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ABSTRACT

Oxygen and carbon isotope stratigraphies are given for the planktonic foraminifer Globoquadrina venezuelana (a
deep-dwelling species) at three DSDP sites located along a north-south transect at approximately 133°W across the Pa-
cific equatorial high-productivity zone. The records obtained at Sites 573 and 574 encompass the lower Miocene. At Site
575 the record includes the middle Miocene and extends into the lowermost lower Miocene. The time resolution of the
planktonic foraminifer isotope record varies from 50,000 to 500,000 yr. The benthic foraminifer Oridorsalis umbonatus
was analyzed for isotope composition at a few levels of Site 575. Isotope stratigraphies for all three sites are compared
with carbonate, foraminifer preservation, and grain size records. We identified a number of chemostratigraphic signals
that appear to be synchronous with previously recognized signals in the western equatorial Pacific and the tropical Indi-
an Ocean, and thus provide useful tools for chronostratigraphic correlations. The sedimentary sequence at Site 573 is
incomplete and condensed, whereas the sequences from Sites 574 and 575 together provide a complete lower Miocene
record. The expanded nature of this record, which was recovered with minimum disturbance and provides excellent cal-
careous and siliceous biostratigraphic control, offers a unique opportunity to determine the precise timing of early Mio-
cene events. Paleomagnetic data from the hydraulic piston cores at Site 575 for the first time allow late early Miocene
paleoceanographic events to be tied directly to the paleomagnetic time scale.

The multiple-signal stratigraphies provide clues for paleoceanographic reconstruction during the period of precondi-
tioning before the major middle Miocene cooling. In the lowermost lower Miocene there is a pronounced shift toward
greater δ13C values (by -1‰) within magnetic Chron 16 (between approximately 17.5 and 16.5 Ma). The "Chron 16
Carbon Shift" coincides with the cessation of an early Miocene warming trend visible in the δ 1 8 θ signals. Values of δ13C
remain high until approximately 15 Ma, then decrease toward initial (early Miocene) values near 13.5 Ma. The broad
lower to middle Miocene δ13C maximum appears to correlate with the deposition of organic-carbon-rich sediments
around the margin of the northern Pacific in the Monterey Formation of California and its lateral equivalents. The sedi-
ments rimming the Pacific were probably deposited under coastal upwelling conditions that may have resulted from the
development of a strong permanent thermocline. Deposition in the upwelling areas occurred partly under anaerobic
conditions, which led to the excess extraction of organic carbon from the ocean. The timing of the middle Miocene
cooling, which began after the Chron 16 Carbon Shift, suggests that the extraction of organic carbon preconditioned
the ocean-atmosphere system for subsequent cooling.

A major carbonate dissolution event in the late early Miocene, starting at approximately 18.7 Ma, is associated with
the enrichment in 1 3C. The maximum dissolution is coeval with the Chron 16 Carbon Shift. It corresponds to a promi-
nent acoustic horizon that can be traced throughout the equatorial Pacific.

INTRODUCTION

Among Cenozoic paleoceanographic events, the mid-
dle Miocene oxygen isotope step is of prime importance,
because it probably marks the onset of modern ocean
conditions, that is, ocean basins filled with water mass-
es generated at high latitudes. The step consists of a sharp
18O enrichment in benthic foraminifers representing a
shift of about + l%o. This shift has been interpreted as
reflecting a major buildup of Antarctic ice and a drop in
surface-water temperatures on the Antarctic coast (Sav-
in et al , 1975; Shackleton and Kennett, 1975; Woodruff
et al., 1981). The concept of ice buildup at this time
has been widely accepted, although there is disagreement
about the amount of ice that was present before the mid-
dle Miocene (Matthews and Poore, 1980; Keigwin and
Keller, 1984; Miller and Thomas, this volume). The cause
of the proposed rapid increase in volume of the Antarc-
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tic ice sheet remains unknown; its explanation is a prime
challenge of Cenozoic paleoceanography. Berger et al.
(1981) pointed out that the rapidity of the glaciation sug-
gests positive feedback within the system, presumably
tied to albedo effects or to the CO2 budget (Berger, 1982).
Blanc et al. (1980), Schnitker (1980a, b), and Berggren
and Schnitker (1983) have suggested that the Antarctic
glaciation was triggered by a fundamental rearrangement
of the North Atlantic circulation system that occurred
when the Iceland Ridge subsided below a critical depth,
an event that linked the entire north polar sea as a heat
sink to the world ocean. More recently, Vincent et al.
(1983) and Vincent and Berger (1984) have suggested that
the extraction of organic carbon at the ocean margins in
the latest early Miocene preconditioned the ocean-at-
mosphere for subsequent middle Miocene cooling. These
authors suggest that the buildup of organic-carbon-rich
sediments around the edge of the northern Pacific re-
duced the CO2 concentration in the atmosphere and thus
fostered the subsequent growth of ice in Antarctica.

The reconstruction of environmental conditions dur-
ing the period before the middle Miocene cooling is cru-
cial to an understanding of this event. To date, however,
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paleoceanographic studies of the early Miocene have been
hampered by the paucity of complete and undisturbed
sedimentary sequences. The recovery of expanded lower
Miocene sections, with minimum disturbance and ex-
cellent calcareous and siliceous biostratigraphic control,
during DSDP Leg 85 in the central equatorial Pacific
offers a unique opportunity to investigate the environ-
mental conditions prevailing during the early Miocene.
The sequence at Site 575, which was recovered by hy-
draulic piston coring, is of special interest. Paleomag-
netic data for the uppermost lower Miocene at this site
permit for the first time biostratigraphic and paleocean-
ographic events to be tied directly to the paleomagnetic
time scale.

MATERIAL OF STUDY

The sediments analyzed in this study were recovered
at Sites 573, 574, and 575 in the central equatorial Pacif-
ic during DSDP Leg 85. These three sites are located
along a north-south transect across the equatorial high-
productivity zone along approximately 133°W. They lie
at water depths ranging from 4300 to 4555 m near the
crest of the equatorial sediment bulge (Table 1; Fig. 1).
The three sites have migrated from south of the equator
to deeper, more western locations at or north of the equa-
tor. The changes in productivity that accompanied the
equatorial crossings (which occurred for the different sites
at different times during the Miocene) are reflected in
the sediments in changes in accumulation rates, siliceous
microfossil abundance, and foraminiferal preservation.
The basic patterns of Pacific equatorial sedimentation
have been outlined by Berger and Winterer (1974), and
models relating sedimentation and equatorial crossing
have been elaborated by various authors (Winterer, 1973;
van Andel et al., 1975; Lancelot, 1978). Sites 574 and
575 crossed the equator during the early Miocene, Site
573 during the late Miocene (Weinreich and Theyer, this
volume). Previous DSDP holes drilled in this area in-
clude Sites 71 and 77, which provided valuable sections
for Miocene paleoceanographic studies.

Lower Miocene sequences were recovered at Sites 573
and 574 by rotary coring. Disturbance was minor be-
cause of the induration of the sediments. The sequences

Table 1A. Site locations.

Site

573
574
575

Location

00°29.91'N
04°12.52'N
O5°51.OO'N

Longitude

133°18.57'W
133°19.81'W
135°02.16'W

Table IB. Material studied.

Hole Cores

573B 11 to 23
574 25 to 31
574C 1 to 21
575A 1 to 33
575B 2 to 14

Water
depth
(m)

4.301
4.561
4.536

Coring method

Rotary
HPC
Rotary
HPC
HPC

are - 7 5 and 160 m thick, respectively, and they overlie
Oligocene sediments. At Site 575, a 120-m-thick lower
Miocene sequence was recovered by hydraulic piston corer
(HPC); the section ended in lowermost lower Miocene
sediments assigned an age of approximately 22 Ma. We
recovered the stable isotope stratigraphies for the lower
Miocene at these three sites. Other studies in this vol-
ume provide stable isotope stratigraphies for Site 574 for
Oligocene (Miller and Thomas, this volume) and middle
Miocene (Pisias et al., this volume) sediments. Our sam-
pling ranges from the uppermost Oligocene to the low-
ermost middle Miocene at Sites 573 and 574. At Site 575
it encompasses the middle Miocene and was extended
into the upper Miocene to obtain a continuous isotope
record for the early to middle Miocene time interval.

The sediments consist of calcareous ooze and chalk
with a high calcium carbonate content of 80 to 96%
throughout most of the lower and middle Miocene. An
interval with decreased calcium carbonate content oc-
curs at all three sites in the uppermost lower Miocene
with pronounced minima as low as 40 to 60% (Figs. 2 to
4). This interval of decreased CaCO3 content (in the mid-
dle of the Denticulopsis nicobarica Zone, near 17 Ma)
appears to correspond to a prominent and laterally trace-
able acoustic horizon (Mayer et al., this volume). At
Site 575, centimeter-thick sandy turbidite layers contain-
ing mostly sand-sized foraminifers and volcanic debris
are intercalated throughout the section. These layers were
carefully skipped during sampling.

The abundance of both calcareous and siliceous mi-
crofossils throughout the sequences permits a multiple
biostratigraphic zonation (Figs. 2 to 4). The ages indi-
cated in Figures 2 to 4 are derived from diatom zonal
boundaries and the time scale given by Barron et al.
(this volume) and Barron et al. (in press), which is based
on the paleomagnetic time scale of Berggren et al. (in
press). Paleomagnetic data obtained from the upper low-
er Miocene in Hole 575A (Weinreich and Theyer, this
volume) allow the identification of magnetic Anomalies
5C and 5D (Fig. 4). Biostratigraphic datums and pale-
oceanographic events of the late early Miocene can thus
be directly tied for the first time to the magnetostratig-
raphy encompassing the middle of Chron 17 to the mid-
dle of Chron 16.

The average accumulation rate for the entire lower Mio-
cene is approximately 9.7 m/m.y. at Site 573, 20.8 m/
m.y. at Site 574, and 20 m/m.y. at Site 575. Middle Mi-
ocene sediments accumulated at Site 575 at an average
rate of about 9 m/m.y., upper Miocene sediments at an
average reduced rate of about 4.7 m/m.y. Our sampling
interval, which is 1 m, thus corresponds to a time inter-
val of roughly 103,000, 48,000, and 50,000 yr. for the
lower Miocene at Sites 573, 574, and 575, respectively.
For the middle Miocene at Site 575 it corresponds to
110,000 yr. and for the upper Miocene, to 212,000 yr.
(Barron et al., this volume).

