3, 74-76  140.75 158.71 5.214 18.1
154-926A 16H-3, 84-86  140.85 158.81 5.219 151

Only part of thistableis produced here. The entire table appearson the CD-ROM.

The data for benthonic foraminifers (Table 4) are provided both as
measured, and after making species-dependent adjustments. Only
species-adjusted data are shown on the figures. Table 6 lists the age
control points (from Shackleton and Crowhurst, this volume) that
were used to assign ages to the samples.

Carbonisotope datafor bulk fine fraction and for benthic foramin-
ifersare shown in Figure 1. The data for fine fraction show adistinct

Figure 3 shows the availab¥O data vs. age. At least on the ba-
sis of the limited sampling available, the long-term trend towards
more positived®O values in benthic foraminifers has a very small
amplitude (less than 0.5%o0) over the interval 14-5 Ma. Significantly
isotopically lighter values are reported by Flower et al. (Chapter 30,
this volume) in benthic foraminifers from slightly older material. A
similarly slight trend is apparent in o0 data for bulk fine frac-
tion and for planktonic foraminifers. Superimposed on the long-term
trend, the bulk fine fraction displays an interval of more posiit@
values centered around 9.5 Ma. The more limited data for benthic and
for planktonic foraminifers suggest that this feature may only be
present in the record for bulk fine fraction.

Figure 4 shows th&=®0 data for benthic foraminifers over the in-
terval 5-7 Ma on an expanded scale. It is evident that the data are
quite noisy. This is probably due partly to the small weight of carbon-
ate represented in many of the samples, and partly to the inherent
noisiness in measurements utilizing only one or two individuals. In
view of the noisiness (which we propose to reduce by making dupli-
cate analyses), we have not attempted to compare our data with those
obtained by Hodell et al. (1994) from the Salé Briqueterie section in
Morocco. However, in another paper (Shackleton and Crowhurst,
this volume) we show that the bent®€O data do exhibit variance
that is coherent with orbital obliquity variability, as was reported by
Hodell et al. (1994) for the Moroccan data set.

CARBON ISOTOPES

Figure 1 shows'*C data for bulk fine fraction and for benthic for-
aminifers. The measurements for benthic foraminifers other than
Cibicidoides sp. are referenced @ibicidoides using the adjustment
factors given in Table 1. Data foC in Oridorsalis sp. and several
other genera are not used here because (at least when selected at the
generic level) these groups do not appear to yield cons&ténta-
ta. To the first order, the two records are quite similar between 5 and
7 Ma, suggesting that the signal of varying oc&8& dominates
both records. Cross-spectral analysis over the interval 5-7 Ma (Fig-
ure 5) also shows high coherence between thé%®@records. The
two records also share high-frequency variability in the 11-13 Ma in-
terval, but the mean difference betweendR€ values for bulk fine
fraction and for benthic foraminifers is significantly greater in this in-
terval compared with the more recent one; the fine fraction is rela-
tively more enriched i#*C (and shows more low-frequency variabil-
ity) between 11 and 13 Ma than between 5 and 7 Ma. It is possible
that this indicates a period of reduced productivity, but more work
would be needed to support this speculation. The long-term trend in
thed'3C of bulk sediment or of bulk fine fraction has been interpreted
in terms of a decrease since the middle Miocene in the global inven-

