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ABSTRACT

Carbonate stratigraphy and stable isotopic ratios of benthic and planktonic foraminifers were used to study
paleoceanographic changes that occurred during the late Miocene to earliest Pliocene in the subantarctic South
Atlantic, between 9.8 and 4.5 Ma in ODP Hole 704B on the Meteor Rise (47°S, 7°E; 2532 m water depth).

During the late Miocene, between 9.8 and 6.4 Ma, carbonate content was high with little variability (generally
84.5% ± 10%), with sustained productivity dominated by foraminifers and calcareous nannoplankton in surface
waters north of the Subantarctic Front. Decreased carbonate (40%), along with first significant occurrence of
biogenic opal, occurred between 8.45 and 8.2 Ma. The first signals of increased cooling occurred between 8.8 and
8.0 Ma.

The interval from 6.3 to 4.5 Ma represents low carbonate values with high variability (61.7% ± 17%), suggesting
markedly fluctuating conditions in the production and/or dissolution of carbonate. The onset of this interval in Hole
704B is marked by a decrease in carbonate values and a well-defined 0.85°/oo decrease in δ13C values of both
planktonic and benthic foraminifers between 6.4 and 6.0 Ma, correlated to the Chron C3AR (upper reversed of
Chron 6) "carbon shift." The interval of the carbon shift (6.4 to 6.0 Ma) is characterized by decreasing δ 1 8 θ values,
anomalously low δ 1 8 θ minima in planktonic foraminifers, and intervals dominated by temperate and low-latitude
diatom and silicoflagellate assemblages, suggesting warm interglacial conditions with brief events of extreme
warming or low salinity in the subantarctic South Atlantic. An anomalously low planktonic δ 1 8 θ minimum at 6.15
Ma in Hole 704B is correlated with the deposition of the laminated organic-rich Neobrunia ooze found in Hole 701
during this leg and the Ethmodiscus ooze drilled at DSDP Site 520 on Leg 73. Suboxic bottom water may have
formed in response to a meltwater lid that temporarily halted the production of Antarctic Bottom Water during the
rapid deglaciation events that were occurring in West Antarctica.

The benthic δ 1 8 θ record displays a strong glacial interval between 5.8 and 5.4 Ma, which is coincident with the
time of a major increase in an upwelling diatom assemblage between 6.0 and 5.4 Ma. The earliest Gilbert Chron (5.35
to 4.77 Ma) was marked by an intense carbonate dissolution event and low surface productivity. This dissolution
event, recognized globally, ended abruptly near the base of the Thvera Subchron at 4.8 Ma when carbonate values
increased to 75.3% ± 5.2%. The low carbonate content and highly variable surface water conditions between 6.3 and
4.8 Ma are time equivalent to the Messinian Stage in the Mediterranean, suggesting a possible link between the
Messinian salinity crisis and the Southern Ocean during the latest Miocene.

INTRODUCTION

The late Miocene (10 to 6.5 Ma) was a time of relatively
cool climate that followed a major buildup of ice on East
Antarctica during the middle Miocene (Shackleton and Ken-
nett, 1975). In the latest Miocene, between about 6.3 and 5
Ma, major climatic and paleoceanographic events occurred,
including the Chron C3AR carbon shift, a worldwide regres-
sion, shoaling of the carbonate compensation depth (CCD)
and lysocline, cooling and ice volume expansion, and the
Messinian salinity crisis.

The recovery of a nearly complete late Miocene carbonate-
bearing sequence from Hole 704B of Ocean Drilling Program
(ODP) Leg 114 provides an opportunity to study late Miocene
paleoceanographic change in the subantarctic sector of the
South Atlantic. Here we report on preliminary stable isotopic
and carbonate results from the western flank of the Meteor
Rise. The relatively high-latitude position of Site 704 (46°52'S,
7°25'E), its close proximity to the Polar Frontal Zone (PFZ)
(Fig. 1), and its intermediate water depth (2532 m) make it well
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suited for paleoceanographic study. Site 704 lies today in
upper deep waters that are a mixture of Circumpolar Deep
Water (CPDW) and North Atlantic Deep Water (NADW). The
only other carbonate-bearing late Miocene sequence that
exists within subantarctic waters is at Deep Sea Drilling
Project (DSDP) Site 281 in the southwest Pacific (47°S, 147°E).
Unfortunately, this site suffers from rotary-drilling distur-
bance, incomplete core recovery, and the lack of a precise
biomagnetostratigraphic framework.

The paleoceanographic results of this study will be discussed in
connection with the Messinian events of the Mediterranean Sea, as
well as sea-level, circulation, and Antarctic climate changes.

METHODS AND PROCEDURES

Carbonate and Stable Isotopic Analyses

The methods of carbonate determinations are discussed in
Froelich et al. (this volume). For isotopic analyses, sinistrally-
coiled specimens of Neogloboquadrina pachyderma were
picked from the 150-250-µm size fraction. Where possible,
monospecific or monogeneric assemblages—mainly Cibici-
doides kullenbergi—were picked for the benthic record.
Where this species was absent, we analyzed Uvigerina spp.,
Globocassidulina subglobosa, or Laticarinina pauperata.
Foraminiferal tests were checked for diagenetic calcite and
ultrasonically cleaned.
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Figure 1. The position of ODP Site 704 in the eastern subantarctic South Atlantic relative to major hydrographic fronts (modified after
Lutjeharms, 1985).

Isotopic methods are the same as described in Hodell et al.
(1989). AH results are reported in standard delta notation and
corrected to PDB. Analytical precision, based upon routine
analysis of a powdered carbonate standard (Carrara Marble),
was ±0.13 for δ 1 8θ and ±0.04 for δ13C (1 sigma). All analytical
values are given in Tables 1 and 2.

In order to account for species-dependent departures from
isotopic ratios of C. kullenbergi, we corrected benthic fora-
minifer measurements of various species using the correction
factors suggested by Shackleton et al. (1984) and Woodruff et
al. (1980) (Table 3). No correction was applied for the oxygen
and carbon isotopic disequilibrium of C. kullenbergi and N.
pachyderma to the predicted δ 1 8θ and δ13C of calcite in
equilibrium with Σ C O 2 of seawater.

Sampling frequency for isotopic analyses varies markedly
from 6000 to 100,000 yr because of variation in the sedimen-
tation rate and degree of preservation of the foraminifers. As
a result, the isotopic record is strongly biased toward intervals
of high carbonate content.

Our sampling frequency for carbonate analyses approaches
a ~4000-yr frequency only in a few intervals (Table 4), and
thus, the possibility of data bias cannot be excluded.

Stratigraphic Framework

Most of the late Miocene age determinations are based on
the magnetostratigraphy with absolute age assignments after
Berggren et al. (1985). Paleomagnetic boundaries were ini-
tially determined by Hail wood and Clement (this volume).
Correlation of biostratigraphic markers to the geomagnetic
polarity time scale supports the correlation of anomaly 5 to
Chron C5N (Table 5). Sedimentation rates range from 92 to
4.7 m/m.y. Sedimentation rates are low or decrease between
7.28 and 6.78 Ma and between 5.35 and 4.47 Ma (Table 4).

Biostratigraphic Analysis

The Gilbert Chron, as well as Chrons C3AN, C3AR, and
C5N, is particularly well constrained by the biostratigraphic
data and the carbon shift. Biostratigraphic control for the
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Table 1. Stable isotopic measurements of left-coiled Neogloboquadrina
pachyderma from Cores 114-704B-24X through 114-704B-41X.

Depth

(mbsf)

214.21
214.51
215.11
215.71
216.01
216.61
217.21
217.51
218.11
219.91
222.61
223.21
223.41
223.60
223.71
224.91
225.10
226.41
229.11
229.41
229.60
230.29
230.91
231.10
231.21
232.41
232.60
233.21
234.71
235.01
235.51
235.61
235.91
237.11
238.51
238.91
239.21
240.41
243.91
245.11
246.07
246.61
246.85
247.21
247.81
252.20
253.11
253.11
253.70
254.61
255.20

Age
(m.y.)

4.49
4.51
4.56
4.59
4.60
4.63
4.66
4.68
4.71
4.82
5.13
5.19
5.22
5.24
5.25
5.36
5.36
5.40
5.48
5.49
5.49
5.51
5.53
5.54
5.54
5.60
5.61
5.64
5.70
5.71
5.72
5.73
5.73
5.77
5.81
5.82
5.83
5.86
6.00
6.05
6.10
6.12
6.13
6.15
6.17
6.37
6.39
6.39
6.41
6.43
6.44

δ
1 3
C

(‰ PDB)

0.66
0.98
0.70
0.76
0.76
0.78
1.28
1.02
0.83
0.33
0.72
0.58
1.06
0.54
0.25
0.71
0.27
0.58
0.62
0.91
0.62
0.69
0.96
0.66
0.43
0.86
0.26
0.60
0.95
0.67
0.75
0.68
1.40
0.71
0.04
0.96
0.29
0.47
0.45
0.61
0.74
1.02
1.04
0.73
1.01
1.74
1.87
1.98
1.55
1.45
1.51

δ
1 8
θ

(%o PDB)

1.47
1.54
1.91
1.72
1.95
2.17
2.38
2.02
2.12
1.33
1.74
1.25
1.84
.74
.68
.74
1.74
.90

0.98
1.53
2.00
2.01
0.69
1.71
0.90
2.06
2.13
1.07
1.44
1.07
1.62
1.56

-0.20
0.85
1.85
1.36
1.43
1.28
1.24
1.78
1.90
1.56
1.45
0.33
0.48
.71
.66
.77
.33
.70
.33

Depth
(mbsf)

256.11
257.61
259.11
261.71
262.61
264.11
268.61
272.11
275.11
28 0.71
282.21
283.71
284.61
286.11
288.21
289.11
291.70
293.21
297.71
299.21
299.71
300.61
301.21
302.71
306.61
307.21
308.11
310.71
312.21
313.71
315.21
318.21
318.71
320.21
323.21
324.71
326.21
327.71
328.21
329.71
331.21
337.71
339.21
340.71
356.71
358.21
359.71
361.21
364.21
370.71