All samples (20 cm3) were dried, weighed, soaked in
buffered Calgon solution, washed on a 63-µm sieve, and
cleaned ultrasonically to remove fine particles from in-
side the foraminifer test. Residues were then dried and
weighed. Results of grain size analyses are listed in Table 2
and plotted in Figures 2 to 4. Calcium carbonate con-
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Figure 1. Location of DSDP Sites 573, 574, and 575 ( 0 ) and of previous DSDP Sites 71 and 77 (•) in the
central equatorial Pacific in relationship to sediment thickness (contours in tenths of seconds of two-
way traveltime).

tents obtained from shipboard carbonate bomb analy-
ses at 1.5-m intervals (see site chapters, this volume) are
plotted in Figures 2 to 4. Because of time constraints,
not all samples were analyzed for isotope composition.
Approximately 200 samples were analyzed for both oxy-
gen and carbon isotopes by following our standard pro-
cedure (Berger and Killingley, 1977). The time resolu-
tion of our isotope stratigraphies is roughly 500,000,
170,000, and 50,000 yr. for the early Miocene at Sites
573, 574, and 575, respectively. For the middle Miocene
at Site 575 it is roughly 280,000 yr., and for the late Mi-
ocene it is 700,000 yr.

Foraminifers are abundant throughout the sequenc-
es; preservation is good to moderate. Fluctuations in the
preservation of planktonic foraminifers are indicated by
the foraminifer preservation curves constructed by Saito
(this volume) from core-catcher samples using the codes
of Berger and von Rad (1972) (Figs. 2 to 4). Throughout
the lower Miocene, preservation is better at Site 575 than
at Sites 573 and 574, probably because of the earlier
equatorial crossing of Site 575 during the early Mio-
cene. At all three sites there is an interval with poorer
foraminifer preservation in the uppermost lower Mio-
cene in the N6-N8 zonal interval, which corresponds to
the interval of decreased CaCO3 content. The elimina-
tion of solution-susceptible species in this interval pre-
cludes the identification of Zone N7.

We established continuous isotope stratigraphies for
the deep-dwelling planktonic foraminifer Globoquadri-
na venezuelana. To minimize the effect of ontogenetic
development on the isotope composition of the test (Ber-
ger et al., 1978), specimens were selected from a restrict-
ed size range (350 to 420 µm). We chose G. venezuelana
because this species is common throughout the sequenc-
es. Furthermore, our various studies have shown this spe-
cies to be the most reliable deep-dwelling planktonic for-
aminifer for Neogene reconstruction (Vincent et al., 1980;
in press). We can thus compare our results with isotope
stratigraphies obtained from the same species in the Mi-
ocene of the tropical Indian Ocean (Vincent et al., in
press), where we also obtained an isotope record from

shallow-dwelling planktonic and benthic foraminifers. Be-
cause of the time constraints of this study, benthic fora-
minifers (Oridorsalis umbonatus) were analyzed at only
a few levels of Site 575.

RESULTS

Isotope Stratigraphy

Isotope values of Globoquadrina venezuelana are giv-
en in Table 3 and are plotted versus depth and biostrati-
graphic zonation in Figures 2 to 4. Despite the problems
that occurred as the result of varying sampling density,
general trends could be identified and isotope events could
be correlated between sites. The isotope curves reveal
a succession of stratigraphic intervals with distinct iso-
topic signatures. The levels marking the boundaries be-
tween these intervals have been labeled in a stratigraphic
order from bottom to top with capital letters (A to H).
Their biostratigraphic position is given in Figure 5.

Oxygen Isotope Stratigraphy

Throughout the uppermost Oligocene and the lower
half of the lower Miocene, up to level C, there is no def-
inite trend in the oxygen isotope record of Globoquadri-
na venezuelana. The δ 1 8 θ values range between 0.5 and
1.5%o, with rather large fluctuations (up to O.8%o). From
level C to level F, throughout the upper half of the lower
Miocene, there is a regular and steady decrease in the
δ 1 8 θ values from approximately l%o to O‰. Variations
in this interval are of low amplitude. At level F, in the
uppermost lower Miocene, the δ 1 8 θ values are the low-
est of the entire record (– O.2%o). Immediately above this
level, there is an abrupt enrichment in 1 8O of over l%o
within 2 m.

Above this offset, the isotope stratigraphy can be fol-
lowed at Site 575 only. In the interval between levels F
and G, which spans the lower/middle Miocene bound-
ary, δ 1 8 θ values decrease slightly, with a mean of about
O.8%o. In the lower half of this interval, there is little
variability at Site 575, in contrast to results from Site
574, where large-amplitude fluctuations occur. In the next
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Figure 2. Biostratigraphy and changes at Site 573 in stable isotope composition of the deep-dwelling planktonic foraminifer Globoquadrina vene-
zuelana, in sand fraction (> 63 µm) content, in CaCO3 content, and in foraminiferal solution (FS). Biostratigraphy at left is a composition col-
umn established from the various holes at this site by Saito (this volume) for foraminifers, Pujos (this volume) for calcareous nannofossils, Ni-
grini (this volume) for radiolarians, and Barren (this volume) for diatoms. Except for the earliest age at the Oligocene/Miocene boundary, ages
are from diatom zonal boundaries according to Barron (this volume) and Barren et al. (in press). Asterisks indicate those derived from direct
paleomagnetic calibration. Oxygen and carbon isotope data are from Tkble 3 and those for sand fraction content from Table 2. Calcium carbon-
ate data are from shipboard analyses (site chapters, this volume). Foraminiferal solution data are from Saito (site chapters, this volume) follow-
ing the codes of Berger and von Rad (1972). Increasing values indicate more pronounced dissolution. Stratigraphic levels A to G are defined in
Figure 5.
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Figure 2. (Continued).

interval, from levels G to H in the middle Miocene, &18O
values show high-amplitude, high-frequency fluctuations,
with an overall increase in δ 1 8 θ of approximately 0.7‰.
Above level H, δ 1 8 θ values show a significant decrease
of about l%o throughout the remainder of the middle
Miocene to values near O.7%o. In the upper Miocene δ 1 8 θ

remains close to this value. The upper Miocene sequence
at Site 575 is condensed and incomplete and is not well
suited to detailed stratigraphy (note the low carbonate
values).

A detailed comparison between the planktonic and
benthic foraminifer isotope records at Site 575 cannot
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Figure 3. Biostratigraphy and changes at Site 574 in stable isotope composition of Globoquadrina venezuelana, in sand fraction
content, in CaCO3 content, and in foraminiferal solution (FS). See Figure 2 legend for data origin and other details. Solid
black dots indicate data from Hole 574C, open dots data from Hole 574.
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Figure 3. (Continued).
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Figure 4. Biostratigraphy, magnetostratigraphy, and changes at Site 575 in stable isotope composition of Globoquadrina venezuelana, in
sand fraction content, in CaCO3 content, and in foraminiferal solution (FS). See Figure 2 legend for data origin and other details. The
magnetic polarity log in the interval between Cores 575A-1 and 575A-10 is from Weinreich and Theyer (this volume). Ages given in this
interval are derived from the boundaries between revised and normal intervals. Solid black dots indicate data from Hole 575A, open dots
data from Hole 575B. There is a 19-m offset in the sub-bottom depths given for the cores of Hole 575A as compared with Hole 575B. To
obtain the real sub-bottom depths of these cores, a value of 19 m should be added to the nominal depths indicated at the left of Hole
575A. A correlation point between Holes 575A and 575B is obtained by a turbidite horizon in Core 575B-14 (117 m sub-bottom) and
Core 575A-1 (98 m nominal sub-bottom). This horizon is indicated with a solid triangle. This correlation between the two holes is in good
agreement with the isotope, sand content, and carbonate data within the interval of overlap and with biostratigraphic data given in the
site chapters (this volume).
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117 m, Hole 575B

98 m, Hole 575A

Figure 4. (Continued).

be made because of the wide spacing between the ben-
thic data (Table 4; Fig. 6). However, a few features are
apparent. The δ 1 8 θ values of Oridorsalis umbonatus show
a slight upwardly decreasing trend in the lower Miocene
interval between levels C and E. The trend parallels the

decreasing trend of G. venezuelana. In the interval be-
tween levels F and G, which spans the lower/middle Mi-
ocene boundary, the benthic foraminifers have a con-
stant δ 1 8 θ value of 2%0. At level G in the middle Mi-
ocene the signature of the G. venezuelana record changes
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Table 2. Percentages of the sand fraction
(>63 µm) in sediments of Holes 573B,
574, 574C, 575A, and 575B. Table 2. (Continued).