long-term trend from values around +2%. between 13 and 14 Ma tory of organic carbon (Shackleton, 1987). However, the fact that the
values around +1%o at 5 Ma. A rather sharp drop is apparent at abdohg-term trend is not the same in the fine fraction as in foraminifers
11 Ma; values between about 9 and 11 Ma are similar to values bis-curious and supports the notion that we do not adequately under-
tween 5 and 6 Ma, with a broad low-amplitude maximum centered a&tand the global significance of the mardiC record through the
about 8 Ma. These features are also present in the records from thécene (Broecker and Woodruff, 1992; Shackleton and Hall, 1995).
eastern equatorial Pacific that were reported by Shackleton and Hall Figure 6 shows a cross-spectral analysis of the whole fine-fraction
(1995). There is a considerable amount of higher frequency variabi®*3C record against an orbital “etp” signal (this “etp” sequence com-
ity present with an amplitude of almost 1%o; it is difficult to comparebines eccentricity with an arbitrary amplitude, obliquity, and preces-
this variability with that present in the Pacific because the bulk sansion in the relative proportions observed in summer insolation at
ples that were analyzed by Shackleton and Hall (1995) had been h85°N [Laskar et al., 1993]). There is significant coherent power at the
mogenized in 1.5-m sections. The trend ind3€ data is also con- obliquity frequency and also in the eccentricity band, but essentially
sistent with that observed by Mead et al. (1991) in fine fraction froomone in the precession band. In many circumstances, it would be dif-
ODP Site 704 over the interval from 5 to 8 Ma where our data overlaficult to detect a precession-related signal with a 6-k.y. sampling in-
theirs. terval, but here our time scale is based on sampling at a closer interval
Figure 2 shows the data for the interval 5-7 Ma on an expandezhd both percent coarse fraction and ber@i@ have coherent pow-
scale. It is apparent on Figure 2 that although there are significant diér in the precession band when sampled at 6-k.y. intervals (Shackle-
ferences between the fine fraction and the benthic foraminiferdbn and Crowhurst, this volume), so that the lack of a precession-re-
records, they share many features that probably represent glodated signal in thé'C record from bulk fine fraction is not a sam-
oceand'*C variability. pling artifact. Moreover, there is a significant phase difference in the
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Table 3. %0 and °C data for bulk fine fraction (<63 pum) in Site 926, referred to the VPDB standard.

180 13C
Depth Depth Age VPDB VPDB Treat-
Core, section, interval (cm) (mbsf)  (mcd) (Ma) Labcode (per mil) (per mil) Fraction ment

154-926A  16H-2, 144-146 13995 15791 5173 S95/1671  0.06 118 FINE
154-926A  16H-3, 4-6 140.05 158.01 5178 S95/1672 0O 1.19 FINE
154-926A  16H-3, 14-16 140.15 158.11  5.183 S95/1673  0.07 1.09 FINE
154-926A  16H-3, 24-26 14025 15821  5.188 S95/1674  0.17 12 FINE
154-926A  16H-3, 34-36 14035 15831 5193 S95/1675  0.07 1.29 FINE
154-926A  16H-3, 44-46 14045 15841 5198 S95/1676 0.1 1.26 FINE
154-926A  16H-3, 54-56 14055 15851  5.203 S95/1677  0.15 1.26 FINE
154-926A  16H-3, 64-66 140.65 158.61  5.208 S95/1678  0.09 118 FINE
154-926A  16H-3, 74-76  140.75 158.71  5.213 S95/1679  0.35 1.27 FINE
154-926A  16H-3, 84-86 140.85 158.81 5.218 S95/1680  0.24 1.28 FINE

pelaviavinvinvinvinvinvinviye)

Note: P = peroxide treatment of sample.

Only part of thistableisproduced here. The entire table appears on the CD-ROM.

Table 4. %0 and 8'3C data for picked benthic foraminifersin Site 926, referred to the VPDB standard, and after adjusting according to Table 1.

Corrected
180 13C 180 13C
Depth  Depth Age VPDB VPDB VPDB VPDB
Core, section, interval (cm) (mbsf)  (mcd) (Ma) Lab code Taxa (per mil) (per mil) (per mil) (per mil)
154-926A 16H-2, 144-146 139.95 15791 5173 PZ95/701 CIBKULL 2.45 0.65 3.09 0.65
154-926A 16H-3, 4-6 140.05 158.01 5.178 PZ95/702 PWUELL 1.98 1.14 2.62 1.14
154-926A 16H-3, 14-16 140.15 158.11 5.183 PZ95/704 GLOBOCASS 2.67 0.3 2.57 0.8

154-926A 16H-3, 14-16 140.15 158.11 5.183 PZ95/703 PWUELCIB 1.98 1.06 2.48 1.06
154-926A 16H-3, 24-26 140.25 158.21 5.188 PZ95/705 PWUELCIB 2.09 1.06 2.59 1.06

154-926A 16H-3, 34-36 140.35 158.31 5.193 PZ95/706 PWUELL 1.99 1.22 2.63 1.22
154-926A 16H-3, 44-46 14045 15841 5.198 PZ95/707 CIBKULL 2.13 1.05 2.77 1.05
154-926A 16H-3, 54-56  140.55 158,51 5.203 PZ95/708 PWUELCIB 2 0.9 25 0.9
154-926A 16H-3, 64-66 140.65 158.61 5.209 PZ95/709 PWUELL 1.85 1.05 2.49 1.05
154-926A 16H-3, 74-76 140.75 158.71 5.214 PZ95/710 GLOBOCASS 2.53 0.34 2.43 0.84

Notes: NA = those genera (Table 1) for which®€ are not used. For species code abbreviations see Table 1.