Age I
(m.y.) (%c

6.47
6.51
6.66
6.74
6.75
6.77
7.31
7.37
7.41
7.59
7.64
7.69
7.72
7.77
7.84 :
7.87
7.92
7.93
7.98
7.99
8.00 ;
8.01
8.02
8.04
8.08
8.09
8.10
8.13 :
8.14 ;
8.16
8.18 :
8.21 1
8.22
8.27
8.38 1
8.43 1
8.47 1
8.51
8.52
8.55
8.58
8.70 1
8.73
8.76 1
9.15 1
9.18
9.22
9.26 1
9.33 1
9.48 1

5
13
C I

PDB) (%c

1.42
t.20
1.86
1.57
1.52
1.51
1.59
1.61
L.40 :
L.48
1.63
1.46 :
1.63
.63
>.15
1.47
[.51
.48
.37
.23
5.07
.93
.83
.24
.59
.34
.19
>.OO
!.25
.83
!.12 1
.36 :
.51
.43
.15 1
.40

>
18
O

PDB)

1.71
1.71
1.74
1.90
L.73
.81
.79
1.89
>.ll
1.67
1.81
>.Ol
[.35
.82
.29
1.93
1.72
.60
.89
.82
.75
.79
.85
.52
.74
.89
.82
.45
.89
.86
.51
!.03
.79
.33
.80
.97

.46 2.02

.40

.39

.46 1

.27 1

.78

.44

.50 1

.70 1

.51

.57

.85 1

.71 1

.17 1

.77

.72

.90

.08

.64

.92

.77

.39

.60

.48

.65

.43

.79

interpretation of the late Miocene-earliest Pliocene is based
upon diatoms, radiolarians, and, to a lesser degree, planktonic
foraminifers (Table 5). The base of the Sidufjall Subchron is
marked by the last-appearance datums of the diatom D.
hustedtii and the radiolarian S. peregrina and the Gilbert/
C3AN Chron boundary, which is confidently placed just
below the first-appearance datums of the planktonic foramin-
ifer G. sphericomiozea and the diatom T. oestrupii. The top of
the carbon shift occurs just below the Chron C3AR/C3AN
boundary and its base is within the upper part of Subchron
C3AR.6-C3AR.75. The Chron C5R/C5N boundary is also
well constrained by a number of datums immediately above,
within, and below the long normal polarity interval of C5N.

It should be noted that biostratigraphic control for the
interval between the base of Chron C3AR (6.7 Ma) and Chron
C5N (8.92 Ma) is limited because no complete antarctic or
subantarctic section of this interval has been recovered with a
paleomagnetic record. Nevertheless, a distinct succession of

diatom and radiolarian events is recognized in this interval, at
DSDP Site 594 and, to some extent, DSDP Site 513 and ODP
Site 701. Estimated ages for these datum levels (Table 5) are
consistent with our paleomagnetic interpretation and the
limited calcareous nannofossil data interpretation from Site
594. Some age estimates of radiolarian datums (e.g., those of
Weaver, 1983) have been revised and differ from Ciesielski,
Kristoffersen, et al. (1988). For a more thorough discussion
see the Table 5 footnotes and the pertinent biostratigraphic
chapters in this volume.

The range of the diatom species Cosmiodiscus insignis f.
triangula should be noted as it is crucial to our interpretation
of subantarctic conditions during the carbon shift. This spe-
cies occurs throughout a nearly monospecific {Neobrunia)
diatom ooze at Site 701, which is mentioned in detail in the
discussion. Quantitative studies of the same species from Site
704 (Fenner, this volume) revealed only isolated, minor oc-
currences in the interval between 7.98 and 7.93 Ma and near
the C3AN/Gilbert boundary (5.38 Ma). The principal range
and acme (at times 30% of assemblage) is nearly equivalent to
the carbon shift interval, as its base is just above the base of
the carbon shift and the Chron C3AR (Chron 6) boundary. The
top of the acme is immediately above the top of the carbon
shift and the Chron C3AR/C3AN boundary. The Site 701
Neobrunia ooze is bracketed by the C3AR/C3AN boundary
(5.89 Ma) above and a disconformity below; however, based
upon the presence of C. triangula f. triangula throughout, the
nearly monospecific ooze is correlative to its acme in Hole
704B (6.42-5.91 Ma) and the carbon shift.

RESULTS

Carbonate Stratigraphy
Based on changes in percent carbonate, mean carbonate,

and accumulation rate values (Fig. 2), the late Miocene
carbonate record can be divided into two distinct intervals of
variability. Interval 1, between 9.8 and 6.4 Ma, contains high
carbonate values averaging 84.5% ± 10%. The first brief
episode of lower carbonate values (40%) occurs between 8.45
and 8.2 Ma, along with the oldest occurrence of diatomaceous
sediments (30%) (Ciesielski, Kristoffersen, et al., 1988). Inter-
val 2, from 6.4 to 4.5 Ma, is characterized by relatively lower
and more variable values averaging 61.7% ± 17% (Fig. 2). The
greatest variation and lowest mean values were measured
between 5.46 and 4.96 Ma. At the base of the Thvera Sub-
chron at 4.77 Ma, carbonate content abruptly increases and
variance sharply diminishes (Fig. 2).

Bulk sediment- and carbonate-accumulation rates were
highest during interval 1 between 8.71 and 7.35 Ma (Fig. 2 and
Table 4). Major decreases in accumulation rates occurred at
7.28 and at 6.37 Ma. The drop at 6.37 Ma coincides with
decreasing mean carbonate values. The increase in carbonate
content at 4.77 Ma was not accompanied by an increase in the
accumulation rate, because of reduced sedimentation rates
during the early Pliocene (Fig. 2 and Table 4).

Isotope Stratigraphy

Oxygen Isotopes

Comparison of the oxygen isotopic and carbonate content
records from between 5.4 and 4.8 Ma reveals that isotopic
data are only available for those intervals characterized by
high carbonate content, because in many highly siliceous
samples foraminifers are either poorly preserved or absent.
The average late Miocene benthic foraminifer δ 1 8θ value is
2.42°/oo ± 0.22°/oo, which is based on 148 analyses of
Cibicidoides and Laticarinina. The δ 1 8θ average of Neoglo-
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Table 2. Stable isotopic results of benthic foraminifers from Cores 114-704B-24X through 114-704B-41X. No species-dependent correction factors are
applied.

Depth
(mbsf)

Age
(tn.y.)

δ 1 3 C δ 1 8 θ
Species lo PDB) (‰ PDB)

Depth
(mbsf)

Age
(m.y.) Species

δ 1 3 c
ho PDB)

δ 1 8 θ
(‰ PDB)

214.21
214.51
215.71
216.01
217.21
217.51
219.01
219.91
220.81
221.91
222.61
223.10
223.60
223.71
224.91
225.10
225.51
225.79

226.60
226.71
227.29
227.61

227.91
228.10
228.79

229.11
229.41
229.60
229.71
230.29
230.61
230.91
231.10
231.79
232.41
232.60
232.71
233.21
233.81
234.11
234.41
234.71
235.01
235.51 -
235.61
235.91
236.21
237.01
237.11
237.41
237.71
238.01
238.31

238.51
239.21
240.10
240.41
243.91
244.81
245.11
246.07
246.31
246.60
246.85
247.21
247.81
248.11
248.41
249.31
249.91
250.21

4.49
4.51
4.59
4.60
4.66
4.68
4.75
4.82
4.92
5.05
5.13
5.18
5.23
5.25
5.36
5.36
5.38
5.38

5.41
5.41
5.43
5.44

5.44
5.45
5.47

5.48
5.49
5.49
5.49
5.51
5.52
5.53
5.53
5.57
5.60
5.61
5.62
5.64
5.67
5.68
5.69
5.70
5.71
5.72
5.73
5.73
5.74
5.76
5.77
5.78
5.78
5.79
5.80

5.81
5.83
5.85
5.86
6.00
6.04
6.05
6.10
6.11
6.12
6.13
6.15
6.17
6.19
6.20
6.24
6.27
6.28

Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Laticarinina pauperata
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Oridorsalis sp.
Cibicidoides kullenbergi
Uvigerina sp.

Globocassidulina subglobosa
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Globocassidulina subglobosa
Globocassidulina subglobosa
Uvigerina sp.
Cibicidoides kullenbergi
Globocassidulina subglobosa
Pullenia sp.
Oridorsalis sp.
Laticarinina pauperata
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Globocassidulina subglobosa
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Melonis barlearuum
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Globocassidulina subglobosa
Globocassidulina subglobosa
Melonis sp.

Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Globocassidulina subglobosa
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Globocassidulina subglobosa
Globocassidulina subglobosa
Laticarinina pauperata
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi

0.57
0.52
0.44
0.51
0.37
0.22
0.54
0.45
0.95
0.15
0.53
0.35
0.11
0.05
0.04

-1.45
1.02

-0.08
-0.04
0.24
0.60
0.33
0.16

-0.11
-0.13
-0.28
-0.58
-0.60
0.26
0.93
0.66
1.03
0.84
0.56
0.93
1.13
1.21
0.67
0.36
0.95
0.30
0.73
0.56
0.98
0.56
1.22
0.21
0.71
0.58
0.59

-0.33
0.85
0.88
0.43
0.47
0.32

-0.17
-1.35
0.11
0.49
1.21
0.18
0.68
0.21

-0.22
0.04
0.99
1.06
1.20
0.89
1.05
0.44
0.68
0.65
1.10
1.25
1.19

2.29
2.21
2.26
2.04
2.36
2.29
2.40
2.33
2.29
2.12
1.96
2.14
1.97
2.02
1.97
2.58
2.28
2.53
2.83
2.39
2.55
3.05
2.80
3.37
2.52
2.79
2.92
2.56
1.82
2.57
2.54
2.94
2.35
2.62
2.57
2.61
2.83
2.13
2.50
3.06
3.01
2.54
2.49
2.82
2.57
2.71
2.37
2.45
2.52
2.64
2.40
2.25
2.43
2.57
2.18
2.97
1.85
1.78
2.18
2.56
2.83
1.68
2.29
2.24
2.44
2.96
2.55
2.42
2.28
1.82
2.19
3.14
2.91
2.42
2.40
2.32
1.93

250.81
251.11
251.41
251.71
252.20
253.11
253.70
254.00
255.20
256.70
257.00
258.20
259.70
260.61
261.20
261.71
263.51
264.71
266.21
267.71
269.21
270.71
271.21
274.21
275.71
277.21
280.21
280.71
283.11
283.71
286.71
288.21
289.66
290.21
291.70
292.61
293.21
294.11
294.71
296.21
297.10
297.71
299.21
299.71
301.21
302.11
302.71
304.21
305.71
308.11
308.71
309.21
310.11
313.71
315.21
316.71
318.21
318.71
320.21
321.71
323.21
324.71
326.21
327.71
328.21
328.21
331.21
337.71
339.21
340.71
356.71
358.21
359.71
361.21
362.71
364.21
365.71

6.31
6.32
6.34
6.35
6.37
6.39
6.41
6.41
6.44
6.48
6.49
6.57
6.70
6.72
6.73
6.74
6.76
6.80
7.00
7.29
7.32
7.36
7.36
7.40
7.43
7.48
7.58
7.59
7.67
7.69
7.79
7.84
7.89
7.90
7.92
7.93
7.93
7.94
7.95
7.97
7.98
7.98
7.99
8.00
8.02
8.03
8.04
8.05
8.07
8.10
8.10
8.11
8.12
8.16
8.17
8.19
8.21
8.22
8.27
8.33
8.38
8.43
8.47
8.51
8.52
8.52
8.58
8.70
8.73
8.76
9.15
9.18
9.22
9.26
9.29
9.33
9.36

Cibicidoides kullenbergi
Laticarinina pauperata
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides~kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi

1.15
0.95
1.56
1.51
1.60
1.78
1.57
1.60
1.48
1.35
1.47
1.16
1.66
1.62
1.63
1.42
1.27
1.43
1.20
1.08
1.57
1.71
1.63
1.43
1.57
1.35
1.17
1.36
1.39
1.45
1.34
1.60
1.48
1.58
1.45
1.44
1.36
1.34
1.26
1.43
1.55
1.16
1.38
1.63
1.70
1.53
1.38
1.11
1.35
1.33
1.32
1.47
1.54
1.72
1.65
1.63
1.45
1.43
1.35
1.55
1.30
1.33
1.31
1.27
1.24
1.17
1.25
1.32
1.29
1.38
1.67
1.54
1.41
1.29
1.26
1.42
1.40

2.32
2.24
2.17
2.52
2.35
2.24
2.50
2.67
2.47
2.59
2.69
2.65
2.44
2.47
2.36
2.55
2.43
2.66
2.25
2.42
2.38
2.52
2.73
2.47
2.46
2.32
2.78
2.73
2.73
2.79
2.59
2.41
2.69
2.43
2.61
2.61
2.49
2.31
2.48
2.71
2.76
2.39
2.65
2.61
2.61
2.46
2.68
2.40
2.81
2.60
2.46
2.20
2.17
2.43
2.60
2.70
2.49
2.36
2.30
2.51
2.45
2.49
2.60
2.48
2.26
2.41
2.44
2.26
2.58
2.17
2.10
2.28
2.46
2.22
2.05
2.11
2.07
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Table 2 (continued). Table 3. Isotope adjustment factors to correct
benthic species to Cibicidoides kullenbergi.

Depth
(mbsf)

Age
(m.y.) Species lc PDB)

δ 1 8 θ
he PDB)

366.21
367.71
369.21
370.71
372.21
373.71
375.21
375.71
377.21
378.71
380.21
381.71
384.71

9.38
9.41
9.45
9.48
9.52
9.56
9.59
9.60
9.64
9.68
9.71
9.75
9.82

Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi
Cibicidoides kullenbergi

1.44
1.39
1.10
1.11
1.22
1.06
1.43
1.40
1.36
1.47
1.43
1.36
1.34

2.03
2.13
2.37
2.39
2.47
2.34
2.44
2.20
2.27
2.22
2.42
2.42
2.25

boquadrina pachyderma is 1.63°/oo, although with nearly
twice the variance (±0.4°/oo) of the benthic record.

Between 8.8 and 6.4 Ma, δ 1 8θ values show little variance.
A first gradual increase of the benthic δ 1 8θ above the average
can be noted within this time interval between 8.8 and 8 Ma
(Fig. 3), with a final step of 0.64°/oo toward more positive
values at about 8.1 Ma.

At 6.3 Ma, benthic and planktonic δ 1 8θ values begin to
decrease, coinciding with a drop in carbonate content of the
sediment (Fig. 3). Decreasing δ 1 8θ values continue to 5.8
Ma, with several brief minima in both benthic and planktonic
records. The successive decreases in benthic δ 1 8 θ values are
followed by an increase between 5.8 and 5.4 Ma. Based on
the few values between 5.4 and 4.8 Ma, it appears that mean
values are lower in this interval than the previous one,
although this may simply reflect decreased resolution and
sampling of the high-carbonate events. Lastly, the interval
between 4.76 and 4.5 Ma has planktonic isotopic ratios
above 2°/oo between 4.7 and 4.63 Ma, with the most positive
value (2.38°/oo) of the entire record at 4.66 Ma.

Carbon Isotopes

Between 9.8 and 6 Ma benthic and planktonic carbon
isotopic records are covariant (Fig. 3). High-amplitude vari-
ations are common in both signals, whereas after 8.2 Ma, at
318.3 m below seafloor (mbsf), the amplitude in the plank-
tonic record increases. In the upper part of the δ13C record
(6 to 4.4 Ma) planktonic and benthic variations are out of
phase.

The late Miocene (Chron C3AR) carbon shift occurs
between 6.4 Ma (253.11 mbsf) and 6.0 Ma (243.91 mbsf) in
both planktonic and benthic signals (Fig. 4). The difference
between the averages of both curves prior to and after the
shift is 0.85°/oo. The total range between the most positive
and negative values is 2°/oo in the benthic record and 1.5°/oo
in the planktonic record. Benthic isotopic values reach a
temporary plateau between 6.4 Ma (253.11 mbsf) and 6.3 Ma
(250.81 mbsf) (Fig. 4).

DISCUSSION

Carbonate Record
The carbonate content of the pelagic sediments is a com-

plex function of the production rate of carbonate microfossils,
dilution by noncarbonate sedimentary components, and dis-
solution of carbonate in the water column or on the seafloor.
It is typically difficult to decipher which of these causes is the
dominant control on carbonate variation at any given time.
Utilizing information on the carbonate, opal, and nonbiogenic
components of the sediment, as well as diatom assemblage

Speciesa

Uvigerina sp.
Melonis sp.
Melonis barlearuum
Oridorsalis sp.
Globocassidulina subglobosa
Laticarinina pauperata
Pullenia sp.

18Q

-0.5
-0.2
-0.1
-0.5
-0.6

0.14
-0.5

1 3 C

0.9
0.8
1.0
1.0
0.5
0.0
0.3

a All after Shackleton et al. (1984), except Laticarinina
pauperata after Woodruff et al. (1980).

data, we suggest major productivity and dissolution events
during the late Miocene.

The first low values in the Neogene carbonate record at
Hole 704B occur at 8.45-8.2 Ma (Fig. 2). This minimum is
associated with an increase in opal and nonbiogenic compo-
nents of the sediment and could have been caused either by
dissolution (correlation to dissolution event lOe in the Pacific;
Froelich et al., this volume) or by dilution of the sediment by
siliceous fossils caused by a first approach of the subantarctic
biosiliceous productivity zone near Site 704.

The dominant feature of the late Miocene carbonate record
is the low-carbonate interval between 6.3 and 4.8 Ma (Fig. 4).
Overall, this is an interval of increased opal content (Froelich
et al., this volume), greater frequency of upwelling diatom
indicators (Fenner, this volume), increased dissolution as
evidenced by foraminifers (Brunner, this volume), and in-
creased accumulation of nonbiogenic sedimentary compo-
nents (Froelich et al., this volume).

The initial decrease in carbonate content at 6.3-6.4 Ma is
coincident with the Chron C3AR carbon shift (Fig. 4).
Diatom assemblages indicate relatively low surface water
productivity between 6.4 and 6.0 Ma (Fenner, this volume),
suggesting that this initial period of low carbonate was an
artifact of dissolution rather than decreased carbonate pro-
ductivity or dilution by biogenic silica. This conclusion is
supported by a planktonic foraminifer visual preservation
index that shows generally good preservation prior to 6.4 Ma
and predominantly poor preservation between 6.4 and 4.8
Ma (Brunner, this volume).

Extreme changes in diatom assemblages at —6.0 Ma indi-
cate that intense upwelling conditions moved over the site and
persisted until 5.4 Ma (Fenner, this volume). Accompanying
this upwelling episode was an increase in opal content of the
sediments (Froelich, et al., this volume). This interval,
marked by major upwelling, began during the latter phase of
the second part of the carbon shift and apparently marks the
northward migration of the Subantarctic Front to within close
proximity of the site. This condition was followed by a
1.15°/oo increase in benthic δ 1 8θ values at 5.86 Ma, suggesting
a glacial event.