Core-Section
(interval in cm)

Hole 573B

11-1, 6-10
1, 103-107
2, 50-54
3,7-11
3, 98-102
4, 50-54
5, 5-9
5, 101-105
6, 49-53
7, 5-9

12-1, 92-96
2, 46-50
2, 146-150
3, 98-102
4, 50-54
4, 146-150
5, 98-102

13-1, 80-84
2, 28-32
2, 130-134
3, 80-84
4, 32-36
4, 133-137
5, 78-80
6, 30-34
6, 130-134
7, 46-50

14-1, 28-30
1, 129-133
2, 75-79
3, 21-25
3, 120-124
4, 78-82
5, 28-32
5, 127-131
6, 73-77
7, 26-30

15-1, 64-68
2, 17-21
2, 118-122
3, 65-69
4, 18-22
4, 119-123
5, 71-75
6, 25-29

16-1, 38-42
1, 138-140
2, 86-90
3, 36-40
3, 145-149
4, 95-99
5, 49-53
6, 6-10

17-1, 95-99
2, 50-54
3, 3-7
3, 101-105
4, 50-54
4, 146-150
5, 82-86
6, 15-19

18-1, 100-104
2, 45-49
2, 146-150
3, 98-102

19-1, 48-52
1, 144-148
2, 100-104

20-1, 16-20
1, 119-123
2, 74-78
3, 20-24
3, 121-125

Sub-bottom
depth (m)

233.58
234.55
235.52
236.59
237.50
238.52
239.57
240.53
241.51
242.57
243.94
244.98
245.98
247.00
248.02
248.98
250.00
253.32
254.30
255.32
256.32
257.34
258.35
259.29
260.32
261.32
261.98
262.29
263.31
264.27
265.23
266.22
267.30
268.30
269.29
270.25
271.28
272.16
273.19
274.20
275.17
276.20
277.21
278.23
279.27
281.40
282.39
283.38
284.38
285.47
286.47
287.51
288.58
291.47
292.52
293.55
294.53
295.52
296.48
297.34
298.17
301.02
301.97
302.98
304.00
310.00
310.96
312.02
319.18
320.21
321.26
322.22
323.23

>63 µm (%)

2.4
5.1
3.5
4.2
4.9
2.6
3.3
2.6
3.2
5.1
4.4
3.0
3.5
3.4
3.6
3.7
3.5
5.3
2.6
3.6
2.4
4.3
3.4
3.1
6.0
7.1
3.5
5.0
4.1
2.9
4.1
4.1
2.9
2.5
3.1
4.3
2.1
1.3
1.0
2.2
1.5
1.7
1.5
2.3
2.6
1.9
1.3
1.7
1.9
2.4
1.0
1.4
0.9
0.8
0.9
4.1
0.9
2.2
3.1
2.9
1.8
0.9
0.9
1.9
2.4
1.8
0.9
1.4
2.3
4.1
4.5
2.5
1.9

Core-Section
(interval in cm)

Hole 573B (Cont.)

4, 68-72
5, 27-31
5, 130-134
6, 80-84

21-1, 18-22
1, 120-124
2, 75-79
3, 28-32
3, 136-140
4, 88-92
5, 30-34

22-1, 80-84
2, 31-35
2, 130-134
3, 76-80
4, 30-34
4, 129-133

23-1, 80-84
2, 36-40
2, 134-138
3, 90-94
4, 30-34
4, 130-134

Hole 574

25-1, 11-14
1, 114-117
2, 64-69
3, 14-19
3, 124-128

26-1, 31-40
1, 130-137
2, 73-80
3, 32-39
3, 130-138

27-1, 65-72
2, 21-28
2, 123-129
3, 82-89
4, 22-29

28-1, 89-97
2, 41-47
3, 3-9
3, 92-99
4, 42-50

29-1, 100-107
2, 50-57
3, 2-9
3, 93-100
4, 33-40

30-1, 94-100
2, 51-58
3, 2-9
3, 102-107

31-1, 2-9
1, 101-109
2, 48-56
3, 2-8
3, 101-109

Hole 574C

1-1, 75-79
2, 25-29
2, 125-129
3, 80-84
4, 30-34
4, 131-135
5, 80-84
6, 7-11

2-1, 100-104
2, 52-56

Sub-bottom
depth (m)

324.20
325.29
326.32
327.32
328.70
329.72
330.77
331.80
332.88
333.90
334.82
338.82
339.83
340.82
341.78
342.82
343.81
347.50
349.38
350.36
351.42
352.32
353.32

172.63
173.66
174.67 -
175.67
176.76
177.86
178.84
179.76
180.86
181.84
182.89
183.95
184.96
186.06
186.96
188.13
189.14
190.26
191.16
192.16
193.24
194.24
195.26
196.17
197.07
198.17
199.25
200.26
201.25
202.26
203.25
204.22
205.25
206.25

195.27
196.27
197.27
198.32
199.32
200.33
201.32
202.09
205.02
206.04

>63 µm (%)

1.7
1.3
1.9
1.5
6.8
3.5
3.6
6.0
1.3
3.3
1.8
1.8
1.5
1.3
1.7
2.8
1.0
0.9
1.7
1.1
1.0
1.2
1.6

2.5
2.5
2.9
3.6
3.2
4.6
3.0
4.7
3.1
3.0
6.1
4.5
5.5
5.2
8.8
5.0
8.5
7.6
7.6
4.2
3.6
4.3
5.2
7.9
5.8
2.7
4.8
4.2
4.6
2.2
2.8
5.5
3.2
2.5

4.1
4.0
4.2
4.5
4.2
3.8
4.0
1.0
5.0
4.6
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Table 2. (Continued). Table 2. (Continued).

Core-Section
(interval in cm)

Hole 574C (Cont.)

3, 2-6
3, 101-105
4, 53-57
5, 3-7
5, 101-105
6, 46-50
7, 2-6

3-1, 67-71
2, 15-19
2, 116-120
3, 68-72
4, 16-20

4-1, 34-38
1, 135-139
2, 83-87
3, 49-53

5-1, 100-104
2, 50-54
3, 2-6
3, 96-100
4, 52-56
5,2-6

6-1, 80-84
2, 30-34
2, 131-135
3, 82-135
4, 30-34
4, 129-133
5, 30-34

7-1, 100-104
2, 52-56
3, 3-7
3, 102-106
4, 51-55
5, 2-6
5, 100-104
6, 51-55
7, 8-12

8-1, 53-57
2,2-6
2, 100-104
3, 51-55
4, 3-7

9-1, 68-72
2, 26-30
2, 125-129
3, 72-76

10-1, 80-84
2, 28-32
2, 130-134
3, 80-84
4, 30-34
4, 131-135
5, 74-79
6, 26-30
6, 125-129
7, 43-47

11-1, 96-100
2, 51-55
3, 3-7
3, 101-105

12-1, 52-56
2, 2-6
2, 105-109
3, 55-59
3, 146-150
4, 94-98
5, 50-54
6, 3-7
6, 101-105
7, 30-34

13-1, 94-98
2, 31-35
2, 135-139
3, 90-94

Sub-bottom
depth (m)

207.04
208.03
209.05
210.05
211.03
211.98
213.04
214.19
215.17
216.18
217.20
218.18
223.36
224.37
225.35
226.51
233.52
234.52
235.54
236.48
237.54
238.54
242.82
243.82
244.83
245.84
246.82
247.81
248.32
252.52
253.54
254.55
255.54
256.53
257.54
258.52
259.53
260.60
261.55
262.54
263.52
264.53
265.55
271.20
272.28
273.27
274.24
280.82
281.80
282.82
283.82
284.82
285.83
286.76
287.78
288.77
289.45
290.48
291.53
292.55
293.53
299.54
300.54
301.57
302.57
303.48
304.46
305.52
306.55
307.53
308.32
309.46
310.33
311.37
312.42

>63 µm (%)

3.2
2.9
2.5
2.4
4.2
7.0
3.3
2.9
3.8
3.1
2.6
4.8
2.9
1.8
3.0
5.4
2.9
1.5
2.2
2.1
0.6
3.6
2.9
2.4
1.9
3.8
2.4
4.2
2.2
6.6
4.4
1.9
4.2
2.0
3.9
3.7
4.3
4.6
1.1
2.1
2.5
3.3
7.3
1.6
2.0
2.6
2.6
1.6
1.4
2.3
2.4
1.6
1.9
2.2
1.7
4.7
2.3
5.6
0.5
1.7
0.5
2.0
2.4
1.8
1.4
3.7
1.2
1.5
4.3
1.5
1.7
2.4
2.5
1.2
1.4

Core-Section
(interval in cm)

Hole 574C (Cont.)

4, 36-40
4, 131-135

14-1, 35-39
1, 136-140
2, 78-82
3, 30-34

15-1, 100-104
2, 37-41
2, 138-142
3, 80-84
4, 26-30
4, 129-133
5, 81-85
6, 29-33
6, 136-140

16-1, 55-59
2, 4-8
2, 103-107
3, 54-58
4, 32-36

17-1, 81-85
2, 32-36
2, 133-137
3, 76-80
4, 26-30
4, 131-135
5, 70-74

18-1, 25-74
1, 120-124
2, 74-78

19-1, 86-90
2, 33-37

20-1, 30-34
1, 125-129
2, 87-91
3, 44-48
4, 2-6
4, 100-104
5, 51-55
5, 146-150
6, 93-97

21-1, 30-34
1, 134-138
2, 80-84
3, 30-34
3, 131-135
4, 79-83

Hole 575A

1-1, 2-9
1, 102-109
2, 61-68
3, 10-17
3, 134-141
4, 43-50

2-2, 31-38
2, 130-137
3, 81-88
4, 32-36

3-1, 130-137
2, 53-60
3, 10-19

4-1, 21-29
1, 122-128
2, 81-88
3, 45-52
4, 2-9

5-1, 142-149
2, 94-100
3, 52-59
4, 2-9

6-1, 61-68
2, 21-28
2, 121-128

Sub-bottom
depth (m)

313.38
314.33
318.37
319.38
320.30
321.32
328.52
329.39
330.40
331.32
332.28
333.31
334.33
335.31
336.38
337.57
338.56
339.55
340.56
341.84
347.33
348.34
349.35
350.28
351.28
352.33
353.22
356.27
357.22
358.26
366.38
367.35
375.32
376.27
377.39
378.46
379.54
380.52
381.53
382.48
383.45
384.82
385.86
386.82
387.82
388.83
389.81

93.85
94.85
95.94
96.93
98.18
98.76
99.05

100.04
101.05
102.04
102.43
103.17
104.24
105.45
106.45
107.55
108.69
109.76
110.46
111.47
112.56
113.56
114.74
115.85
116.85

>63 µm (%)

0.3
1.2
1.6
1.8
2.4
1.8
1.2
3.5
1.8
1.8
2.4
2.8
2.9
4.8
3.7
1.1
1.7
1.6
3.3
3.1
1.5
1.8
2.4
1.5
2.3
2.0
1.7
3.4
1.1
3.5
1.4
1.5
2.1
1.4
1.0
1.1
2.2
1.0
1.1
0.8
0.9
2.6
2.1
4.6
2.9
3.3
6.0

4.7
8.0
5.9

10.8
6.2
5.2
2.6
4.6
7.5
3.7
5.4
6.9
4.2
5.4
3.0
4.0
3.5
4.5
3.5
8.0
4.3
8.2
5.8
4.9
4.4
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Table 2. (Continued). Table 2. (Continued).

