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LATE PLIOCENE VARIATION IN NORTHERN
HEMISPHERE ICE SHEETS AND NORTH ATLANTIC
DEEP WATER CIRCULATION

M. E. Raymo,:2 W. F. Ruddiman,! J. Backman,3
B. M. Clement,* 5 and D. G. Martinson !

Abstract. High-resolution records. of §80, §!3C, and
percent CaCOj; from the late Pliocene North Atlantic (Deep
Sea Drilling Project sites 607 and 609) are presented and
oxygen isotope stages are formalized back to stage 116 at 2.73
Ma. From 2.8 to 1.6 Ma, the interval studied, variations in
these records were dominated by the 41-kyr component of
orbital obliquity. Significant variation at the orbital
frequencies of eccentricity (96-kyr) and precession (23-kyr) are
observed in the 80 record between 1.6 and 2.1 Ma, but not
before. Prior to 2.4 Ma (stage 100), 380 variations suggest
ice sheet growth 1/4 to 1/2 as large as late Pleistocene ice
volumes; however, these events are below the threshold needed
to result in extensive ice-rafting to the open North Atlantic
Ocean. After 2.4 Ma, ice sheets appear to be, on average, 1/2
as large as those of the late Pleistocene. The §'3C record
indicates that some glacial suppression of North Adantic Deep
Water occurred both before and after 2.4 Ma and that glacial-
interglacial transfers of 2C between the continents and oceans
appear to have been larger in the late Pliocene relative to the
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late Pleistocene. In addition, the strong 23-kyr power observed
in 83C between 2.75 and 2.10 Ma suggests that deep-sea
circulation (or changes in biomass) is controlled, in part, by
climatic variations unrelated to ice sheets.

INTRODUCTION

In the late Pliocene a fundamental change in the Earth's
climate occurred when continental size ice sheets began to
grow and shrink over vast areas of North America and Eurasia.
This cooling, which began ~3.1 m.y. ago [Backman and
Pestiaux, 1986; Raymo et al.,, 1986; Einarsson and
Albertsson, 1988], led to the accumulation of gradually larger
ice sheets, culminating in the first extensive episode of ice-
rafting in the open North Atlantic at 2.4 Ma [Backman, 1979;
Shackleton et al., 1984].

We examine, over a range of latitudes and depths, the late
Pliocene isotope and carbonate records of this major climatic
transition. We present two major results. First, the early
Matuyama, from 2.4 to 1.6 Ma, was characterized by ice
volume changes primarily at the 41-kyr rhythm of orbital
abliquity. However, minor variations at the orbital periods of
eccentricity and precession occurred between 2.1 Ma and 1.6
Ma. Second, the interval prior to large-scale glaciation at 2.4
Ma is also characterized by variations at the 41-kyr rhythm
which gradually increased in amplitude toward 2.4 Ma. These
data confirm the dominance of the 41-kyr obliquity cycle in the
record of global ice volume back 10 2.8 Ma. Further, we use
this observation as the basis for extending the oxygen isotope
time scale of Ruddiman et al. [1986a] back to this time.

Three North Atlantic Deep Sea Drilling Project (DSDP)
sites (Figure 1) forming a latitudinal transect as well as a depth
transect were used in this study. Site 607 (3427 m below sea
level (mbsl)), the southernmost of the three sites, is located on
the western flank of the Mid-Atlantic Ridge (MAR) in the core
of North Atlantic Deep Water (NADW). This site sits under
the northern limb of the North Atlantic Current at the northern
edge of the subtropical gyre. Site 609 (3884 mbs) is located
on the eastern flank of the MAR and is today influenced by



Raymo et al.: Late Pliocenc Ice Sheets

12

13B

14

415
SITE 609
170
19B|  MATUYAMA/
== GAUSS
208
TOP 180
o OLDUVAI
-« 14B 20
190 -,
BOTTOM
= o DUVAL
22B
200 — A'A'AA
- 2C

16 L TOP REUNION

pee  BOTTOM REUNION

17B

18

19B

SITE 607
70 WW 110 = WW
- 9A
— TOP
o | opuvar
80 BOTTOM 120 —
. OLDUVAI
W10A
10
. 90 130 —
g <11A
=
D 11
o]
Q100 140 —
8 -12A
Q.
g
3 12
110 MATUYAMA/ 54
o GAUSS
- 13A
13
120 =~ 160 —
- 14A
14
130 — MM 170