The earliest Gilbert Chron, between 5.35 and 4.77 Ma, was
marked by the lowest mean carbonate values (47.5%) and the
greatest accumulation rates of nonbiogenic material (Froelich
et al., this volume). During this interval, sedimentation rates
were low (8.9 m/m.y.) and dominated by abiogenic compo-
nents (i.e., clay, quartz, feldspar, and abundant pyrite). Plank-
tonic foraminifers are also poorly preserved in the sediment
throughout the early Gilbert Chron and are entirely absent
between 5.05 and 5.10 Ma (Brunner, this volume), where
carbonate content is only 4.75% (222.31 mbsf). Although no
isotopic measurements were possible from this dissolution
interval, it probably correlates with a major glacial peak
between 5.1 and 5.0 Ma as inferred by data from other sites

463



D. W. MULLER, D. A. HODELL, P. F. CIESIELSKI

Table 4. Sedimentation rate, mean dry-bulk density and carbonate content, bulk-sediment and carbonate
mass-accumulation rates, and average sampling densities for the upper Miocene in Hole 704B.

Depth
(mbsf)

212.00

214.00

215.30

219.45

224.60

231.00

233.86

241.5

252.2

257.5

259.5

264.5

265.5

267.5

270.2

275.2

290.0

318.5

324.1

327.05

338.55

409.64

Age
(m.y.)

4.4

4.47

4.57

4.77

5.35

5.53

5.68

5.89

6.37

6.5

6.7

6.78

6.85

7.28

7.35

7.41

7.9

8.21

8.41

8.5

8.71

10.4

Sedimentation
rate (m/m.y.)

7.41

13.0

20.8

8.9

35.6

19.1

36.4

22.3

40.8

10.0

62.5

14.3

4.7

38.6

83.3

30.2

91.9

28

32.8

54.8

41.6

Mean
dry-bulk
density
(g/cm?)

1.01

0.95

0.87

0.77

0.74

0.9

0.83

0.99

1.2

1.26

1.18

1.24

1.2

1.28

1.17

1.3

1.27

1.08

1.08

1.29

1.3

Mean
carbonate

content (%)

77.7

76.2

72.0

47.5

58.6

62.6

55.8

69.7

86.3

86.6

84.6

83.6

86.0

83.8

82.2

86.7

86.6

59.0

71.3

87.7

84.9

Standard
deviation

4.2

11.85

20.7

18.7

7.75

13.1

16.7

6.36

3.74

7.00

1.63

3.24

8.8

8.62

4.3

7.75

14.0

14.0

6.0

5.51

Mass-accumulation
rate (g/cm2/103)

Bulk
sediment

0.75

1.24

1.81

0.69

2.63

1.72

3.0

2.2

4.89

1.26

7.35

1.77

0.56

4.94

9.77

3.91

11.7

3.28

7.07

5.41

Carbonate

0.58

0.94

1.3

0.33

1.54

1.08

1.68

1.53

4.22

1.09

6.22

1.48

0.49

4.14

8.03

3.39

10.1

2.14

6.2

4.6

Average
sampling
density

(1000 yr)

20

12

29

7.5

15.0

10.5

17.2

6.5

28.5

4.5

23.4

61.5

10.0

3.6

15.3

5.54

17.0

21.0

30.2

(McKenzie and Oberhánsli, 1985; Hodell and Kennett, 1986;
Keigwin et al., 1987). The severe dissolution in the early
Gilbert Chron ended at 4.8 Ma, when the carbonate content
increased to 75.3% ± 5.1% and planktonic foraminifers be-
came more diverse and better preserved (Brunner, this vol-
ume). All of these indicators suggest that the earliest Gilbert
Chron was marked by a severe dissolution event at Site 704.

Site 704, positioned at 2500 m water depth, is relatively
shallow with respect to the lysocline and CCD. In fact, Hsü
and Wright (1985) suggested that the depth of the lysocline in
the southwest Atlantic Ocean was always deeper than 2.5 km
between 11 and 4 Ma. The decrease in carbonate content in
Site 704 at 2500 m suggests a lysocline shallower than 2500 m
during intervals of the latest Miocene between 6.4 and 4.8 Ma.
Such intense dissolution at a relatively shallow depth (—2500
m) has also been noted on the Walvis Ridge between 5.3 and
4.5 Ma (M. L. Prentice, unpubl. data).

The late Miocene represented a time of fundamental
change in the carbonate saturation of the oceans. In fact, low
carbonate values are an almost ubiquitous feature of the
deep-sea carbonate records during the late Miocene (Ryan et
al., 1974; Thunell, 1981; Dunn et al., 1981; Vincent et al.,
1980; Pisias and Prell, 1985; Jansen et al., in press; among
others). This global decrease in carbonate content represents

a marked shoaling of the lysocline and CCD, partially caused
by the Messinian salinity crisis of the Mediterranean Sea (see
"Correlation between the Southern Ocean and the Mediterra-
nean Sea").

Between 4.8 and 4.5 Ma in the early Pliocene, carbonate
saturation of bottom waters increased, as suggested by high,
invariant carbonate values (see also Froelich et al., this
volume; Hodell and Ciesielski, this volume), assuming that
this is related to preservation effects alone.

Stable Isotopic Stratigraphy

Early Late to Middle Late Miocene (9.8 to 6.4 Ma)
Between 8.8 and 8 Ma, benthic foraminifers in Hole 704B

record a mean increase of roughly 0.4°/oo in δ 1 8θ values. A
similar δ 1 8θ increase after the middle Miocene ice buildup was
also reported from DSDP Site 289, located in the equatorial
Pacific, between 9 and 8.5 Ma. Kennett (1986) also docu-
mented an increase in δ 1 8θ ratios in the southwest Pacific over
the middle/late Miocene boundary. He dated this oxygen
isotopic event at 11 Ma using a correlation of anomaly 5 to
Chron C4AN, but we suggest that this event is correlative to
the increase found in Hole 704B dated between 8.8 and 8 Ma
using an anomaly 5-Chron C5N correlation. Grounded ice
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4.4

Bulk and Carbonate
Accumulation Rates

% Carbonate [g/cm2 x 103 yrs] Mean % CaC03

20 40 60 80 100 0 2 4 6 8 10 12 40 50 60 70 80 90

Figure 2. Percent carbonate, bulk sediment- (solid line) and carbonate- (dotted line) accumulation rates, and mean percent carbonate in the upper
Miocene of Hole 704B. Intervals 1 and 2 are marked by the horizontal line.

shelves in West Antarctica are inferred to have been absent
prior to 8.7 Ma (Ciesielski and Weaver, 1983; Barker, Ken-
nett, et al., 1988). The first ice rafting at Site 513 in the
southwest subantarctic South Atlantic was noted at 8.7 Ma
(Ciesielski and Weaver, 1983; Ludwig, Krasheninnikov, et al.,
1983). Microfossil assemblages before 9 Ma in Hole 704B are
consistent with a position close to the Subtropical Conver-
gence (Fig. 1; Ciesielski, Kristoffersen, et al., 1988). At 9 Ma,
the abundance of the globorotalids also decreases, which
suggests cooling of the subantarctic region (Ciesielski, Krist-
offersen, et al., 1988, p. 645, fig. 13).

At other sites located in the subantarctic, the late Miocene
is commonly represented by erosion or nondeposition that has
been ascribed to an intensification of the Antarctic Circumpo-
lar Current (ACC). For example, Site 699 in the West Georgia
Basin is bathed by CPDW, and a hiatus spans the interval
from approximately 8.5 to 4.5 Ma. A highly condensed late
Miocene section occurs at Site 513 between 8.5 and 6.5 Ma
(Ludwig, Krasheninnikov, et al., 1983; Wise et al., 1985). The
increase in δ 1 8θ between 8.8 and 8 Ma may have coincided
with cooling and intensification of the ACC or a northward
expansion of the ACC. Our reported temperature change is in
the range of changes within the same bottom water mass (2°C)
during glaciations (Shackleton, 1982; Duplessy et al., 1985;
Chappell and Shackleton, 1986). On the other hand, a north-
ward migration of the water-mass boundary between NADW

and ACC can also cause a temperature drop by nearly 2°C.
The modern temperature difference between the NADW and
the ACC is measured to be 1.88°C (Oppo and Fairbanks,
1987).

Latest Miocene to Earliest Pliocene (—6.4 to 4.5 Ma)

Oxygen Isotopes and Carbonate Fluctuations

A strong decrease in both benthic and planktonic oxygen
isotopic signals takes place at 6.15 Ma (Fig. 4). The unusually
low planktonic δ 1 8θ value at 6.15 Ma suggests extremely
warm surface water conditions in the subantarctic at this time.
Correlation of diatom datum levels and magnetostratigraphy
between Sites 704 and 701 suggests that the laminated, organ-
ic-rich Neobrunia ooze was deposited near this time. Subtrop-
ical-tropical diatoms and silicoflagellates within the Neobru-
nia ooze indicate warm sea surface temperatures. The Neo-
brunia ooze was rapidly deposited during a very brief period
of time (some I04 yr). Perhaps the large amplitude of the
planktonic δ 1 8θ signal in Site 704 at 6.15 Ma is not surprising
considering the location of this site relative to the PFZ.
Between 41° and 60°S in the South Atlantic the gradient in
δ 1 8θ of Neogloboquadrina pachyderma from core tops in-
creases by 3°/oo (Charles and Fairbanks, in press). Any
translations of these frontal boundaries are sure to produce
marked fluctuations in planktonic δ 1 8θ records.
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Table 5. Paleomagnetic and selected biostratigraphic datum levels in Hole 704B.