Core-Section
(interval in cm)

Hole 575A (Cont.)

3, 81-88
4, 41-48

7-1, 101-108
2, 52-59
2, 142-149
3, 130-138

8-1, 53-60
1, 102-109

8-2, 2-9
2, 102-109

9-1, 122-129
2, 81-88

10-1, 93-100
2, 49-56
3,2-9
3, 104-111

11-2, 7-14
2, 102-109
3, 35-41
3, 131-138

12-1, 72-80
2, 27-35
2, 134-141
3, 94-101

13-1, 101-108
2, 50-57
3, 6-13

14-1, 111-118
2, 64-71
3, 13-20
3, 104-111

15-2, 25-31
2, 125-131
3, 89-97

16-2, 8-15
2, 104-111
3, 54-61

17-2, 53-60
3, 8-15

18-1, 128-135
2, 68-75
3, 28-35
3, 129-136

19-1, 89-86
2, 49-56
3, 2-9

20-1, 22-29
1, 128-135
2, 88-95
3, 49-56

21-1, 82-89
2, 30-37
2, 131-138
3, 81-88

22-1, 102-109
2, 44-52
2, 133-140
3, 92-99

23-1, 92-99
2, 51-58

24-1, 101-109
2, 52-59
3, 12-19
3, 102-109
4, 22-29

25-2, 143-150
3, 103-110

26-1, 132-139
2, 90-97
3, 31-38
3, 130-137

27-1, 130-137
2, 88-97
3, 30-37

28-1, 143-150

Sub-bottom
depth (m)

117.94
119.05
119.45
120.46
121.36
122.74
123.67
124.15
124.65
125.65
126.56
127.64
128.26
129.33
130.35
131.38
132.21
133.15
133.98
134.94
135.86
136.91
137.97
139.07
139.85
140.84
141.89
143.05
144.08
145.07
145.98
146.48
147.48
148.63
149.62
150.58
151.58
152.07
153.12
153.82
154.72
155.82
156.83
157.72
158.83
159.85
161.06
162.12
163.22
164.33
165.56
166.54
167.55
168.55
169.15
170.08
170.97
172.06
173.06
174.14
175.25
176.26
177.36
178.26
178.96
180.17
181.27
181.46
182.53
183.44
184.43
186.24
187.33
188.24
188.67

>63 µm (<Vo)

3.9
3.8
2.8
3.5
3.4
3.9
3.3
2.9
2.6
2.5
2.6
3.4
5.4
9.5
2.8
3.3
1.8
2.4
2.0
2.0

3.3
3.0
6.0
2.7
3.8
8.6
3.6
5.0
7.9
5.8
6.3
6.2
3.4
4.6
8.8
5.9

11.3
5.0
6.7
6.0

11.1
8.0
8.1
6.8
4.5
1.4
3.1

10.9
2.8
6.8
2.6
5.4
4.5
3.2
2.4
2.2
3.1
2.5
3.9
2.8
5.8
5.1
6.1
6.1
7.7
2.7
1.9
2.7
3.2
2.4
2.0
4.5
5.3

Core-Section
(interval in cm)

Hole 575A (Cont.)

2, 100-107
3, 14-21

29-1, 141-148
2, 101-109
3, 52-59

30-1, 63-70
2, 23-30
2, 130-137
3, 90-97

31-1, 128-135
2, 65-72
3, 13-20
3, 101-108

32-1, 143-150
2, 92-100
3, 48-55

33-1, 92-99
2, 50-57
3,2-9
3, 85-92

Hole 575B

2-2, 67-71
3, 116-120
4, 86-90
5, 6-10
5, 117-121
6, 8-12
6, 107-111
7, 36-40

3-1, 123-127
1, 143-147
2, 45-49
3, 18-22
4, 54-58
5, 63-67
5, 103-107
5, 3-7
6, 101-105

4-1, 123-127
2, 76-80
3, 24-28
3, 128-132
4, 80-84
5, 90-94
6, 120-124
7, 20-24

5-1, 128-132
2, 26-30
3, 13-17
3, 113-117
4, 3-7
4, 69-73
4, 144-148

5-5, 3-7
5, 103-107
6, 50-54
7, 3-7

6-1, ^ -69
2, 24-28
2, 123-127
3, 69-73
4, 25-29
4, 124-128
5, 85-89
6, 32-36

-1, 93-97
2, 47-51
3, 3-7
3, 95-99
4, 50-54
5, 3-7
5, 105-109
6, 50-54

Sub-bottom
depth (m)

189.74
190.38
191.15
192.25
193.26
194.26
195.36
196.43
197.53
198.72
199.59
200.57
201.45
202.76
203.76
204.81
205.26
206.34
207.35
208.18

14.19
16.18
17.38
18.08
19.19
19.60
20.59
21.38
22.25
22.45
22.97
24.20
26.06
27.65
28.05
28.55
29.53
30.75
31.78
32.76
33.80
34.82
36.42
38.22
38.72
40.30
40.78
42.15
43.15
43.55
44.21
44.96
45.05
46.05
47.02
48.05
48.67
49.76
50.75
51.71
52.77
53.76
54.87
55.84
56.35
57-39
58.45
59.37
60.42
61.45
62.47
63.42

>63 µm (<%)

3.8
3.4
5.1
3.6
3.6
5.1
3.5
3.6
4.7
3.2
8.3
3.3
5.0
5.0
2.2
5.9
3.4
3.5
1.6
8.8

5.4
4.8
8.2
4.2
4.6
3.9
3.2
1.8
1.6
5.2
5.4
4.2
7.0
9.8
3.0
8.4
3.3
3.3
2.9

5.7
8.4

10.7
3.1
4.8
2.8
4.4
5.2
3.1
3.2
2.8
2.3
2.3
1.0
1.1
1.1
1.5
1.6
1.9
1.6
1.9
1.6
1.4
1.7
1.6
1.3
2.8
1.1
2.4
2.1
2.3
2.9
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Table 2. (Continued). Table 3. (Continued).

Core-Section
(interval in cm)

Hole 575B (Cont.)

7, 7-11
8-1, 62-66

1, 130-134
2, 88-92
3, 29-33
3, 126-130
4, 80-84
5, 30-34
5, 130-134
6, 90-94

9-1, 30-34
1, 135-139
2, 91-95
3, 33-37

9-3, 134-138
4, 90-94
5, 35-38
5, 135-139

10-1, 10-17
1, 107-114
2, 44-51
3,2-9
3, 105-112
4, 47-54
5,2-9
5, 104-111
6, 44-51
7,4-11

11-1,46-52
2, 3-10
2, 106-113
3, 43-50
4, 3-10
4, 104-111
5, 47-54
6, 2-9
6, 92-99

12-1, 93-100
2, 47-54
3, 3-10
3, 126-133
4, 65-72
5, 13-20
5, 107-114
6, 46-53
6, 132-139

13-1, 43-50
2, 3-10
2, 106-113
3, 62-69
4, 10-17

14-1, 92-99
2, 45-52
3, 5-12
3, 91-98
4, 12-19

Sub-bottom
depth (m)

64.49
65.34
66.02
67.10
68.01
68.98
70.02
71.02
72.02
73.12
74.12
75.17
76.23
77.15
78.16
79.22
80.17
81.17
81.54
82.51
83.38
84.46
85.49
86.41
87.46
88.48
89.38
90.48
91.39
92.47
93.50
94.37
95.47
96.48
97.41
98.46
99.36

100.56
101.60
102.67
103.87
104.78
105.76
106.71
107.60
108.46
109.67
110.77
111.80
112.86
113.84
115.06
116.09
117.18
118.05
118.76

>63 µm (%)

1.3
1.3
1.5
1.6
3.5
2.0
2.1
2.1
2.4
1.8
1.9
7.9
2.5

2.9
1.8
2.8
2.6
5.0

11.4
4.7
5.3
3.2
2.3
2.2
3.6
4.0
6.9
4.2
3.6
3.9
3.6
5.4
4.0
5.4
6.2
5.8
8.9
6.7

10.0
14.0
10.2
4.4

12.4
13.7
5.4
7.1
9.5
5.2
4.4
4.7
6.0

11.3
4.3
2.6

Table 3. Oxygen and carbon isotope composi-

tion (‰, PDB) of Globoquadrina venezue-

lana (350 to 420 µm) in cores of Holes 573B,

574, 574C, 575A, and 575B.

Core-Section
(interval in cm)

Hole 573B

11-1, 6-10
3, 7-11

12-3, 98-102
4, 146-150
5, 98-102

Sub-bottom
depth (m)

233.58
236.59
247.00
248.98
250.00

δ 1 8 θ

(‰)

0.36
0.62
0.83
0.81
0.51

δ 1 3 C

(‰)

1.85
1.49
1.78
1.81
1.94

Core-Section
(interval in cm)

Hole 573B (Cont.)