Fig. 2. Composite depth sections for sites 607 and 609 generated by splicing sections from the offset hole across
core breaks in main hole. The composite depth ranges of magnetic reversal datums, as determined from carbonate
and visual correlations between the main and offset holes, are indicated by black bars to the right of the composite

sections.

and 609B, the Pliocene interval contained a number of
underrecovered or disturbed cores in both holes. In the
composite depth model, summarized in Table 2, we were able
to splice only four of the nine core breaks in this interval.
The 15/16 core break was spliced using a section from hole

609C. At the end of core 609-18, our record switches to core
609B-19, maintaining the cored DSDP offset. From this
point on, 609B is the main hole, with a section from hole 609
used to splice over the 20B/21B core break.

Of these four splices, the top of the 15/16 splice is

TABLE 1. Composite Depth Model for Late Pliocene Section of Site 607

Interval in Hole 6072 Interval in Hole 607A2 Composite Depth, m
9-7-31 —_—> 10-4-30 82.01
10-1-7 <—-————] 10-4-90 82.61
10-7-27 I:——-——> 11-4-1 91.81
11-1-5 <_____-] 11-4-105P 92.85
11-7-8 r-—————> 12-3-105 101.88
12-1-5 <—————:] 12-4-91 103.24
12-7-7 L—f—> 13-4-31 112.26
13-1-78 <———~j 13-3-61 114.06
13-7-21 [:—> 14-4-135 122.49
14-1-5 S <__:j 14-5-45.5P 123.09

8 Depth intervals are given in Deep Sea Drilling Project format: core-section-depth in section (cm).

b Uncertainty in exact splice depth.
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Depth Range Equivalent Data
Datum Hole of Reversal® Depth Range?P Source®
Top of 609 16-4-20/16-4-98 1
Reunion 605B not recovercd -
-(continued) - Composite 609 16-4-20/164-98
Bottom of 607 -
Recunion 607A not recovered -
Composite 607
609 16-5-20/16-5-98 1
609B 17-1-98/17-1-146 609-16-3-68/16-5-116 1
Composite 609 16-5-68/16-5-98
Matuyama/ 607 12-5-145/12-6-105 3
Gauss 607A 13-3-97/134-55 607-12-6-73/12-7-31 3
Composite 607 12-6-73/12-6-105
609 19-2-68/19-2-135 ? 1
609B 19-6-50/19-6-98 3
Composite 609B 19-6-50/19-6-98
Top of 607 14-5-25/14-5-66 - 3
Kaena 607A 15-2-100/15-3-97 607-14-4-130/14-5-127 1
Composite 607 14-5-25/14-5-66
609 notrecovered
609B 23-6-140/24-1-98 3
Composite 609B 23-6-140/24-1-98
Bottom of 607 14-6-145/15-1-34 - 3
Kacna 607A 15-4-97/15-5-97 607-14-6-127/15-1-22 1
Composite 607 14-6-145/15-1-22
609 24-1-98/24-2-138 ? 1
609B 24-4-98/24-5-106 --- 1
Composite 609B 24-4-98/24-5-106
Top of 607 15-3-25/15-3-84 3
Mammoth 607A not recovered ---
Composite 607 15-3-25/15-3-84
609 not recovered .-
609B 25-5-102/25-6-42 3
Composite 609B 25-50102/25-6-42
Bottom of 607 15-5-133/15-6-23 --- 3
Mammoth 607A not recovered
Composite 607 15-5-133/15-6-23
609 not recovered ---
609B 26-5-11/26-5-111 3
Composite 609B 26-5-11/26-5-111
Gauss/ 607 16-3-97/16-4-97 1
Gilbert 607A 18-1-97/18-2-97 607-16-3-7/16-4-7 1
Composite 607 16-3-97/16-4-7
609 26-2-100/26-3-100 609B-27-5-66/27-6-66 1
609B 27-6-18/27-6-108 --- 3

Composite 609B

27-6-18/27-6-66

a Depth ranges are given in Deep Sea Drilling Project format: core-section-depth in section (cm).
b Correlative depths of magnetic reversals measured directly in the offset hole and then transferred by CaC‘ O3 or visual
correlations into the primary hole used to form the composite depth sequence.