Datuma

Base Sidufjall Subchron
LAD Denticulopsis hustedtii (D)
LAD Stichocorys peregrina (R)
LAD Amphymenium challengerae (R)
Top Thvera Subchron
Base Thvera Subchron
FAD Globoratalia sphericomiozea (F)
FAD Thalassiosira oestrupii (D)
C3AN/Gilbert boundary
Cosmiodiscus insignis f. triangula (isolated) (D)
C3AN.3
C3AN.6
LAD Thalassiosira praeconvexa (D)
FAD Thalassiosira convexa v. aspinosa (D)
Top Cosmiodiscus insignis f. triangula acme (D)
C3AR/C3AN boundary
Top of carbon shift

FAD Amphymenium challengerae (R)
LAD Lamprocyclas aegles group (R)
LAD Didymocyrtis sp. A
Base Cosmiodiscus insignis f. triangula acme (D)
C3AR.6
Base of carbon shift

FAD Thalassiosra praeconvexa (D)
C3AR.75
C4N/C3AR boundary
C4N.1
C4N.2
C4N.8
LAD Nitzschia ported (D)
C4N.9
FAD Lamprocyclas aegles group (R)
C4R/C4N boundary
FAD Didymocyrtis sp. A (R)
LAD Diartus hughesi (R)

FAD Stichocorys peregrina (R)
C4AN/C4R boundary
FAD Nitzschia marina (D)

FAD Nitzschia reinholdii (D)

LC Denticulopsis lauta (D)
C4AN.52
C4AN.85
C4AR/C4AN boundary
FAD Nitzschia fossilis (D)
C4AR.5
FAD Diartus hugesi (R)
FC Hemidiscus cuneiformis (D)
FAD Neogloboquadrina acostaensis (F)
FAD Asteromphalus sp. (D)
LAD Cyrtocapsella japonica (R)
LAD Denticulopsis dimorpha (D)
C5R/C5N boundary
FAD Cyrtocapsella japonica (R)
FAD Hemidiscus cuneiformis (D)
LAD Cyrtocapsella tetrapera (R)
C5R/C5AN boundary
Hiatus

Ageb

(m.y.)

4.47
+4.48

+4.4-4.6
+4.35
4.57
4.77

+5.01-5.24
+5.10-5.20

5.35
+5.38
5.53
5.68

+5.80
+6.10
+5.87
5.89

+5.90
+6.00
+6.09
+6.09
+6.25
+6.42
+6.37
+6.58
+6.39
+6.30
6.50
6.70
6.78
6.85
7.28

+6.70
7.35

+7.40
7.41

+7.47
7.0

<7.46-8.20
-7.46-8.2

7.90
C4R (7.41-7.90)

+8.05
-base C4N (7.41)

+8.05
8.70-8.25

8.21
8.41
8.5
8.2
8.71

+9.00
C5N
10.2
C5N
C5N
C5N
10.42

+ 12.00
+ 11.20
+ 11.40
11.55

Refer-
ence0

4
9
6
6
4
4

18
2
4

13
4
4
3

3,5
7
4

18
19
14
14
14
7
4

18
19
5
4
4
4
4
4
5
4

12
4

12
15
16
17
4
3

19
3

19
20
4
4
4
3
4

11
21
4

10
22
10
4
8
5
8
4

Bracketing sample
intervals of datumd

*23X-5, 44 cm to 23X-5, 60 cm
24X-1, 80 cm to *23H-5, 82 cm
24X-2, 100 cm to 23X-3, 128 cm
24X-2, 100 cm to 23X-3, 128 cm
*24X-1, 54 cm to 24X-2, 14 cm
*24X-3, 14 cm to 24X-3, 34 cm
25X-1, 22 cm to 25X-2, 20 cm
25X-1, 80 cm to 24X-6, 82 cm
25X-2, 4 cm to 24X-2, 34 cm
25X-2, 80-82 cm
25X-6, 24 cm to 25X-6, 44 cm
26X-1, 104 cm to 26X-1, 124 cm
26X-4, 80 cm to 26X-3, 82 cm
26X-4, 82 cm to 27X-2, 110 cm
27X-2, 110 cm to 26X-4, 82 cm
26X-5, 45 cm to 27X-2, 41 cm

27X-2, 127 cm to 27X-4, 50 cm
27X-2, 127 cm to 27X-4, 50 cm
27X-4, 127 cm to 27X-6, 77 cm
27X-6, 112 cm to 27X-7, 20 cm

NA

28X-1, 81 cm to 28X-2, 79 cm
NA
NA
NA
NA
NA

3OX-2, 80 cm to 30X-1, 82 cm
NA

30X-2, 45 cm to 30X-4, 45 cm
NA

30X-4, 45 cm to 30X-7, ? cm

30X-CC to 31X-2, 45 cm
30X-CC to 31X-2, 45 cm

NA
32X-6, 82 cm to 33X-1, 80 cm

32X-6, 82 cm to 33X-1, 80 cm

33X-5, 80 cm to 33X-3, 82 cm
NA
NA
NA

35X-3, 82 cm to 35X-5, 80 cm
NA

39X-1, 1 cm to 39X-2, 40 cm
39X-2, 32 cm to 39X-5, 80 cm
41X-CC to 40X-CC
42X-2, 82 cm to 42X-6, 80 cm
42X-4, 56 cm to 42X-6, 13 cm
43X-3, 79 cm to 42X-6, 82 cm

NA
45X-2, 61 cm to 45X-CC
46X-2, 82 cm to 46X-3, 80 cm
46X-2, 59 cm to 46X-4, 70 cm

NA
46X-4, 82 cm to 46X-5, 80 cm

Depth range
(mbsf)

213.14-213.30
214.50-213.60
216.20-217.98
216.20-217.98
216.74-217.84
219.34-219.54
223.40-224.90
224.00-221.92
224.74-225.04
225.50
231.14-230.94
233.74-233.94
238.00-236.52
238.02-244.80
244.80-238.02
239.14-244.10

244.97-247.20
244.97-247.20
247.97-250.97
250.82-251.40

252.51-253.99

273.00-271.52

272.65-275.65

275.65-278.15

280.20-282.15
280.20-282.15

298.02-300.00

298.02-300.00

306.00-303.02

322.02-325

356.2-358.1
358.5-363.0
384.7-375.2

387.02-392.57
389.76-392.33
397.13-392.59
-406-413

415.31-422.70
425.02-426.50
424.79-427.79

428.00-429.50

Mean depth
(mbsf)

213.22
214.05
217.09
217.09
217.29
219.44
224.15
222.96
224.89
225.50
231.04
233.84
237.26
241.41
241.41
241.62

243.91
246.09
246.09
249.47
251.11
252.20

253.11
253.25
257.50
259.50
264.50
265.50
267.50
212.26
270.20
274.15
275.20
276.90

281.18
281.18
290.00
299.01

299.01

304.51
318.5
324.1
327.05
323.51
338.55
357.15
360.75
379.95
389.8
391.05
394.86
409.64
419.21
425.76
426.29
429.60
428.75

Age range
(m.y.)

4.498-4.478
4.535-4.588
4.535-4.588

5.191-5.350
5.255-5.034

5.368

5.778-5.732
5.778-6.034
6.034-5.778

6.042-6.143
6.042-6.143
6.178-6.314
6.307-6.334

6.377-6.414

7.384-7.366

7.397-7.425

7.425-7.508

7.576-7.640
7.576-7.640

8.034-8.068

8.034-8.068

8.168-8.118

8.336-8.437

9.135-9.180
919-9.298

9.82-9.592
9.876-10.009
9.942-10.004

10.119-10.01

10.72-11.138
11.27-11.35
11.26-11.43

Mean
age

(m.y.)

4.488
4.562
4.562

5.271
5.145

5.368

5.755
5.906
5.906

6.093
6.093
6.246
6.321

6.3%

7.375

7.402

7.467

7.608
7.608

8.051

8.051

8.143

8.387

9.158
9.244
9.706
9.943
9.973

10.065

10.93
11.31
11.34

b , _

FAD = first-appearance datum; LAD = last-appearance datum; LA AD = last abundant appearance datum; LC = last consistent appearance; FC = first consistent
appearance; D = diatom; F = foraminifer; R = radiolarian.
+ = direct correlation to paleomagnetic stratigraphy.
1 = Dumont et al. (1986). 2 = Baldauf (1985). 3 = Barron (1985). Ages of FADs of N. reinholdii and N. marina are based upon the depth of these datums in Hole

575 and the paleomagnetics by Weinreich and Theyer's (Barron et al., 1985b) assignment of paleomagnetic chrons. These data suggest an older age for these datums
than previously noted from lower latitudes and are in agreement with ages provided here. Occurrences of both species below C3AR are sporadic and increase
significantly at this level close to their noted FAD elsewhere. 4 = Berggren et al. (1985). 5 Burckle (1978). 6 = Weaver (1983). 7 = Barron et al. (1985). 8 = Johnson
and Wick (1982). 9 = Ciesielski (1983). 10 = By inference is placed within Chron C5N, found above the first N. acostaensis (10.2 Ma) at Site 329 and is not present
above a radiometrically age-dated volcanic ash horizon (8.7 Ma) at Site 513. 11 = Theyer et al. (1978). 12 = These datums are corrected from Weaver (1983). The
FADs of Lamprocyclus aegles group and Didymocyrtis sp. A occur almost concurrently at Sites 513 and 704. These datums are above the LADs of D. hughesi and
Denticulopsis lauta at both sites and well below the carbon shift of Hole 704B, supporting the paleomagnetic polarity identifications and ages assigned here. 13 =
P. F. Ciesielski (unpubl. data). 14 = These datums are corrected from Weaver (1983). The LADs of Didymocyrtis sp. A and the Lamprocyclus aegles group and
the FAD of Amphymenium challengerae occur nearly simultaneous at Sites 513 (Weaver, 1983) and 704 (Ling, this volume). These datums also occur within the

(Explanation continued on facing page)
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Figure 3. Percent carbonate, δ 1 8 θ, and δ13C in the upper Miocene of Hole 704B. Open symbols are the left-coiled planktonic foraminifer N.

pachyderma; solid symbols are benthic foraminifers, mainly C. kullenbergi. Magnetostratigraphy is from Hailwood and Clement, this volume.

The horizontal line divides intervals 1 and 2.