13-2, 28-32
5, 78-80

14-3, 120-124
15-2, 118-122

5, 71-75
16-3, 36-40
17-4, 146-150

5, 82-86
20-1, 119-123

2, 74-78
23-2, 36-40

3, 90-94

Hole 574

25-1, 11-14
64-69
3, 14-19

26-1, 130-137
3, 130-138

27-2, 123-129
4, 22-29

28-1, 89-97
3, 92-99
4, 42-50

29-2, 50-57
4, 33-40

30-2, 51-58
3,2-9

31-1, 2-9
3, 2-8
3, 101-109

Hole 574C

i-2, 125-129
4, 131-135

2-3, 101-105
5, 101-105

3-2, 15-19
4-1, 34-38

3, 49-53
5-2, 50-54

4, 52-56
6-2, 131-135

3, 82-86
4, 129-133

7-3, 3-7
5, 100-104

8-2, 2-6
3, 51-55
4, 3-7

9-2, 26-30
3, 72-76

10-3, 80-84
5, 74-79
7, 43-47

11-1, 96-100
3, 3-7

12-2, 105-109
3, 146-150

13-1, 94-98
2, 31-35
3, 90-94

14-1, 35-39
2, 78-82

15-2, 37-41
2, 138-142
5, 81-85

16-1, 55-59
18-1, 25-29
20-1, 30-34

4, 2-6
21-2, 80-84

3, 30-34

Sub-bottom
depth (m)

254.30
259.29
266.22
274.20
278.23
284.38
296.48
297.34
320.21
321.26
349.38
351.42

172.63
174.67
175.67
178.84
181.84
184.96
186.96
188.13
191.16
192.16
194.24
197.07
199.25
200.26
202.26
205.25
206.25

195.27
200.33
208.03
211.03
215.17
223.36
226.51
234.52
237.54
244.83
245.84
247.81
254.55
258.52
262.54
264.53
265.55
272.28
274.24
283.82
286.76
289.45
290.48
292.55
301.57
303.48
309.46
310.33
312.42
318.37
320.30
329.39
330.40
334.33
337.57
356.27
375.32
379.54
386.82
387.82

δ 1 8 θ h

(‰)

0.26
0.05
0.47
0.93 (
0.95
0.92
0.71
0.65
0.26 (
0.71 (
1.40 (
0.70 (

0.96
0.85
0.92
0.20
0.59
0.78
0.04
0.54
0.87
0.79
1.22

-0.26
0.52
0.53
0.51
0.31
0.11

0,80
0.12
0.67
0.42
0.43
0.47
0.53
0.52 (
0.45 (
0.89
0.81
0.80
0.93 (
0.81
0.80
0.82
0.70
0.88
0.98
0.27
0.51
0.88
1.34
0.39
0.56 (
0.65
0.57
0.82
1.43
0.50
0.95
0.96
0.61
1.01
0.73 (
1.19 (
0.84 1
0.89 (
1.04 (
1.30

1 3 C

(‰)

.48

.36
1.19
).98
.10
.14
.42

1.44
).80
).50
).52
).63

.63

.80

.41

.37

.32

.71

.89

.75
1.79
.93
.93
.87

1.64
1.60
1.57
.69
.19

.59

.61
1.56
.45

1.34
1.04
1.21
).77
).99
.48

1.48
1.28
).72
1.49
1.24
1.20
1.38
1.13
1.13
1.01
1.40
1.25
1.19
1.23
).82
1.04
1.62
1.37
1.26
1.76
1.38
1.63
1.20
L.50
).54
).12
).15
).61
).19
3.44
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Table 3. (Continued). Table 3. (Continued).

Core-Section
(interval in cm)

Hole 575A

1-1, 2-9
1, 102-109
3, 10-17

2-4, 32-36
3-2, 53-60

3, 10-19
4-1, 21-29

3, 45-52
5-2, 94-100

4, 2-9
6-1, 61-68

2, 21-28
2, 121-128

7-1, 101-108
2, 142-149

8-1, 53-60
2, 2-9

9-1, 122-129
2, 81-88

10-1, 93-100
3, 2-9

11-2, 102-109
3, 131-138

12-2, 134-141
3, 94-101

13-1, 101-108
3, 6-13

14-1, 111-118
3, 13-20

15-2, 25-31
2, 125-131

16-2, 8-15
3, 54-61

17-2, 53-60
3, 8-15

18-2, 68-75
3, 129-136

19-1, 89-96
3, 2-9

20-1, 22-29
3, 49-56

21-2, 30-37
3, 81-88

22-1, 102-109
2, 133-140

23-1, 92-99
2, 51-58

24-1, 101-109
3, 12-19

25-2, 143-150
3, 103-110

26-1, 132-139
3, 130-137

27-2, 88-97
3, 30-37

28-1, 143-150
3, 14-21

29-1, 141-148
3, 52-59

31-2, 65-72
3, 101-108

32-1, 143-150
3, 48-55

33-2, 50-57

Hole 575B

2-5, 117-121
6, 107-111

3-2, 45-49
5, 63-67

4-1, 123-127
3, 128-132

5-3, 113-117
4, 144-148
6, 50-54

Sub-bottom
depth (m)

93.85
94.85
96.93

102.04
103.17
104.24
105.45
108.69
111.47
113.56
114.74
115.85
116.85
119.45
121.36
123.67
124.65
126.56
127.64
128.26
130.35
133.15
134.94
137.97
139.07
139.85
141.89
143.05
145.07
146.48
147.48
149.62
151.58
152.07
153.12
154.72
156.83
157.72
159.85
161.06
164.33
166.54
168.55
169.15
170.97
173.06
174.14
175.25
177.36
180.17
181.27
181.46
184.43
187.33
188.24
188.67
190.38
191.15
193.26
199.59
201.45
202.76
204.81
206.34

19.19
20.59
22.97
27.65
30.75
33.80
43.15
44.96
47.02

δ 1 8 θ

(‰)

0.15
0.25

-0.09
0.46
0.32
0.56
0.24
0.52
0.69
0.50
0.72
0.81
0.40
0.84
0.57
0.38
0.83
0.94
0.78
0.72
0.73
0.91
0.69
0.89
1.01
0.88
0.86
1.22
1.18
0.95
1.06
0.85
0.96
1.16
0.78
1.09
0.93
0.74
0.75
1.35
1.38
1.30
1.21
1.08
1.08
0.59
0.92
0.94
0.70
0.71
0.90
0.63
1.14
1.19
0.52
0.64
0.22
0.69
0.80
0.56
0.78
0.83
0.91
1.10

0.69
0.80
0.31
0.67
0.72
0.58
1.30
1.64
1.08

δ 1 3 C

(‰)

2.24
1.75
1.64
1.57
1.33
1.59
1.35
1.68
1.25
1.56
1.13
0.93
1.14
1.03
0.95
1.00
1.08
1.31
1.15
1.48
1.10
1.71
1.35
1.32
1.40
1.10
1.38
1.19
1.28
1.24
1.40
1.28
1.27
1.47
1.24
1.36
1.26
1.01
1.47
1.05
1.05
0.90
1.38
1.23
1.06
1.01
1.10
1.42
1.59
1.20
1.30
1.49
1.74
1.43
1.59
1.61
1.49
1.09
1.67
1.48
1.24
1.26
0.99
0.81

0.58
0.50
0.83
1.07
1.13
1.32
1.42
1.52
1.44

Core-Section
(interval in cm)

Hole 575B (Com.)

7, 3-7
6-2, 24-28

2, 123-127
3, 69-73
4, 25-29
4, 124-128
5, 85-89
6, 32-36

7-1, 93-97
2, 47-51
3, 3-7
3, 95-99
4, 50-54
5, 3-7
5, 105-109
6, 50-54

8-1, 62-66
1, 130-134
2, 88-92
3, 29-33
3, 126-130
4, 80-84
5, 30-34
5, 130-134
6, 90-94

9-1, 30-34
1, 135-139
3, 33-37
4, 90-94
5, 135-139

10-2, 44-51
5, 2-9

11-3,43-50
6, 2-9

12-2, 47-54
5, 13-20

13-1, 43-50
2, 106-113

14-2, 45-52
3, 91-98

Sub-bottom
depth (m)

48.05
49.76
50.75
51.71
52.77
53.76
54.87
55.84
56.35
57.39
58.45
59.37
60.42
61.45
62.47
63.42
65.34
66.02
67.10
68.01
68.98
70.02
71.02
72.02
73.12
74.12
75.17
77.15
79.22
81.17
83.38
87.46
94.37
98.46

101.60
105.76
109.67
111.80
116.09
118.05

δ 1 8 θ I
(‰)

1.01

1.35
0.87
1.31
0.81
1.25
0.99
0.97
1.29
1.42
1.61
0.79
1.20
1.70
1.44
1.37
0.98
0.43
1.15
0.91
0.81 1
1.03 1
1.22 1
1.01 1
0.49 1
1.60 1
1.20 1
0.92 1
1.21 1
0.80 1
0.90 :
0.41 1
0.90 1
0.83 1
0.73 2
0.73 1
0.86 2
1.11 1

1 3 C
(%o)

1.18

.60

.10

.13

.27

.01

.15

.37

.37

.32

.33

.28

.67

.63

.42

.83

.16

.41

.34

.00

.05

.10

.46

.32

.17

.67

.56

.34

.48

.62

.38

.70

.87

.81

.32

.86

.13

.73
0.05 1.82

-0.09 1 .82

from less variable below to high-frequency, high-ampli-
tude variability above, and the benthic foraminifers show
a marked increase in δ 1 8 θ of about O.7%o. This increase
can be correlated with an abrupt increase in the benthic
foraminifer oxygen isotope record of the same ampli-
tude at 155 m at Site 574 (Pisias et al., this volume, and
Fig. 5).

Above this sharp 1 8O enrichment the δ 1 8 θ values of
O. umbonatus continue to increase to values close to
3%o at a level slightly above level H in the middle Mio-
cene. They retain this high value through the remainder
of the section, whereas the 1 8O values of G. venezuelana
decrease sharply. The oxygen isotope gradient between
O. umbonatus and G. venezuelana (Δδ 1 8OB_P; Table 4)
increases progressively from about l%o in the F-G inter-
val to about 2%o in the G-H interval and 2.5%0 at the
top of the middle Miocene.

Carbon Isotope Stratigraphy

In the uppermost Oligocene and lowermost Miocene
(below level A), the carbon isotope record of Globoquad-
rina venezuelana at Site 574 shows depleted δ1 3C values
(values less than l%o). At level A, there is a sharp in-
crease of about l%o. An interval of enrichment, with
mean δ1 3C values near 1.5%o, occurs between levels A
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Levels

H

G

F

E

D

C

B

A

Biostratigraphic and magnetostratigraphic position

Within Coscinodiscus gigas var. diorama Zone
Within upper Dorcadospyris alata Zone
Within Zone CN5a
Within Zone N12

Within Subzone B of Cestodiscus peplum Zone
Within lower Dorcadospyris alata Zone
Witnin Zone CN4
Approximates the N9/N10 boundary

Approximates the Denticulopsis nicobarica/
Cestodiscus peplum boundary

Within the middle of the Calocycletta costata Zone
Within Zone CN3
Within undifferentiated N6—N8 interval
Within magnetic Anomaly 5C

Within Subzone A of Denticulopsis nicobarica Zone
Approximates the Stichocorys wolffii/Calocycletta costata

boundary
Approximates the CN2/CN3 zonal boundary
Within undifferentiated N6 — N8 interval
Within lower reversed interval of magnetic Anomaly 5C

Approximates the Craspedodiscus elegans/Triceratium pileus
boundary

Within uppermost Stichocorys delmontensis Zone
Within uppermost Zone CN1c
Within Zone N5

Within lowermost Craspedodiscus elegans Zone
Within Stichocorys delmontensis Zone
Within Zone CN1c
Within Zone N5

Slightly below the B/C boundary in Rossiella paleacea Zone
Within lower Stichocorys delmontensis Zone
Within CN1b
Within upper Zone N4

Approximates the Rocella gelida/Rossiella paleacea boundary
Within Lychnocanoma elongata Zone
Within lower Zone CN1 b
Within Zone N4

Approximate
age (Ma)

12.5

14.6

16.5

17.5

18.7

19.5

20.7

22.7

Chemical s
(decrease*--!