¢ 1, Clement and Robinson [1986]; 2, Clement and Kent [1986]; 3, this paper.
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TABLE 4. Depth Ranges of Biostratigraphic Datums

Datum Hole 607 Hole 609 (609B) Hole 552A
D. brouweri (LAD) 9-6-75/9-6-149 15-2-44/15-4-44 8-1-29/8-1-39
D. triradiatus acme (FAD) 10-6-52/10-6-77 16-5-95/16-6-145 -
D. pentaradiatus (LAD) 12-3-75/12-3-149 (19-5-90/19-5-120) 9-2-121/9-3-21
D. surculus (LAD) 12-2-48/124-48 (19-6-130/19-7-10) 9-3-41/94-11

D. tamalis (LAD)

N. pachyderma (s)
acme FAD

G. inflata (FAD)

N. atlantica (LAD)

G. punciiculata (LAD)

13-3-117/13-4-0

9-1-136/9-2-1

104-31/104-53
12-1-16/12-1-31
12-1-31/12-1-53

(21-2-1/21-2-31) 10-1-21/10-1-91

13-6-61/13-6-91 7-3-37/7-3-53
16-3-31/16-3-61 8-3-40/8-3-52
(19-1-61/19-1-91) 9-1-147/9-2-5
(19-3-91/19-3-121) 9-2-45/9-2-77

Depth ranges are given in Deep Sea Drilling Project format: core-section-depth in section (cm).

some cases, reversals are determined only to the 1.5-m
shipboard sample spacing, but in others the uncertainty in the
depth placement of reversals has been narrowed significantly.
Half of all reversals identified in the late Pliocene sections of
sites 607 and 609 were found at.more than one hole at each
site; hence, we were able to further narrow depth ranges of
these reversals using the between-hole correlations discussed in
the previous section. This was done by correlating the depth
range of the reversal in the offset hole into the main, or
composite, hole and using the overlap in the ranges to further
narrow the uncertainty in the placement of the reversal. In
cases where the reversal in the offset hole was very near an
interval that was used in the composite depth section (i.e., to
splice across a core break in the main hole), the between-hole
correlations were excellent and errors in transferred depth ranges
were probably less than 5 cm. Reversals further away from
sections used in the composite section may have slighty

greater uncertainties as to their correlative depths in the main
hole. At site 609, the Matuyama/Gauss and lower Kaena
reversals were identified in both holes, but because we were
not able to make carbonate or visual correlations between the
two holes, correlative depths for these reversals could not be
determined.

Equivalent depth ranges for reversals found in both holes
are listed in Table 3. 1n all but two of these cases, the overlap
in the depth ranges could be used to define a narrowed
"composite depth range” of the reversal (also listed in Table 3).
The two exceptions are the top of the Olduvai at site 609 and
the top of the Kaena at site 607. In these two instances, the
projected range from the offset hole is larger than the
uncertainty range in the main hole; hence, the composite depth
range equals the depth range measured in the main hole. Depth
levels for hole 552A magnetic reversals can be found in the
work of Krumsiek and Roberts [1984]. In all cases, we use
the midpoint of the determined range of a reversal to construct
magnetic time scales.

An important difference between earlier magnetic results
for site 607 [Clement and Robinson, 1986] and the results
presented here is in the identification of the lower boundary of
the Olduvai. During construction of the composite section,
we found that our visual and carbonate correlations between
holes 607 and 607A were inconsistent with the magnetic
correlation of the bottom of the Olduvai in these holes.
Additional magnetic work in hole 607A confirmed that the
actual Olduvai reversal lay ~1.5 m higher in the section than
had been previously reported, between 8275 and 8310 cm
(DSDP subbottom depths) rather than between 8396 and 8420

cm (Figure 3). The positively magnetized samples between
8396 and 8420 cm cannot be correlated with either the
Reunion or Gilsa subchrons. Biostratigraphic and carbonate
correlations to site 609 indicate that the Reunion event would
fall significantly deeper at site 607. Similarly, a very short
polarity subchron identified just above the Olduvai subchron at
site 609 [Clement and Kent, 1986/1987] is believed to
represent the Gilsa subchron. The interpolated age of this
event (1.55 Ma; Figure 3) is very close to the radiometric age
of a normally polarized lava from east Iceland (1.58 £ 0.2 Ma
[Watkins et al. 1975; Mankinen and Dalrymple, 1979])
originally proposed to represent the Gilsa [McDougall and
Wensink, 1966). By contrast, our event falls slightly below
the Olduvai subchron and thus may be indicative of either
complex transitional field behavior or a very brief, previously
unrecognized reversal. We have also observed this magnetic
excursion at holes 609, 609B, and 611 (Figure 3).