An alternative interpretation is that the anomalously low
planktonic δ 1 8θ events represent salinity effects caused by
deglaciation meltwater. McKenzie and Oberhànsli (1985) re-
ported marked variation in the δ 1 8θ of Orbulina universa at
the South Atlantic Site 519. These anomalously low δ 1 8θ
values were interpreted as representing brief deglaciation
events that introduced large volumes of isotopically light
meltwater into the Benguela Current. Labeyrie et al. (1986)
also found anomalously low planktonic δ 1 8θ values in the late
Quaternary, between 35,000 and 17,000 yr, which they sug-
gested resulted from a meltwater lid that covered the Southern
Ocean PFZ. Values of δ 1 8θ increase again at 6.1 Ma, suggest-
ing conditions comparable to those that existed prior to the
warming event at 6.15 Ma. In the same time interval, the first
extreme carbonate minimum (26%) occurs at 6.1 Ma; the
samples are dominated by "diatom-cotton" between 6.1 and

5.4 Ma. Diatom assemblages in this interval suggest upwelling
and high-productivity conditions.

At 5.85 Ma, benthic δ 1 8θ values increase, marking the
beginning of a prolonged glacial interval that lasted until —5.4
Ma. Superimposed on this are two additional δ 1 8θ increases
recorded in both planktonic and benthic foraminifers at 5.6
and 5.5 Ma. Similar increases in δ 1 8θ values during this
interval have been reported from the southwest Pacific
(Hodell and Kennett, 1986), South Atlantic (McKenzie and
Oberhànsli, 1985), and North Atlantic (Keigwin et al., 1987).
Between the glacial peaks at 5.6 and 5.5 Ma is a brief
interglacial interval at 5.54 Ma, marked by a decrease in
planktonic and benthic δ 1 8θ and the common occurrence of
the warm-water silicoflagellate Dictyocha.

An inadequate number of δ 1 8θ values is available in the
interval between 5.05 and 4.75 Ma; however, based on the

acme of Cosmiodiscus insignus v. triangula at both sites (Cisielski, 1983; Fenner, this volume) and within the carbon shift (this paper). 15 = Barron et al. (1985b).
16 = The last D. hughesi in the subantarctic must be slightly younger than the first occurrence of Discoaster quinqueramus (8.2 Ma, Berggren et al., 1985; 7.46 Ma,
Backman et al., in press). The calculated age of this datum in Hole 704B is 7.6 Ma, based on the paleomagnetic interpretation herein. 17 = The first occurrence
of S. peregrina in equatorial Pacific cores has been tied to above the normal of C3AR (6.2-6.3 Ma, Theyer and Hammond, 1984) to near the C4N/C3AR boundary
(Burckle, 1972). This datum appears to be considerably older in the subantarctic. In Hole 704B it is coincident (or nearly so) with the LAD D. hughesi and at Site
594 it occurs slightly below the last LAD D. hughesi and is bracketed by the LAD Discoaster hamatus (8.67 Ma, Backman et al., in press; 8.85 Ma, Berggren et
al., 1985) and the FAD Discoaster quinqueramus (7.46 Ma, Backman et al., in press; 8.2 Ma, Berggren et al., 1985). Being only a few meters below the D.
quinqueramus datum at Site 594 the age estimates for this datum are employed here with the interpolated age of the 5. peregrina falling precisely between these
estimates. 18 = Hodell and Kennett (1986). 19 = Age based solely upon paleomagnetic polarity interpretation of Hole 704B. 20 = The last consistent!), lauta has
been shown to be younger than the radiometrically dated ash layer at Site 513 (8.7 Ma) and older than the FAD Discoaster quinqueramus at Site 594. The last
consistent occurrence of the species, therefore, is likely C4AN and close to the estimate of ~8.25 given in Barron (1986b). 21 = Although the FAD of H. cuneiformis
first occurs in Chron C5R it is very rare until Chron C5N. Ciesielski (1983) notes it below the 8.7 Ma ash of Site 513, and its first consistent occurrence is above
the FAD Neogloboquadrina acostaensis datum (10.2 Ma) at Sites 329 and 704, placing this event within Chron C5N. 22 = Cyrtocapsella japonica is sparse in its
upper range, however, its LAD is older than the 8.7 Ma ash at Site 513 and just below the FAD N. acostaensis, probably placing it in basal C5N.

d * = sample from Hole 704A; NA = interval not available.
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Figure 4. The pre- to post-carbon shift record of the upper Miocene-lowermost Pliocene of Hole 704B illustrating variability in percent carbonate,
and the stable isotope values of δ 1 8 θ and δ13C measured for planktonic (open symbols) and benthic (solid symbols) foraminifers. Note the
pronounced carbon isotopic decrease; the more measured, detailed benthic δ13C record reveals an initial shift between 6.4 and 6.3 Ma, a plateau
or stabilization of values between 6.3 and 6.12 Ma, and a further shift in values between 6.12 and 6.0 Ma.

diatom and silicoflagellate assemblages surface waters appear to
have been very warm with the Subantarctic Front located to the
South. The diatom assemblages are diverse, containing many
lower latitude forms, including Actinocyclus ellipticus, A. ehren-
bergii var. tenella, A. cubitus, T. hyalinopsis, and Thalassiosira
convexa var. aspinosa, as well as species of the silicoflagellate
genus Dictyocha. The high-frequency fluctuations in Hole 704B
during the late Miocene suggest climatic instability that may
have included effects of temperature, salinity, and pulses of ice
sheet growth and decay (Keigwin et al., 1987; Hodell and
Kennett, 1986). One possible source of this instability may have
been the West Antarctic Ice Sheet, which may have grounded
episodically during this period. Because the West Antarctic Ice
Sheet is largely marine based, it is inherently less stable than the
continentally based East Antarctic Ice Sheet and is therefore
sensitive to relatively small changes in the sea surface tempera-
ture of the Southern Ocean (Mercer, 1978). Thus, during the late
Miocene, fluctuating temperatures in the Southern Ocean re-
sulted in a period of instability during the initial formation of the
West Antarctic Ice Sheet, causing frequent accretion and abla-
tion of the ice sheet.

Deglaciation events of West Antarctica could have pro-
duced meltwater lids over the Southern Ocean and may have
decreased or halted the production of Antarctic Bottom Water
(AABW) for brief intervals. One consequence of a temporary
AABW shutoff would have been a decrease in the ventilation
rate of the deep basins of the South Atlantic, the occurrence of

which is evidenced by the laminated, organic-carbon-rich
sediments, such as the Neobrunia ooze in Hole 701, which
indicates suboxic to anoxic bottom water. Similar laminated,
organic-carbon-rich diatomites have also been described from
DSDP Site 520, located 26° to the north of Site 701 (Gombos,
1984). The synchronous deposition of laminated diatomites at
both Sites 701 and 520 suggests that this suboxic event may
have been a basin-wide phenomenon throughout the South
Atlantic.

The end of the early Gilbert (5.05-4.75 Ma) warm condi-
tions could be closely age equivalent to the cessation of
turbidite deposition at Site 694 (northern Weddell Sea), which
was tentatively dated at 4.8 Ma (Barker, Kennett, et al., 1988).
This event is interpreted as representing a transition in the
configuration of the West Antarctic Ice Sheet from unstable to
stable. The cold surface water peak of Site 704 at 4.66 Ma is
caused by a brief cooling without effect on sea level during a
time of increased carbonate-accumulation rate. Limited data
in the benthic δ 1 8θ show no sign of a large ice volume
increase. The surface to deep oxygen gradient is zero during
this event, but we note an increase in the surface to deep δ13C
gradient with one of the heaviest post-carbon shift planktonic
δ13C values. Thus, part of the increase in carbonate accumu-
lation in Site 704 could be attributed to an increase in surface
water productivity during the short glacial time. The decrease
in the temperature gradient could be an expression of up-
welling of colder bottom water.
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Diatom assemblages indicate a brief period of surface
water cooling between 4.75 and 4.68 Ma followed by another
major warming event at the base of the Sidufjall Subchron
(4.47 Ma). The PFZ was positioned well south of Site 704
during the early Gilbert Chron, and warm surface water
prevailed, with the exception of a brief cooling event at 4.66
Ma. Globorotalids dominated the planktonic foraminiferal
assemblage (Brunner, this volume) and Dictyocha was con-
sistently present. This interval is correlative with warm sur-
face waters in the Southern Ocean, as implied by silicoflagel-
lates (Ciesielski and Weaver, 1974) and isotopic records
(Hodell and Kennett, 1986). It has been suggested that the
West Antarctic Ice Sheet was probably absent during this time
period, with the Wright and Taylor valleys and the Wilkes and
Pensacola basins flooded by the sea (Webb et al., 1984;
Prentice et al., in press). In view of preliminary results of Leg
113 from Site 694, such major deglaciation events were
probably brief in duration. Major deglaciation events most
likely occurred between 5.05 and 4.75 Ma and near the base of
the Sidufjall Subchron (4.47 Ma).

Carbon Isotopes

The late Miocene (Chron C3AR) carbon shift has been
previously dated as occurring between 6.58 and —5.9 Ma in
the Pacific, North Atlantic, and Indian oceans (Fig. 5) (Loutit
and Kennett, 1979; Keigwin and Shackleton, 1980; Keigwin et
al., 1987; Vincent et al., 1980; Hodell and Kennett, 1986). At
Site 704 the carbon shift was recorded between 6.4 and 6.0 Ma
(Figs. 3-5). Within the same carbon shift at Hole 704B, a
slight pause is recorded between 6.3 and 6.12 Ma (250.81-
246.6 mbsf).

In Hole 704B, the onset of the carbon shift is coincident
with the initial decrease in carbonate content of the sediments.
At Site 281 (1500 m water depth) in the subantarctic southwest
Pacific, the carbon shift interval is also associated with lower
carbonate content attributed to a dissolution event (Fig. 4;
Loutit, 1981). The decrease in δ13C values within the carbon

shift can be explained partially by an increase in the CO2

content of deep water derived from the oxidation of organic
carbon. This increased CO2 would enhance the dissolution of
carbonate on the seafloor.