δ 1 8 θ

BF

PF
minimum

PF

gnals
ncrease)

δ 1 3 C

BF+ PF

r

PF

PF

CaCO3

"I

Position in cores

Site 573

Hole-Core

573B-13

573B-14

573B-16
(?)

573B

upper
573B-20

Depth (m)

257

267

288

291

3 2 0

Site 574

Hole-Core

574-29/30

574C-3/4

574C-6

574C-7

lower
574C-10

574-15/16

Depth (m)

~ 112 m
(Pisias and
Shackleton,
this volume)

155
(Pisias and
Shackleton,
this volume)

197

220

244

257

287

3 3 5

S

Hole-Core

575B-5

upper
575B-9

575A-1
and

575B-14

575A-6

lower
575A-11

lower
575A-16

575-25

te 575

Depth (m)

43

75

115

134
(115 + 19)

154
(135 + 19)

170
(151 + 19)

199
(180+ 19)

Figure 5. Biostratigraphic and magnetostratigraphic position of levels marking changes in the signature of the isotope and carbonate records at DSDP Sites 573, 574, and 575. Ages are derived
from the Barron et al. (in press) time scale based on the paleomagnetic time scale of Berggren et al. (in press). BF = benthic foraminifers; PF = planktonic foraminifers.
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Table 4. Oxygen and carbon isotope composition (‰, PDB)

of the benthic species Oridorsalis umbonatus ( > 250 µm)

in cores of Holes 575A and 575B and the difference be-

tween δ*°O values of O. umbonatus and G. venezuelana

( Δ δ 1 8 O B - P ) .

Core-Section
(interval in cm)

Hole 575B

2-5, 6-10
3-6, 101-105
4-3, 128-132
6-6, 32-36
9-1, 135-139
10-3, 105-112
11-3,43-50
12-3, 126-133

Hole 575A

4-3, 45-52
5-4, 2-9
6-3, 81-88
8-1, 53-60
8-1, 102-109
12-1, 72-80
18-3, 129-136
25-3, 103-110
31-2, 65-72

Sub-bottom
depth (m)

18.08
29.53
33.80
55.84
75.17
85.49
94.37

103.89

108.69
113.56
117.94
123.67
124.15
135.86
156.83
181.27
199.59

δ 1 8 θ

3.13
2.84
3.22
2.98
2.64
2.10
2.04
2.03

2.10
2.24
1.68
2.26
2.17
2.13
2.50
2.25
2.56

δ 1 3 C

-2.43
-2.34
-1.35
-0.83

0.05
1.03
0.28
0.31

-0.12
-0.61
-0.42
-0.76
-0.12
-0.18
-0.38
-1.13
-0.24

Δ δ 1 8 O B _ P

2.64
2.01
1.44

1.14

1.58
1.74

1.88

1.57
1.35
2.00

and B in the lower lower Miocene. These two levels are
tentatively identified at Site 573, and level B is placed at
Site 575 in the lower part of the sequence. In the next in-
terval, between levels B and E, δ1 3C values have slightly
decreased averages of about 1.2 to 1.3%o.

Above level E in the upper lower Miocene, there is a
marked enrichment in 1 3C of approximately l‰ which
takes place progressively between levels E and F. This
enrichment is directly tied to the reversed interval in lower
magnetic Anomaly 5C (lower magnetic Chron 16), which
is apparent in cores from Hole 575A and which we have
referred to as the Chron 16 Carbon Shift (Vincent et al.,
1983). Values of δ1 3C remain high (from 1.7‰ to 2.4‰)
throughout a large part of the interval between levels F
and G, which spans the lower/middle Miocene bound-
ary, then decrease just below level G toward values simi-
lar to the preceding lower Miocene values, that is, values
averaging 1.2 to 1.3‰. This average characterizes the re-
mainder of the middle Miocene; the values then show a
pronounced decrease in the upper Miocene.

Carbonate Stratigraphy

Throughout the uppermost Oligocene and most of the
lower Miocene, up to level D, the calcium carbonate rec-
ords at all three sites display a relatively constant CaCO3

content, with a mean of about 90% and small-ampli-
tude fluctuations. There are no pronounced changes in
this interval. However, in the expanded record of Site
574 a slight variation is apparent. The interval of en-
riched 1 3C between levels A and B corresponds to an in-
terval of slightly increased carbonate content (Figs. 3
and 5). In this interval the mean CaCO3 content is about
92%, whereas below level A it is about 88%, and above
level B up to level D, it is about 90%. The A-B interval
of slightly increased CaCO3 percentages is tentatively

identified in the condensed record of Site 573 and its up-
per part at Site 575 (Figs. 2 and 4).

Above level D in the upper lower Miocene, the CaCO3

content decreases markedly, reaching a pronounced
minimum of 32 to 65 percent at 114 m, 212 m, and
261 m at Sites 575, 574, and 573, respectively. This pro-
nounced minimum, which occurs between levels E and
F in the uppermost lower Miocene, correlates with the
Chron 16 Carbon Shift. Above the Chron 16 carbonate
minimum, the calcium carbonate content increases again
to values of about 90% throughout the remainder of the
middle Miocene. However, the fluctuations in this inter-
val are of higher amplitude than in the Oligocene to
lower Miocene interval (see site chapters, this volume,
for middle Miocene CaCO3 records at Sites 573 and 574).

The uppermost lower Miocene interval of decreased
carbonate content is correlated with an interval of re-
duced preservation of foraminifers (see Figs. 2 to 4). How-
ever, the wide sampling interval used for the foraminif-
eral preservation stratigraphy does not allow a detailed
correlation with carbonate stratigraphy.

Near the middle/upper Miocene boundary the car-
bonate curves at all three sites show a marked change
(Fig. 4 and site chapters, this volume). Above this level
(throughout the upper Miocene to the Quaternary), there
are high-amplitude cyclic fluctuations between high-car-
bonate and low-carbonate sediments that are paralleled
by fluctuations in the abundance of siliceous sediments.
This pronounced change in sedimentary regime is wide-
spread in the central equatorial Pacific, where it is seis-
mically traceable (Mayer et al., this volume).

Grain Size Stratigraphy

A detailed analysis of our grain size data is beyond
the scope of this chapter. Further, data obtained from
paired samples, which are preferable for a statistical anal-
ysis of the relationship between sand-sized content and
calcium-carbonate content, are unavailable for this study.
However, long-term cycles are apparent from a visual ex-
amination of the sand-sized content curves in Figures 2
to 4. The cycles are defined by the alternation of (1) in-
tervals of high-amplitude fluctuations with pronounced
maxima and higher average values and (2) intervals of
low-amplitude fluctuations with smaller average values.
An interval of type 1, present at all three sites, occurs
just below the boundary between lower Miocene and
middle Miocene, immediately above the Chron 16 Car-
bon Shift and the pronounced decrease in CaCO3 con-
tent. Another interval of type 1 at the top of the Site 575
sequence is clearly associated with the high-amplitude
carbonate fluctuations.

DISCUSSION

Reading the Record

The stratigraphic signals available refer to the physi-
cal state of the ocean and the hydrologic cycle in gen-
eral, and to the ocean's carbon chemistry, which is af-
fected by life processes and geochemical cycles. Physical
conditions are reflected mainly in the δ 1 8 θ record, and
chemical conditions predominantly in δ 1 3C, carbonate
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content, and foraminiferal preservation. Of the various
signals, the reasons for the fluctuations in CaCO3 pres-
ervation are the simplest to interpret (they are due main-
ly to saturation of the bottom water), and the reasons
for the fluctuations in δ13C are the most complex. The
reasons for grain size fluctuations are also complex. All
signals are strongly interdependent, because there is an
intimate connection between the physical, chemical, and
biological aspects of the system. These matters have been
discussed elsewhere (e.g., van Andel et al., 1975; Bender
and Keigwin, 1979; Vincent et al., 1980; Berger, 1981;
Berger and Vincent, 1981; Vincent and Berger, 1981, in
press).

We used the following guidelines in reading the rec-
ord, which are gleaned, in the main, from the references
cited (we do not suggest that our methods are preferable
to more detailed analysis):

1. ò18θ reflects changes in water temperature at the
time of growth of the shells, as well as changes in the
18Q/16Q ratio of the surrounding water (which is affected
by regional and/or global salinity and the presence or
absence of ice caps). The formula of Epstein et al. (1953)
applies. The temperature effect is roughly O.2%o change
in δ 1 8θ per 1°C change in water temperature. To change
δ 1 8 θ through ice buildup, a change in sea level of be-
tween 10 and 20 m (depending on the composition of
the ice; see Emiliani, 1955) is necessary to cause a change
inδ 1 8 θof about 0.1 %0.

2. δ13C is regionally influenced by carbon fixation
(which increases δ13C) and respiration (which decreases
it). The £|3C value reflects net productivity at the sur-
face and oxygen utilization at depth. Regional patterns
are governed by mixing processes in the ocean as well as
by chemical processes. Global changes are effected by
changes in the overall carbon cycle, notably changes in
the ratio of inorganic to organic carbon in source- and
sink-terms.