Only part of thistableis produced here. The entiretable appearson the CD-ROM.

Table 5. 5'%0 and 8'°C data for picked planktonic foraminifersin Site 926, referred to the VPDB standard.

Depth Depth  Age 180 13C
Core, section, interval (cm) (mbsf) (mcd) (Ma) Labcode SpeciesVPDB VPDB

154-926A 16H-2, 144-146 139.94 1579 5173 S95/1608 GSACC -0.97 1.85
154-926A  16H-3, 4-6 140.04 158 5.178 S95/1609 GSACC -1.28 2.25
154-926A 16H-3, 14-16 140.14 158.1 5.183 S95/1610 GSACC -1.34 2.38
154-926A 16H-3, 24-26 140.24 158.2 5.188 S95/1611 GSACC -1.35 2.27
154-926A 16H-3, 34-36 140.34 158.3 5193 S95/1612 GSACC -1.3 2.38
154-926A 16H-3, 44-46 14044 1584 5198 S95/1613 GSACC -1.23 2.2

154-926A 16H-3, 54-56 14054 1585 5203 S95/1614 GSACC -1.13 2.2
154-926A 16H-3, 64-66 140.64 158.6 5.208 S95/1615 GSACC -1.18 2.3
154-926A 16H-3, 74-76  140.74 158.7 5.213 S95/1616 GSACC -1.28 2.4
154-926A 16H-3, 84-86 140.84 158.8 5.218 S95/1617 GSACC -1 2.1

Notes: GSACC denotes Globigerinoides sacculifer; GRUBER denotes G. ruber; C = picked from the 355- to 425-um size fraction, a number following C = the number of specimens
that otherwise was more than 12, and about 30 where possible.

Only part of thistableis produced here. The entiretable appearson the CD-ROM.

obliquity band between obliquity and &C, with positive 8°C lag- record and that although the eccentricity peaks are robust and signif-

ging high-latitude insolation by about 90° (10 k.y.). Both the phasécantly coherent, the coherence is not particularly high so that the

lag with respect to obliquity and the presence of an eccentricity sigsoupling between orbital eccentricity ad#C during the Miocene

nal, imply that thé'*C variability reflects the response of the ocean’swas not strong.

dissolved carbon reservoir (time constant ~300 k.y.), rather than that The eccentricity power in th&#3C record could have arisen, for

of the ocean circulation system (time constant ~1 k.y.). example, from climatically controlled changes in organic storage in a
It is particularly important to note that tR&*C record displays marginal sea, in terrestrial biomass, or in the sediments under an up-

clearly concentrated variance, coherent with eccentricity, both in thevelling system. We have not explicitly modeled such processes but

100-k.y. band and at 400 k.y. Moreover the “100-k.y.” peak is vennote that Vincent and Berger (1985) have suggested that the anoma-

clearly split with discrete peaks at 125 k.y. and at 96 k.y., as would Heusly positived'*C values that are observed in middle Miocene sed-

expected if the “100-k.y.” peak is associated with orbital eccentricityiments could have arisen from episodes of rapid accumulation of or-
Before considering the origin of tR&3C signal associated with ganic carbon due to intense upwelling along the California margin.

orbital eccentricity, it is important to note that (as one would expectyVe suggest that this or analogous processes could have been con-

there is considerable aperiodic low-frequency variability in thetrolled by orbital time scale climatic variability and that the long res-
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Table 6. Age models used to assign agesto the samples analyzed.

Depth  Age
Hole (mcd) (Ma)

926A 121.75 3.903
926A 12520  4.000
926A 12590 4.020
926A 127.80 4.076
926A 12850 4.116
926A 12920 4.137
926A 12990 4.160
926A 130.80 4.188
926A 132.30 4.209
926A 133.05 4.231

Notes: Slightly different controls are used in each hole. Age models from Shackleton
and Crowhurst, this volume.