The decrease in carbonate and δ13C values at Hole 704B
suggests that the residence time of deep water increased and
the ventilation rate of the Southern Ocean decreased during
the late Miocene between 6.4 and 6.0 Ma. This interpretation
is also consistent with the deposition of the Neobrunia ooze
indicating suboxic bottom water conditions at Site 701. In
fact, detailed correlation by diatoms and magnetostratigraphy
between Sites 704 and 701 suggests that the Neobrunia ooze
was deposited during the carbon shift interval (Fenner, this
volume).

The magnitude of the carbon shift at Site 704 (an average of
approximately 0.85°/oo) is one of the largest yet reported and
is similar to the carbon shift measured in the Indian Ocean
(Fig. 5; Vincent et al., 1980). At Site 238, an increase in the
sedimentation rate follows the carbon shift, along with an
increased abundance of siliceous microfossils. Part of the
carbon shift in the equatorial Indian Ocean is due to an
increase in fertility (Vincent et al., 1980). This is also the case
at Site 704, where the abundance of upwelling and productiv-
ity indicators in the diatom assemblages increases after 6.0
Ma.

The ubiquitous occurrence of the Chron 6 carbon shift in
both oceanic surface and deep waters implicates a synchro-
nous global change in the δ13C of total CO2 of seawater. Some
authors have suggested that the carbon shift occurred in
response to lowered sea level as a result of Antarctic glacia-
tion (Vincent et al., 1980; Loutit and Keigwin, 1982; Berger
and Vincent, 1986). A weakness of this hypothesis noted by
Keigwin et al. (1987) is the absence of oxygen isotopic
evidence for a glaciation of long-enough duration to cause a
"permanent" decrease in δ13C values. In Hole 704B, the
carbon shift (6.4-6.0 Ma) is associated with a decrease in
benthic and planktonic δ 1 8θ values indicating warming and

A Site 704
δ13C [per mil PDB]

2.0 1.5 1.0 0.5 0 -0.5

[per mil PDB]

1.5 1.0 0.5 0

[per mil PDB]

-0.5 2.0 1.5 1.0 0.5 0 -0.5

u Site 519 E Hole 516A
513c [per mil PDB] δi3c [per mil PDB]

2.0 1.5 1.0 0.5 0 -0.5 2.0 1.5 1.0 0.5 0 -0.5

Figure 5. Comparison of the benthic late Miocene carbon shift of Site 704 with other well-defined benthic carbon shifts. A. Comparison of mean
pre-, syn-, and post-carbon shift values at Site 704 with those of Site 238 from the Indian Ocean (Vincent et al., 1980), Site 281 from the
subantarctic southwest Pacific (Shackleton and Kennett, 1975), and piston core RC 12-66 from the equatorial Pacific (Keigwin and Shackleton,
1980). B. Southwest Pacific Site 588 (Kennett, 1986). C. North Atlantic Hole 552A (Keigwin et al., 1987). D and E. South Atlantic Site 519 and
Hole 516A (Hodell and Kennett, 1986).
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interglacial conditions. A decrease in planktonic and benthic
δ 1 8θ values associated with the carbon shift has also been
reported from DSDP Site 588 in the southwest Pacific (Fig. 5)
(Hodell and Kennett, 1986). Our oxygen isotopic data provide
no evidence to support a major ice buildup during the time of
the shift which would lead to such a regression. To the
contrary, evidence from Hole 704B suggests a warming and a
rise in sea level between 6.3 and 6.12 Ma.

If the beginning of the carbon shift occurred during a warm
interglacial interval, then what was the source of the light
carbon? Continental shelves could not have played an impor-
tant role if the sea level was high. Because the shift occurs in
both bottom and surface waters, it cannot be due solely to a
change in the ventilation rate of bottom water. The carbon
shift was most likely caused by a change in the mass balance
of carbon in the ocean, such as the burial rate of organic
carbon relative to carbonate carbon in the sediments, or a
decrease in the average δ13C of riverine bicarbonate (for
review see Berger and Vincent, 1986).

Without invoking a sea-level fall, it is possible to decrease
the δ13C of oceanic bicarbonate by decreasing the burial rate
of organic carbon in shelf or deep-sea sediments. For exam-
ple, tectonic uplift in the circum-Pacific occurred during the
latest Miocene because of a rotational change in the motion of
the Pacific plate (Barron, 1986a). Tectonic uplift of circum-
Pacific "Monterey-type" basins would have eliminated these
basins as a sink for organic carbon (Teng and Gorsline, 1989;
Madrid, 1982; Barron, 1986a). Alternatively, the burial rate of
organic carbon in the deep sea may have decreased. During
the late Miocene, about the time of the carbon shift, the
depositional center for biosiliceous sediments moved from the
low latitudes to the Southern Ocean (Van Andel, 1975;
Leinen, 1979; Brewster, 1980), with an expansion of the PFZ
(Kemp et al., 1975; Tucholke et al., 1976). Along with this
shift, one might expect the locus of organic carbon deposition
in the deep sea to have also shifted toward the Southern
Ocean. However, sediments underlying the high-productivity
biosiliceous belt of the Southern Ocean do not contain pro-
portionally as high of an amount of organic carbon as do other
upwelling regions. Presumably, recycling of nutrients and
carbon is highly efficient in the Antarctic, and relatively little
carbon is buried in the sediments. A decrease in the rate of
organic carbon burial due to increased efficiency of nutrient
cycling and carbon regeneration is another potential mecha-
nism for producing the Chron C3AR carbon shift.

CORRELATION BETWEEN THE SOUTHERN
OCEAN AND THE MEDITERRANEAN SEA

A link between the Messinian salinity crisis and climatic/
Oceanographic changes has been discussed by numerous
authors (Ryan, Hsü, et al., 1973; Ryan et al., 1974; Shackleton
and Cita, 1979; Adams et al., 1977; Kennett, 1977; Ciesielski
et al., 1982; McKenzie and Oberhánsli, 1985; Hodell et al.,
1986; Muller and Hsü, 1987; Keigwin et al., 1987; among
others). Recent magnetostratigraphic results from the Medi-
terranean place the Messinian stage between approximately
6.4 and 4.9 Ma (Channell et al., 1990; Hilgen and Langereis,
1988). Assuming that the Messinian salinity crisis of the
Mediterranean Sea had a significant impact on the circulation
and also the salt and Ca2+ budget of the ocean, it is probably
not coincidental that the interval of low carbonate between 6.4
and 4.8 Ma in Hole 704B is time equivalent, within chrono-
logic error, to the Messinian Stage in the Mediterranean (Fig.
6).

The onset of the lower evaporite deposition (Ryan, Hsü, et
al., 1973; Decima and Wezel, 1973) occurred between 5.8 and
5.5 Ma (Gersonde and Schrader, 1984; Muller and Hsü, 1987;

First ice-rafting at Site 513
Possibly grounded ice-shelves in West Antarctica

Benthonic oxygen isotope increase in the equatorial Pacific

Poor diatom preservation in Site 704

Heaviest carbon isotopes in various Sites
(704, 552A, 519, 516, 588, 590, 284

Hiatus in Site 513
Hiatus in Site 699

Intensification of the equatorial upwelling in the Indian
Ocean

_ Increased upwelling and productivity indicators in the
diatom assemblage

9 Tectonic events in the Pacific realm

Carbon shift in Site 704

Dissolution in Site 281
Deposition of Nβobrunia ooze in Site 701

I^Top of Monterey Formation

-j Major ice-rafting starts at Site 701

Age (m.y.)

Figure 6. Percent calcium carbonate in the upper Miocene of Hole
704B and the temporal distribution of late Miocene depositional,
isotopic, and erosional events in the Southern Ocean and elsewhere.

Hodell et al., 1989). In the 600,000-900,000-yr interval prior
to evaporite deposition (between 6.4 and 5.8-5.5 Ma), pro-
nounced changes occurred within the Mediterranean (Mc-
Kenzie et al., 1979). For example, evaporite deposition was
preceded by the deposition of the Tripoli Formation, which
occurs just above the Chron 6 carbon shift (Van der Zwaan
and Gudjonsson, 1986; McKenzie et al., 1979). The onset of
the Messinian salinity crisis has been traditionally attributed
to a worldwide sea-level drop caused by ice buildup on
Antarctica that severed the connection between the Atlantic
and the Mediterranean (Shackleton and Kennett, 1975; Adams
et al., 1977; Berggren and Haq, 1976). Here we attempt to
correlate events between the Mediterranean and Southern
Ocean to investigate possible linkages between the two.

In northwest Morocco, Hodell et al. (1989) and Benson et
al. (in press) documented a reversal in the direction of deep
water flow through the Rifian Corridor at 6.3 Ma resulting in
an estuarine-type circulation pattern for the Mediterranean
and the cessation of Mediterranean Outflow Water (MOW).
This reversal in circulation is coincident with the Chron 6
"carbon shift" in Moroccan sequences (Hodell et al., 1989).
In the Betic Straits, this event is marked by a change from
hemipelagic marls to highly detrital marls and conglomerates
(Muller and Hsü, 1987).

The presence of the carbon shift within the Mediterranean
Sea (Van der Zwaan and Gudjonsson, 1986), at the western
end of the Rifian Corridor (Hodell et al., 1989), and in the
Southern Ocean provides a valuable time-stratigraphic hori-
zon for correlating Hole 704B to the Mediterranean. Based
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upon oxygen isotopic evidence from Site 704 and from North
Atlantic Hole 552A there is no indication of a significant ice
volume buildup or sea-level fall at the time of the carbon shift
(Keigwin et al., 1987). Therefore, the restriction between the
Mediterranean Sea and the Atlantic Ocean at 6.3 Ma was most
likely related to a plate tectonic event between the European
and African plates, rather than an eustatic sea-level fall (Hsu
et al., 1977; Horvath and Berckhemer, 1982).