Nine nannofossil and foraminiferal datums are recognized
and their depth ranges at each site are listed in Table 4. The
published ages of these datums are listed in Table 5. A
detailed discussion of the foraminiferal datums can be found in
the work of Weaver and Clement [1986) and of the nannofossil
datums in the work of Backman and Pestiaux {1986]. In this
paper, we will use the time scale developed in the next section
to further refine the ages of magnetic and biostratigraphic
datums at each site.

TIME SCALE DEVELOPMENT

Site 607 provides the first continuous, high-sedimentation
rate record from the late Pliocene (~2.8 Ma) to present. In this
section, we extend the oxygen isotope time scales developed
for the late Pleistocene [Imbrie et al., 1984] and early
Pleistocene [Ruddiman et al., 1986a; this issue] back to 2.75
Ma using the orbital tuning methods described by Imbrie et al.
[1984]. To do this, we rely almost entirely on the oxygen
isotopic record from site 607, where we have recovered a
complete sediment record for this time interval with splices
across all core breaks. The proposed time scale is named
TP607.

The 820 record of site 607 is plotted to depth and to age
in Figures 4a and 4b. Ages were derived by linear
interpolation between the bottom of the Jaramillo (0.98 Ma),
top of the Olduvai (1.66 Ma), Matuyama/Gauss boundary
(2.47 Ma), and top of the Kaena (2.92 Ma); (ages are from
Berggren et al. [19851). The isotopic data show obvious
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Fig. 5. Tuned and untuned spectra of site 607 820 from (a) 1.6-2.1 Ma and (b) 2.10-2.75 Ma. Untuned spectra are
generated using magnetic datums listed in text. While spectra from both intervals are dominated by the 41-kyr period
of obliquity, the spectra from 1.6 to 2.1 Ma show a greater fraction of the total variance concentrated at higher and
lower frequencies. All spectra in this paper are gencrated from evenly interpolated data with the Blackman-Tukey
method of spectral analysis using 1/3 lags and no prewhitening. Since the height of confidence interval increases as
the frequency decreases, we have labeled peaks that are significant at 90% confidence interval. Band width (bw)

equals 0.007.

frequencies (Figure 5a). The filter of the 41-kyr component is
correspondingly weaker over this interval. Nevertheless, the
spectra in Figure 5 establish the dominance of the 41-kyr cycle
of climate modulation back to 2.8 Ma.

We use the concentration of power at orbital frequencies to
refine the magnetic time scale by using the tuning methods
described by Imbrie et al. [1984] and Martinson et al. [1987].
This method makes two assumptions. First, we assume that
individual 8'%0 cycles in our data can be associated with
specific orbital cycles using a fixed time lag. For "tilt"
tuning, we use an 8-kyr lag of 3'3%0 behind obliquity forcing
as has been demonstrated for the late Pleistocene [Imbrie et al.,
1984). Similarly, for "precession” tuning, wc use a 5-kyr lag
[Imbrie et al., 1984]. Second, we assume that we are not
missing any cycles (i.e., there are no hiatuses in the sediment
record of site 607). Of these two assumptions, the second one
is the most vulnerable and could result in the largest errors.
The tuning of the late Pleistocene records [e.g., Imbrie et al.,
1984] involved a number of records from different areas;
therefore, anomalies or hiatuses in any one record were easily
identified by comparison with the others. Few high-quality
records from the late Pliocene are available to compare to site
607, especially over the interval from 2.1 to 1.6 Ma. Thus,
while we avoid hiatuses at core breaks by splicing, there may
still be unidentified hiatuses in the sediment record unrelated to
the coring process. We will compare our records to others
from this interval later in this section.

Tuning (2.10-2.75 Ma)

We began the tuning process between 2.10 and 2.75 Ma.
Each 8'%0 maxima/minima is easily correlated to the tilt
minima/maxima nearest in age [Berger, 1978]. In Figure 6,
the data are plotted to the tuned time scale. This correlation
between the 8180 record and the obliquity forcing predicts an

age of 2.48 Ma for the Matuyama/Gauss reversal, in exact
agreement with the age given by ‘°K-**Ar measurements
{Mankinen and Dalrymple, 1979].