3. Sand content is a function of (a) productivity and
the relative proportion of large, robust deep-dwelling mi-
crofossils, (b) winnowing (which increases sand content)
and dilution by fines (which decreases it), and (c) car-
bonate dissolution (decreases sand content).

4. Carbonate content is affected by the rates of sup-
ply, dilution, and dissolution of CaCO3. Of these, dis-
solution is probably the most important in any given in-
terval.

5. Foraminiferal preservation is affected by the satu-
ration of bottom waters in carbonate and the supply of
organic matter to the seafloor.

The interdependence of these signals is obvious. Hence,
we shall adopt the hypothesis that events (peaks or shifts)
in different signals that are closely associated in time
have a common cause or are part of a causal chain. Be-
cause a change in each individual signal can be produced
by a number of factors, we need a number of signals to
be able to narrow the choices down to the most likely
cause. Clearly, the considerable effort that is necessary
to establish such multiple-signal stratigraphies can best
be justified for continuous records of high resolution, in
regions that record events of global significance.

In this respect we are satisfied that the expanded rec-
ord at Sites 573 to 575 has excellent potential for the pa-
leoceanographic reconstruction of the early to middle
Miocene.

A more detailed "multichannel" isotope stratigraphy
than could be prepared for this study will be necessary
to resolve many paleoceanographic questions. We espe-
cially need to complement the isotope record obtained
in this study, which was from a deep-living planktonic
foraminifer (subsurface water), with a record for the ocean
properties at the surface (shallow-dwelling planktonic for-
aminifers) and at the seafloor (benthic foraminifers).

Correlation between Biostratigraphy and
Chemostratigraphy

The levels of change in the isotope and carbonate rec-
ords summarized in Figure 5 correlate well from site to
site through biostratigraphy (Figs. 2 to 4). The age of
these levels can thus be estimated with reasonable confi-
dence despite minor discrepancies between the various
microfossil zonations at the three sites (Barron et al.,
this volume).

The sedimentary sequences from Sites 574 and 575
together provide a complete lower Miocene record. The
record at Site 573 is incomplete and condensed, and sev-
eral hiatuses were recognized (see Barron et al. and They-
er et al., both this volume). Because of sediment con-
densation and the wide sampling interval, the exact po-
sition of levels A to H could not be determined at the
latter site. Several of these levels are identifiable, how-
ever, with even a low-resolution chemostratigraphy when
placed in a biostratigraphic framework (Fig. 2).

Other isotope records that ..are available for compari-
son with this study are shown in Figure 6 (in back pock-
et).

Miocene benthic foraminifer isotope records from the
equatorial Pacific have been published by Savin et al.
(1981) and Woodruff et al. (1981) for DSDP Sites 71,
77, and 289. The first two of these sites are in the same
area as the Leg 85 sites (see Fig. 1). The lower and mid-
dle Miocene sedimentary sequence at Site 71, to the west
of Sites 574 and 575, accumulated at an average rate
of approximately 32 m/m.y., which is similar to accu-
mulation rates at the latter two sites (Barron et al., in
press). The benthic foraminifer isotope record from Site
71, however, was not obtained from monospecific sam-
ples, and it does not encompass more than the lower-
most middle Miocene. The section from Site 77, like that
from nearby Site 573, is condensed and contains several
hiatuses. Site 289, which is on the Ontong Java Plateau
in the western equatorial Pacific (latitude: 0°29'S; lon-
gitude: 158°3O'E; water depth: 2224 m), provides an ex-
panded continuous record of the upper lower Miocene
and the entire middle Miocene; the section accumulated
at an average rate of approximately 33 m/m.y., varying
from 20 m/m.y. to 50 m/m.y. (Andrews et al., 1975;
Barron et al., in press). The detailed benthic foramini-
fer isotope stratigraphy obtained at this site by Savin et
al. (1981) and Woodruff et al. (1981) is reproduced in
Figure 6.
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Vincent et al. (in press) used benthic foraminifers as
well as shallow-dwelling and deep-living planktonic for-
aminifers to establish multiple isotope stratigraphies
throughout the Miocene for four DSDP sites in the trop-
ical Indian Ocean. The trends in the isotope stratigra-
phies for the four sites are similar. Of these four sites
we selected Site 216 (on the Ninetyeast Ridge, latitude:
1°27'N; longitude: 90°12'E; water depth: 2247 m) for
comparison with the Pacific records (Fig. 6), because
the sedimentary sequence at this site, despite its conden-
sation (an average accumulation rate of 5 m/m.y.), pro-
vides the most complete and undisturbed record for the
early and middle Miocene (Vincent et al., in press). It is
also the only site that yielded siliceous biostratigraphic
control throughout the interval.

We have made no attempt here to present data plot-
ted against time, because as of this writing discrepancies
between the time scales used by various authors have
not been resolved. The middle Miocene time scale has
been revised since the start of this study (see the differ-
ences between the time scales used in the site chapters
and in Barron et al., this volume), and we felt it inap-
propriate to attempt to work out detailed correlations
between various records at this time.

Berggren et al. (in press) have recently proposed the
correlation of Anomaly 5 with Chron 11 (as originally
proposed by Foster and Opdyke, 1970), instead of corre-
lating Anomaly 5 with Chron 9, the correlation many
authors have utilized in constructing time scales during
the last 10 yr. Berggren's proposed revision results in age
estimates approximately 1.5 to 2 m.y. younger for bio-
stratigraphic datum levels in the interval between ap-
proximately 6.5 and 13.8 Ma. It also implies considera-
ble changes in previously published sedimentation rate
profiles.

Despite the varying sampling density and varying bio-
stratigraphic resolution of the various records shown in
Figures 2 to 4 and Figure 6, a number of the chemo-
stratigraphic markers A to H can be identified in all rec-
ords. These thus provide signals of the utmost impor-
tance for chronostratigraphic correlation. Careful stack-
ing of chemostratigraphic signals from different records
will greatly enhance the precision of correlation between
different ocean basins and will provide a precious tool
for global paleoceanographic reconstruction. Once a che-
mostratigraphic signal is shown to be global, it becomes
a superior time marker, and one to which biostratig-
raphy must defer. An example of discrepancies in the
biostratigraphic position of a global chemostratigraphic
marker, seen in Figure 6, is discussed below.

Level G marks an abrupt step in the benthic foramin-
ifer δ 1 8 θ record toward higher values. The step occurs
within the mid-Miocene oxygen enrichment. This level
corresponds to the N9/N10 foraminiferal zonal bound-
ary identified by Saito (this volume) at both Sites 575
and 574 (see Figs. 5 and 6). From an examination of
Figure 6, however, it appears that level G has a higher
stratigraphic position with respect to the foraminiferal
zonation at Site 289 and a lower one at Site 216. At Site
289 level G, at approximately 450 m, falls in Core 48, in
the upper part of Zone N10 identified by Srinivasan and

Kennett (1981a, b), whereas at Site 216 it lies in the up-
permost part of an undifferentiated N8-N9 interval as
given by Berggren et al. (1974) (Fig. 6).

The precise placement of foraminiferal zonal bound-
aries is often made difficult by taxonomic ambiguities
and/or the rarity of zonal nominate taxa. Zonal bound-
aries defined by the FAD (first appearance datum) of a
species are placed by many biostratigraphers at the lev-
el of first appearance of a morphotype of this species,
which is older than the level of "evolutionary appear-
ance" of that species. The latter has been defined as
"the level at which more than half of the individuals in
the population have the character(s) that distinguishes
the species from its ancestor or descendant" (Riedel and
Sanfilippo, 1971, p. 1530). Different interpretations of
foraminiferal data by various workers in identifying lev-
els of first appearance may be responsible for discrepan-
cies in zonal assignments.

The N9/N10 boundary is defined by the FAD of Glo-
borotalia peripheroacuta (Blow, 1969; Srinivasan and Ken-
nett, 1981a, b). Saito (this volume) places the N9/N10
boundary at the first morphotypic appearance of G. per-
ipheroacuta at approximately 155 m at Site 574 (between
Sections 2 and 3 of Core 574-21) and approximately
74 m at Site 575 (between Sections 1 and 2 of Core
575-9), that is, at a level that nearly coincides with the
depth of level G at both sites. Srinivasan and Kennett
(1981a, b) may have given the N9/N10 boundary at Site
289 a lower stratigraphic position with respect to level G
because their interpretation of the FAD of G. periphero-
acuta was different from Saito's. Srinivasan and Ken-
nett report "the first evolutionary appearance" of this
species at Site 289 in Core 49 (Srinivasan and Kennett,
1981a, p. 425), and their generalized range chart (Srini-
vasan and Kennett, 1981b, p. 502) shows the bottom of
continuous occurrence of G. peripheroacuta in Core 49.
However, no detailed chart of species occurrences has
been published by these authors.

Although the N9/N10 boundary at Site 216, as drawn
on Figure 6, has a stratigraphic position relative to level
G higher than at Sites 574 and 575, foraminiferal data
from this site support the correlation of level G with the
N9/N10 boundary. This boundary is placed on Figure 6
in the middle of Core 216A-5, as originally drawn by
Berggren et al. (1974) and followed by Vincent (1977),
at the base of the common occurrence of G. peripheroa-
cuta. Rare specimens referable to this species, however,
are reported on Berggren et al.'s (1974) range charts be-
low that stratigraphic horizon, ranging down to lower
Core 5A near level G.

At all sites examined here, level G falls within the cal-
careous nannofossil Zone CN4 and the Dorcadospyris
alata radiolarian Zone. At both Sites 574 and 575, level
G is slightly below the Cestodiscus peplum/C. lewisia-
nus diatom zonal boundary (Barron, this volume). This
boundary is marked by the LAD of C. peplum, which
has been paleomagnetically dated within magnetic Chron
15 (Burckle, 1978) and occurs at approximately 14.1 Ma
according to the Barron et al. (in press) time scale used
in this study. There is no biostratigraphic control from
diatom data at either Site 289 or 216. The siliceous rec-
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ord at Site 289 is very poor and barren of diagnostic dia-
toms (Barron, pers. comm., 1983), and diatom data from
Site 216 are not yet available.