There are several mechanisms by which changes in the
Mediterranean could have impacted the Southern Ocean and
vice versa. One is through the production of MOW and its
effect on the formation of NADW, assuming that circulation in
the late Miocene was similar to that of the modern one.
Today, relatively warm, saline MOW (temperature = 6.5°C,
salinity = 35.4°/oo) exits the Mediterranean at Gibraltar and
occupies middle water depths (-1000 m) off Morocco (Reid,
1978). Reid (1979) proposed that MOW was an important
source of salt to the Norwegian-Greenland Sea and to the
formation of NADW. The shutoff of MOW during the late
Miocene would be expected to alter the salinity field of the
middle water depth North Atlantic (Blanc and Duplessy,
1982). Via the teleconnective linkage of NADW production,
this salt deficit would be translated to the Southern Ocean.
The production and influx of NADW to the Southern Ocean is
a major source of heat and salt and continually renews CPDW
in the South Atlantic sector (Oppo and Fairbanks, 1987;
Gordon, 1971). Wind-driven upwelling of heat and salt, pro-
vided by NADW, in the high latitudes of the Southern
Hemisphere exerts an important control on basal melting of
ice shelves and sea ice in the austral spring (Gordon, 1971;
Oppo and Fairbanks, 1987; Crowley and Parkinson, 1988).
Thus, changes in the flux of heat and salt transport from the
North Atlantic in the past may have significantly influenced
the oceanography of the Southern Ocean (Oppo and Fair-
banks, 1987).

Weyl (1968) suggested that the salinity distribution of the
world ocean has a profound effect on the formation of sea ice
in high latitudes and, hence, on climate. Extraction of salt in
the Messinian evaporites and cessation of MOW may have
altered the salinity distribution in the Southern Ocean and
impacted the seasonal formation and melting of sea ice.

At the time of the carbon shift in the Southern Ocean, when
MOW production presumably diminished or ceased, a de-
crease in carbon isotopic values and intense carbonate disso-
lution occurred in Hole 704B, indicating an older, more
corrosive deep water in the Southern Ocean. The deep water
in the circum-Antarctic would be expected to show a decrease
in δ13C values and increased corrosivity if NADW production
decreased at 6.3 Ma (Kroopnick, 1985; Oppo and Fairbanks,
1987). In general, the carbon shift interval, in the subantarctic
between 6.3 and 6.0 Ma, is marked by rapidly fluctuating
Oceanographic conditions in surface waters that likely in-
cluded temperature and salinity fluctuations. Diatom and
silicoflagellate assemblages and planktonic δ 1 8θ values indi-
cate brief, yet extreme, warming events in the subantarctic at
this time. We hypothesize that this variation was due to the
instability (frequent growth and decay) of the West Antarctic
Ice Sheet during its initial stage of formation.

It is still a matter of debate whether or not the cessation of
MOW had an impact on NADW formation (Blanc and Du-
plessy, 1982; Johnson, 1982; Keigwin et al., 1987; Zahn et al.,
1987; Hodell et al., 1989). Blanc and Duplessy (1982) sug-
gested that the formation of NADW stopped in the latest
Miocene based on limited δ13C data between the Atlantic and
Pacific. Based upon high-resolution carbon isotopic data from
DSDP Hole 552A, Keigwin et al. (1987) suggested that the
general North Atlantic deep circulation was unaffected by the

Messinian salinity crisis. Intervals of intense carbonate disso-
lution or hiatuses in the tropical and subtropical Atlantic
(Ryan et al., 1974; Thunell, 1981; Shipboard Scientific Party,
1977; Barker et al., 1981) have been attributed to decreased
NADW production leading to an older, CO2-enriched bottom
water (Johnson, 1982). In Hole 642B in the Norwegian Sea,
the late Miocene is marked by periods of carbonate dissolu-
tion lasting several hundreds of thousands of years, suggesting
intervals of reduced ventilation and diminished production of
NADW (Jansen et al., in press). Pulselike changes in produc-
tion rates of MOW and NADW during the latest Miocene may
have contributed to carbonate dissolution and temperature-
salinity instability in the Southern Ocean.

The period of instability in the subantarctic ends with the
onset of an intense glaciation period between 5.8 and 5.4 Ma.
This interval marks a time of ice sheet expansion and sea-level
lowering that may have led to the onset of evaporite deposi-
tion at 5.5 Ma. The lowermost Gilbert dissolution event
between 5.35 and 4.8 Ma is equivalent to the deposition of the
upper evaporite unit, which has been magnetically determined
to occur entirely within the reversed polarity interval of the
Gilbert (Channell et al., in press). This dissolution event
represents a shoaling of the lysocline and CCD. It has been
proposed that rapid extraction of carbonate and sulfates
within the upper evaporites may have briefly altered the
carbonate saturation state of the oceans (Thierstein and Ber-
ger, 1978; Berger et al., 1981; Thunell et al., 1987). Alterna-
tively, the low-carbonate interval between 6.4 and 4.8 Ma may
have been caused by a decrease in the ventilation rate of the
deep sea because of diminished production of NADW. What-
ever the cause, the early Gilbert dissolution event ended
abruptly at the base of the Thvera Subchron at 4.8 Ma. This
date agrees with most recent estimates for the base of the
Zançlean, which marks the termination of the salinity crisis
and the return of open-marine conditions in the Mediterranean
(Channell et al., 1988; McKenzie et al., 1988; Zijderveld et al.,
1986; Hilgen and Langereis, 1988). This flooding event occurs
within the warmest period of the early Gilbert (5.05-4.75 Ma)
and is likely a consequence of partial deglaciation and eustatic
sea-level rise. Another effect on the deep-water production
and circulation in the Atlantic might have been the onset of a
gradual closure of the Panama Isthmus (Crowley et al., 1989).
This event could have intensified NADW production in the
early Pliocene even without the presence of MOW.

CONCLUSIONS
At Site 704, the early to middle late Miocene (9.8-6.4 Ma)

was marked by generally stable Oceanographic conditions in
surface and deep waters. Microfossil productivity was domi-
nated by calcareous nannoplankton and foraminifers in the
surface waters north of the Subantarctic Front. An initial brief
approach of the subantarctic biosiliceous productivity zone is
manifested by a brief carbonate drop to 40% between 8.45 and
8.2 Ma.

The second major interval between 6.4 and 4.8 Ma is a
period of climatic instability, expressed by high-frequency
oscillations in carbonate content and planktonic and benthic
isotopic values. The reduced carbonate content in the subant-
arctic is likely related to decreased ventilation of Southern
Ocean deep water by NADW as a consequence of the isola-
tion of the Mediterranean during the Messinian (6.4 to 4.9
Ma). The late Miocene Chron C3AR carbon shift (6.4 Ma) of
0.85°/oo in planktonic and benthic foraminifers dominates the
δ13C record. The higher resolution benthic record (6.3-6.12
Ma) reveals a plateau in carbon values dividing the shift into
two increments, one between 6.40 and 6.30 Ma and the second
between 6.12 and 6.0 Ma. The onset and plateau part of the
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shift occurred during interglacial conditions and is not in
response to a lowered sea level induced by increased Antarc-
tic glaciation. Warmest conditions existed at —6.15 Ma and
—5.8 Ma, as revealed by strong decreases in planktonic and
benthic δ 1 8θ values. These events are inferred to partially
represent salinity effects caused by brief deglaciations that
introduced large volumes of isotopically light meltwater into
the subantarctic. The deglaciation event at —6.15 Ma appears
to have been particularly pronounced and is considered to be
age equivalent to the deposition of the organic-rich Neobrunia
ooze at Site 701, which was under the influence of AABW.
Deglaciation in West Antarctica is suggested to have formed a
meltwater lid over the Southern Ocean, decreasing or halting
the formation of AABW and decreasing the ventilation rate in
the deep basins of the South Atlantic. Consequently, organic-
rich sediments were deposited at Sites 520 and 701. At the end
of the second part of the carbon shift, a major period of
upwelling commenced (6.0-5.4 Ma) as the Subantarctic Front
migrated over the site, and surface water rapidly cooled.

The absence of proxy data for a sea-level drop during the
late Miocene carbon shift suggests a link to a decreased burial
rate of organic carbon in shelf or deep-sea sediments. Two
plausible mechanisms are (1) decreased sequestering of or-
ganic carbon in Monterey-type basins in the circum-Pacific
and/or (2) a decrease in carbon burial in the deep sea related to
shifting of the depositional center of biosiliceous and organic
carbon sedimentation from the low latitudes to the Southern
Ocean. The more efficient Southern Ocean nutrient recycling
and the proportionately lower organic carbon content of its
biosiliceous sediments might account for part of the perma-
nent decrease in δ13C of oceanic bicarbonate during the late
Miocene.

The Messinian Stage in the Mediterranean indicates that it
is temporally equivalent to the interval of low carbonate
content in Hole 704B between 6.4 and 4.8 Ma. Comparison of
Messinian events with Site 704 and North Atlantic Hole 552A
supports the interpretation that plate tectonic interactions
between the African and European plates are the cause for
restriction of the Mediterranean at 6.3 Ma, rather than the
result of eustatic sea-level fall. Pulselike changes in produc-
tion rates of MOW and NADW during the Messinian may
have contributed to Southern Ocean carbonate dissolution
and temperature-salinity instability. The onset of Mediterra-
nean evaporite deposition between 5.8 and 5.5 Ma appears to
be more directly related to a glacioeustatic event because
benthic δ 1 8θ values at Hole 704B and other sites increase at
this time, thereby marking a prolonged period of predomi-
nantly glacial conditions that lasted until 5.4 Ma. The deposi-
tion of the upper evaporites during the earliest Gilbert Chron
is associated with a severe dissolution event in the Southern
Ocean, and elsewhere, suggesting that carbonate extraction in
evaporitic deposits may have temporarily altered the alkalin-
ity balance of the oceans. The flooding event that terminated
the Messinian salinity crisis occurred during an earliest Gil-
bert pronounced interglacial period (5.05-4.75 Ma) and was
apparently caused by partial deglaciation and eustatic sea-
level rise.
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