However, this agreement is not definitive proof of our
correlation between the orbital record and the 5!20 record.
With the 2% error cited on radiometric dates (50 kyr at 2.48
Ma), the §'%0 record could be translated by one full climate
cycle in either direction, and the tuned age of the reversal
would still be within the radiometric margin of error.
However, an additional test of our correlation is provided by
the orbital record itself.

Obliquity cycles between 2.1 and 2.8 Ma are not always
41-kyr long but vary in duration from 36 to 48 kyr. -Thus, the
amount of sediment deposited within any one climate cycle
should also vary. For an average sedimentation rate of 4.5
cm/kyr, the difference in the amount of sediment deposited
between a 36-kyr cycle and 48-kyr cycle would be about 54
cm. We ran a series of tests, using the 0.5-m.y. interval
between 2.1 and 2.6 Ma, in which the correlations between the
sediment record and the orbital forcing were translated up and
down by one and two cycles. Each of these five potential
correlations (including the initial correlation) was evaluated in

~ four ways (Table 6). First, we calculated sedimentation rates

between each §'%0 maxima and minima and determined the
variance and standard deviation of the sedimentation rates for
each cormrelation. Overall, distortions in sedimentation rates
were minimized when the glaciation associated with the
Matuyama/Gauss boundary was correlated to the tilt minima at
2489 kyr. Half-cycle sedimentation rates exhibited the least
variance and smallest standard deviations with this correlation
(Table 6).

We also used the objective, nonlinear method of
Martinson et al. [1982] to optimize the correlation between the
orbital record of tilt and the 8'%0 record. The resulting
correlation coefficient value reflects the degree of similarity
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Fig. 8. Values of 8'80 plotted to magnetic time scale with filters of (a) 21-kyr and (b) 96-kyr components of the
record superimposed (dashed line). Filters are generated from spectra of the 1.6- to 2.2-Ma interval using magnetic

time scale. Units for data and filters are the same.

power can be observed in the paleomagnetic spectra in Figure
5a, although it is not strongly concentrated into any one
frequency band. In Figure 8a, we have superimposed the
untuned 21-kyr (precession) filter from Figure Sa on the 8'%0
data (filter extends from 17 to 25 kyr). Between 1.65 and 1.80
Ma, and also between 1.95 and 2.15 Ma, precessional effects
do appear to be present in the data. Thus, although the
dominant period is still 41 kyr within this interval (Figure 5),
we have adjusted our tuning strategy to include the effects of
precessional forcing. By tuning to precession, more of the
high-frequency variance is concentrated directly under the
precessional band. We used as a tuning target a composite
orbital record generated by adding the precessional forcing
(inverted and at half strength) to the obliquity forcing, with the

appropriate lags. This target curve (shown in Figure 9) thus
reflects the continued dominance of 41 kyr in the §'30 signal
while accounting for some precessional influence.

Before tuning, we fixed the ages at both ends of the 1.6-
to 2.1-Ma interval. The upper boundary of the Olduvai, and
thus the youngest portion of the Pliocene, was dated by
Ruddiman et al. [1986a; this issue] in their time scale for the
early Pleistocene. In the time scale developed here, a
continuation of the Ruddiman et al. {1986a; this issue] work,
we thus correlate (with an 8-kyr lag) the glacial just preceding
the upper Olduvai reversal to the tilt minimum at 1668 kyr.
This gives a tuned age of 1.65 Ma for this reversal. The 2.1-
Ma level was constrained by tuning of the older section.

Using these age constraints, we then tuned this section of
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~7 cm/kyr. This interval of low sedimentation rates may have
been caused by enhanced dissolution or by increased
winnowing and erosion by bottom currents; it does not appear
to have been the result of the coring disturbances that were so
prevalent over this interval at site 609. However, it is
apparent that a significant amount of sediment is missing at
the unspliced 19B/20B core break. By correlation to site 607,
we estimate that ~40 kyr has been missed across this core
break.