Only part of thistableis produced here. The entire table appears on the CD-ROM.

idence time of carbon in the ocean could have given rise to the long-

period response. The lack of power inthe precession band in the 8'3C

record strongly indicates that the eccentricity signal is not imparted

to the ocean locally in the surface waters of the western tropical At-

lantic, but it is conceivable that the origin of the variability could be
determined by locating aregion where the 6'3C record of surface wa

ter does contain power in the precession band. A significant con-
straint on any explanation of the data is that cross-spectral analysis
(Figure 6) shows that ocean 6*C maxima (i.e. times of maximal or-
ganic carbon burial) are associated with eccentricity minima without
consistent phase lag. The absence of alag poses difficultiesin invok-
ing the long residence-time of carbon in the ocean as a means of rec-
tifying aforcing on the carbon system arising from precession, just as
the small lag between eccentricity and Pleistocene ice volume poses
difficulties for attemptsto explain the 100-k.y. ice age cycle in terms
of eccentricity (Imbrieet a., 1984, Fig. 11).

Woodruff and Savin (1991) provided tantalizing evidence for the
possible presence of a 400-k.y. eccentricity signal in the '°C record
of the middle Miocene on the basis of their estimates of the approxi-
mate ages of successive &*C maxima. Our demonstration of a clear
association between &'°C and orbital eccentricity in the late Miocene
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Figure 3. 180 in planktonic foraminifers (top, discontin-

p uous); bulk fine fraction (middle, continuous data) and in
benthic foraminifers (bottom, discontinuous, species-
adjusted according to Table 1), 5-14 Ma.

Figure 4. 5130 in benthic foraminifers (species-adjusted
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suggests that Woodruff and Savin (1991) were correct in associating
their middle Miocene 8'3C cycles with the long eccentricity cycle.
Thisin turn implies that it may be possible to utilize the association
between &'3C and orhital eccentricity as afirst stage in astronomical
tuning of older segments of the geological record.

OXYGEN ISOTOPES

The oxygen isotope records for bulk fine fraction and for benthic
foraminifers (Fig. 3) havelittlein common at either low or high fre-
quency. So far as the low-frequency variation is concerned, the
benthic record isrelatively featureless, while the fine-fraction record
displays an interval with more positive 520 values centered near 9.5
Maand lasting about 2 million years. Interpreted in terms of temper-
ature, these data would imply a cooling of the surface waters by

7 according to Table 1) from Site 926 for the interval 5-7
Ma.

no cooling evident of the scale implied by the data for bulk fine frac-
tion. Finally, some measurements were made. isacculifer cover-

ing the same interval; although tB¥0O are slightly heavier than the
mean for the interval 5—-7 Ma, the difference is much smaller than the
difference observed in the record for bulk fine fraction. Thus the fine
fraction 8'®0 data should be used with caution, despite the success
achieved by Shackleton and Hall (1995) in interpreting analogous
data from East Pacific sediments.

Miller et al. (1991) proposed that tB8O record that they derived
from the analysis of benthic foraminifers at DSDP Site 608 should be
used as a reference section for the Miocene. The record presented
here for benthic foraminifers is not sufficiently complete for this con-
cept to be properly evaluated. However, it is possible to make three
comments on the basis of a comparison of the data available. First, on
the basis of the variability that we observe, it is unlikely that oxygen
isotope data from upper Miocene sediments will be of much value as

around 3°C. However, some workers have suggested that changesirtorrelation tool. To further explore their correlation potential, it
the species make-up of the nannofossil fraction could have a signifivould be necessary to sample at least as closely as we have done in
cant impact on th&'®O composition of a mixed nannofossil assem- this study and to improve the precision (by using a larger number of
blage (Dudley and Savin, 1979; Lynn and Peterson, 1995). In addspecimens for each analysis). Second, it is possible that the brief
tion, there may be a significant and varying contribution to the fineleep-water cooling event at about 11.4 Ma (Fig. 3) represents event
fraction from foraminiferal fragments. Measurements were made iMi5 of Miller et al. (1991). Third, the oldest short section that we an-
benthic foraminifers across a part of this “cool” interval, and there islyzed for benthic foraminifers is just within the rangeSpifieno-
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fraction vs. “etp,” 5-14 Ma. There is significant coher-
ency (middle) with eccentricity, especially the 400-k.y.
component, as well as with obliquity (but not with pre-
cession, which is outside the range displayed here). The
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< phase plot (below) shows th&£C is about 180° out of
phase with eccentricity, and lags obliquity by almost
90°.
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