The importance of obtaining biostratigraphic and che-
mostratigraphic data from paired samples for the pre-
cise timing of chemostratigraphic signals should be em-
phasized. Hole-to-hole correlations at a single site that
are based solely on sub-bottom depth often require off-
sets because of the uncertainty of the mudline position.
Such offsets had to be made between several Leg 85 holes
(see, for example, the 19-m offset between Holes 575A
and 575B, as explained in the Fig. 4 caption). The iso-
tope stratigraphies presented in this study (Figs. 2 to 4)
are plotted against a composite biostratigraphic column
(one established from the various holes at each site; Bar-
ron et al., this volume); the holes used in establishing
the composite are not always the same as those used in
our own analyses. Discrepancies in the correlation of
the stratigraphies at the various sites should be resolved
when higher resolution biostratigraphic and chemostrati-
graphic studies can be conducted from paired samples.

PALEOCEANOGRAPHIC IMPLICATIONS OF
EARLY MIOCENE EVENTS

The data presented in Figures 2 to 4 and 6 clearly
show the succession of events preceding the middle Mio-
cene 18O enrichment and allow the timing of these events
to be established.

During the warming trend that characterized the sec-
ond half of the early Miocene (between approximately
19.5 and 16.5 Ma, or between levels C and F), the fol-
lowing succession of events took place. Fluctuations in
δ 1 8 θ values are subdued, and the δ1 3C record is unevent-
ful. At the same time, sand content decreases (C to D);
then CaCO3 preservation and carbonate content decrease
(D to E). We suggest that warming (as revealed by the
δ 1 8 θ signal) is associated with declining bottom current
activity (as evidenced by winnowing, which is reflected
in the sand content), and that a sea level rise associated
with warming (D to E) tends to remove carbonate to
the shelves, increasing dissolution on the deep-sea floor
(shelf-basin fractionation, which is indicated by CaCO3

content and foraminiferal preservation).

After these events, there is a sharp increase in car-
bonate dissolution near level E that coincides with the
onset of the Chron 16 Carbon Shift, where δ1 3C values
become higher. The presence of a shift in both the plank-
tonic and benthic foraminifer records suggests that a
change in the composition of the ocean is involved, that
is, a change in the entire geochemical cycle. We propose
that the production of organic carbon increases at this
point, at the expense of carbonate. The underlying mech-
anism might be increased upwelling due to thermocline
development (which is evidenced by the first appearance
of Sphaeroidinellopsis and other planktonic forms with
heavy cortices in the tropics at this time). The increased
deposition of organic carbon on widely flooded shelves
with the shelf edge intersecting the oxygen minimum
might also be appealed to. Both thermocline develop-
ment and equatorial upwelling may be reflected in the
increasing sand content, which may result from an in-

crease in heavy, deep-dwelling species. Increased bottom
current activity also may contribute to this trend.

The Chron 16 Carbon Shift marks the levels E and F.
It lasts about 1 m.y., beginning approximately at 17.5
Ma. After the carbon shift ends, the middle Miocene
cooling begins, a sequence that suggests the above-men-
tioned geochemical preconditioning of the ocean-atmo-
sphere system for entry into a modern, glacier-dominated
world.

The pattern of cooling is not easily decipherable from
the δ 1 8 θ records. A cooling step is clearly indicated im-
mediately after the 16.5 Ma level (just above level F) in
both the benthic foraminifer records (see Sites 216 and
289 in Fig. 6) and the planktonic foraminifer records
(see Sites 216 and 575 in Fig. 6), but it is short, and
warming recurs between 16.5 and 14.6 Ma (between lev-
els F and G). Within the F-G interval, there is a pro-
nounced excursion toward lower δ 1 8 θ values in the Glo-
boquadrina venezuelana isotope record from the trop-
ical Indian Ocean (DSDP Sites 216 and 238; Fig. 6).
During the period immediately following F (end of car-
bon shift, first cooling pulse), the system seems to have
been unstable, as recorded in large fluctuations in sand
content and carbonate content. A relaxation toward pre-E
conditions is then indicated in all signals except δ1 3C,
which remains unusually positive.

At 14.6 Ma (level G), a sharp step in 1 8O enrichment
in benthic foraminifers coincides with the change in re-
gime in the G. venezuelana δ 1 8 θ record at Site 575. The
increase in instability shown by the planktonic foramini-
fer record (high-amplitude, high-frequency fluctuations)
above this level may be an effect of ice buildup at this
time. However, this change in regime is not apparent in
the G. venezuelana record from the Indian Ocean.

An increase in δ 1 8 θ of l%o or more is clear in all ben-
thic foraminifer records between 14.6 and 12.5 Ma (from
levels G to H). There is also an overall increase in δ 1 8 θ
values in the planktonic foraminifer isotope records in
this interval, but it is of much smaller amplitude. Where-
as above level H the δ 1 8 θ benthic foraminifer values re-
main high, the δ 1 8 θ planktonic foraminifer values de-
crease. Thus, if ice buildup caused the 1 8O enrichment it
must have been counteracted by the warming of tropical
surface waters. In the absence of such counteraction no
more than about one-third of the l%o δ 1 8 θ increase can
be attributed to an ice buildup. Therefore, the evidence
for a large ice buildup (one causing more than 20 m of
sea level change) is not convincing at this time.

The δ 1 8 θ records through the middle and late Mio-
cene are characterized by the increasing separation of
benthic and planktonic foraminifer δ 1 8 θ values. The sep-
aration reflects an increase in the planetary temperature
gradient during that time interval, and the increased tem-
perature gradient resulted in a more stably stratified ocean,
presumably one with a stronger thermocline and hence
increased equatorial and coastal upwelling. We have dis-
cussed these trends before (Berger et al., 1981; Vincent
and Berger, 1981; Vincent et al., in press).

After the Chron 16 Carbon Shift the δ1 3C values of
both the benthic and planktonic foraminifers remain high
during most of the interval between levels F and G and
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then relax progressively to early Miocene values. This
broad lower to middle Miocene carbon maximum, which
we call the "Monterey Carbon Excursion" (Vincent and
Berger, in press), appears to be correlated with the depo-
sition of organic-carbon-rich sediments around the mar-
gin of the North Pacific in the Monterey Formation of
California and its equivalents. We have elaborated else-
where on the significance of this correlation (Vincent
and Berger, in press). The organic-carbon-rich Monterey
rocks and equivalents are the result of coastal upwelling,
which arose because of the development of a permanent
strong thermocline. The sediments in the upwelling areas
were deposited, in part, under anaerobic conditions, which
led to the excess extraction of organic carbon from the
ocean. A decrease in the rate of carbon extraction (due
to the exhaustion of nutrient phosphorus) would have
allowed relaxation toward initial values. Alternatively,
or concurrently, a drop in sea level due to ice buildup
would have led to the increased erosion of shallow areas,
with the preferential erosion of organic matter. This pro-
cess could have helped shift the δ13C signal back toward
negative values. From a simple geochemical balance mod-
el, Vincent and Berger (in press) estimated the amount
of excess organic carbon extracted during the course of
the Monterey event to be between 40 and 80 atmospheric
carbon masses. This amount corresponds to that pres-
ent in the ocean, that is, one ocean carbon mass.

It is remarkable that a major carbonate dissolution
event is associated with the heavy carbon excursion. The
same situation occurs at two other equatorial Pacific
DSDP sites (71 and 289), where a pronounced carbonate
minimum ("16 g" of Dunn, 1982) occurs in the same
relative position with respect to the carbon shift shown
by Savin et al. (1981) and Woodruff et al. (1981). It
corresponds to a prominent traceable acoustic horizon
throughout the equatorial Pacific, the "Lavender" re-
flector of Mayer et al. (this volume). The maximum dis-
solution is coeval with the Chron 16 Carbon Shift (see
the pronounced carbonate minima between levels E and
F in Figs. 2 to 4; at Site 289 the pronounced carbonate
minimum identified by Dunn, pers. comm., 1983, oc-
curs between levels E and F, as marked in Fig. 6). The
dissolution increase, however, appears to precede the 13C
enrichment, as evidenced by the inflection point on the
carbon curves at level D. The diatom biostratigraphy for
Site 573 suggests that there is a hiatus at this time (Bar-
ron, this volume). This short hiatus, which corresponds
to NHlb of Barron and Keller (1982), has been observed
in a number of deep-sea sequences in other parts of the
Pacific.

A decrease in carbonate deposition tied to an increase
in 13C is opposite to what one would expect from Broeck-
er's (1982) model, in which increased δ13C is tied with
increased CaCO3 deposition. We used an argument sim-
ilar to Broecker's when we discussed the association of
the late Miocene Chron 6 Carbon Shift toward light δ13C
values with a carbonate dissolution event (Vincent et al.,
1980).

The relationship between CaCO3 content and 13C sig-
nals is obviously far from simple. The complexity of the
interactions is illustrated in this study by the occurrence

of high 13C with either dissolution (as in the Chron 16
Carbon Shift interval E-F) or increased CaCO3 (as in
the earlier A-B interval) (Figs. 3 and 5). Different mech-
anisms must be involved. In principle, it seems safe to
say that a change in the state of the system, in what-
ever direction, should lead to the redistribution of car-
bonate and other chemically active sediments. Thus, hi-
atus formation must occur in some places whenever there
is change, as long as the change is large enough and
the sediment is mostly carbonate. If this is correct, any
strong global shift of δ 1 8θ and/or δ13C, in either direc-
tion, becomes a candidate for hiatus formation.

CONCLUSIONS

Because causes precede effects, it is important for an
understanding of the mechanisms involved in the evolu-
tion of ocean conditions to identify with precise timing
the sequential order of events. In this respect, the sedi-
mentary sequences studied here are the best acquired to
date for high-resolution paleoceanographic reconstruc-
tion during the period of preconditioning before the ma-
jor middle Miocene cooling.

It is premature to attempt to identify causes for all
paleoceanographic changes. Our explanations should be
considered hypotheses only. The development of addi-
tional detailed multichannel stratigraphies (chemostrati-
graphies combined with biostratigraphy and changes in
faunal and floral composition), which permit the sepa-
ration of the numerous variables involved in changes in
environmental conditions, will allow a better understand-
ing of the mechanisms involved in changes in the ocean-
atmosphere system.
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