Other unspliced core breaks can be similarly assessed with
respect to site 607. The 14/15 break at hole 609 does not
appear to be missing a significant amount of sediment. We
have, however, modified the carbonate data already published
{Ruddiman et al., 1986¢] by deleting the first data point at the
top of core 15 (609-15-1-0.75 cm). We removed this
promenent carbonate low because of visual indications of
downcore reworking. The other unspliced core break, between
cores 17 and 18, does not appear to be missing more than 10
kyr of sediment.

At hole 552A, significant amounts of sediment are
missing at all three core breaks. Inspection of Figure 11
indicates that ~60 kyr (stages 69 and 70) is missing at the 7/8

core break, ~65 kyr (stages 86-88) is missing at the 8/9 core
break, and ~130 kyr (stages 107-113) is missing at the 9/10
core break.

Revised Ages of Magnetic Datums

Using the time scales developed for sites 607 and 609, we
can determine new ages for the magnetic reversal datums listed
in Table 3. Assuming that we have correctly mapped the
climate signal into the orbital record during the tuning process,
the new "tuned" ages should be more accurate than the
radiometric ages, which have a stated error of 2%, or ~30 kyr,
at the top of the Pliocene. By contrast, the error in absolute
age of the orbital calculations is only about S kyr at 1.6 Ma
[Berger, 1984]. (Uncertainty in the actual lag of the climate
response after orbital forcing could also result in a few
thousand year error.) In Table 8 we have listed the magnetic
datums with the revised ages determined at each site. At site
607, estimated ages for the top of the Olduvai (1.65 Ma) and
the Matuyama/Gauss boundary (2.48 Ma) both fall within 1%
of the radiometric estimate. The tuned age for the bottom of
the Olduvai (1.82 Ma) differs by about 3% from the
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TABLE 8. Comparison of Published Ages of Magnetic Reversals Against Ages Derived Using TP607 Time Scale

Ages, Ma
Magnetic Reversal Published Composite Site 607  Composite Site 609 Site 552A
Top Olduvai 1.662 1.653 1.630-1.638 1.643-1.652
---Bottom Olduvai i.882 1.821-1.826 -1.806-1.812 1.731-1.858
Top Reunion 2.01b - 1.982-2.003 1.881-1.889
Bottom Reunion 2.04b 2.018-2.021 1.893-1.900
Matuyama/Gauss 2.48b 2.481-2.486 2.460-2.475 2.457-2.466
2 Berggren ct al. [1986].
®Mankinen and Dalrymple [1979].
Site 607 %CaCO0; Thus, it appears that the maximum atiainable accuracy in
60 80 dating, even if our assumptions about the tuning methods are

Site 609 %CaCOj3

Fig. 12. Superposition of correlated percent CaCO3 records
from 607 (solid line) and 609 (dashed line) for the interval
from 1.60 to 1.95 Ma, showing position of the Olduvai
magnetic subchron at each site. Width of uncertainty in the
placement of reversals is indicated at right. In both cases, the
position of the reversal in 609 falls later than in 607.

correct, is about 1%, or ~15 kyr. On the basis of our site 607
results (Table 8), we propose an age of 1.65 Ma for the top of
the Olduvai (see also Ruddiman et al. [1986a; this issue]),
1.82 Ma for the bottom of the Olduvai, and 2.48 Ma for the
Matuyama/Gauss boundary. Results from site 609 suggest
that the Reunion event lasted from ~1.99 to 2.02 Ma. Because
the Reunion event identified at hole 552A occurs much closer
to the lower Olduvai reversal and dates about 100 kyr younger
than at hole 609, we believe this to be a separate reversal,
possibly equivalent to the minor event discovered at site 607

(Figure 3). Carbonate and biostratigraphic correlations
between these two sites (Figure 10) support this conclusion.

Revised Ages of Biostratigraphic Datums

The foraminiferal and nannofossil datums listed in Tables
4 and 5 are plotted in Figure 10. The first abundant appearance
of sinistrally coiled Neogloboquadrina pachyderma occurs at all
three sites (607, 609, and 552A) within stage 64. This datum
thus appears synchronous from 42° to 56°N latitude and dates
at 1.66 Ma, within the age range proposed by Weaver and
Clement [1986]. The first appearance datum (FAD) of
Globorotalia inflata (d'Orbigny) is found within stage 78 at
sites 607 and 609 but may fall slightly earlier at 552A. This
event is dated at 1.96 Ma, ~100 kyr younger than the age
proposed by Weaver and Clement [1986].

The last appearance datum (LAD) of Neogloboquadrina
atlantica falls on the transition between stages 95 and 96 at
site 607, on the stage 94-95 transition at site 609, and within
stage 95 at site 552A. Our estimated age of 2.28-2.31 Ma is
in agreement with that proposed by Weaver and Clement
[1986]. The LAD of Globorotalia puncticulata, not dated by
Weaver and Clement [1986], falls within stage 96 at site 607,
on the 96/97 boundary at site 609, and within stage 97 at site
552A. This datum appears to be time transgressive,
disappearing first at the more northern sites, and dates from
2.31 to 2.35 Ma. Unlike G. puncticulata, which has a
subtropical/transitional affinity [Kennett and Srinivasan,
1983], N. atlantica, a polar/subpolar species [Poore, 1981],
disappears earliest at the most southern site.

Of the nannofossil datums, Discoaster brouweri (LAD)
falls within stage 72 at all three sites, and Discoaster
triradiatus acme (FAD) falls within stage 82 at sites 607 and
609 (this datum was not identified at site 552). These events
are dated at 1.83 Ma and 2.03 Ma, respectively, ~50 kyr
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the top. Thus, core data from both the North Atlantic and
Pacific Oceans support our 60,000-year revision to the age of
the lower Olduvai.

The presently accepted estimate of the age of the Olduvai
originally came from Klitgord et al. [1975] and was later
corrected for a decay constant change by Mankinen and
Dalrymple [1979]. Klitgord et al. [1975] used the relative
length of seafloor magnetic anomalies along six East Pacific
Rise tracks to calculate the age and length of the Olduvai
subchron. Like Opdyke and Foster [1970], they interpolated
between the radiometrically dated boundaries of the Matuyama
Chron, but instead of assuming constant sedimentation rates,
they assumed constant seafloor spreading rates. It is unclear
why two such similar methods should give such different
estimates for the length of the Olduvai. Possibly, the short
magnetic event we discovered at sites 607, 609, and 611
(Figure 3) has blurred the marine magnetic anomaly record,
making the Olduvai appear longer than it really is. At site
607, this event is ~10 kyr in duration and was identified ~100
cm (or 20 kyr) below the bottom of the Olduvai.

Other data which bear on this question are radiometric
measurements from Olduvai Gorge and other sites, summarized
and adjusted to new decay constants by Mankinen and
Dalrymple [1979]. Anorthoclase samples from Olduvai Gorge
give ages of 1.79 and 1.87 Ma for normally magnetized beds.
However, a reversely magnetized bed in Madeira was also dated
at 1.79 Ma. Of these three values, only the 1.79-Ma date from
Olduvai Gorge would be in agreement with the changes
proposed here. Yet, the analytic errors on these numbers (2%
or ~40 kyr) are almost as great as the difference in ages we are
proposing and, hence, cannot constrain our time scale
estimates.

Our results, combined with those from other deep-sea
cores, suggest that a significant reduction in the length of the
Olduvai subchron may be required. Marine magnetic anomaly
data from geographically widespread areas should be examined,
given the limited geographic nature of the Klitgord et al.
[1975] study. We propose that the Olduvai subchron dates
from 1.65 to 1.82 Ma, our tuned estimate from site 607.
These values are nearly identical to ages of 1.64-1.82 Ma
obtained by Pisias and Moore [1981], who orbitally tuned the
low-resolution planktonic §'%0 record from V28-239.

RESULTS
Oxygen Isotopes

The oxygen isotope data presented in Figure 6 constitute
the most detailed record of the initiation of northern
hemisphere glaciation yet obtained. This record, slightly over
1 million years in length, is characterized by four distinctive
intervals. In the first, from 2.75 to 2.42 Ma (stages 116-101),
the 8'%0 signal is characterized by eight 41-kyr cycles which
vary in amplitude from ~0.4 to 1.0%0. These cycles gradually
increase in amplitude from 2.75 to 2.60 Ma, are of
approximately constant amplitude (~1.0%0) between 2.60 and
2.48 Ma, and then abruptly fall in amplitude (to ~0.4%o) for
one cycle at 2.44 Ma.

Within this interval (2.75-2.42 Ma), small amounts of
ice-rafted debris (IRD) are found at sites 607, 609, and 552A
[Shackleton et al., 1984]. At site 609, trace amounts were
identified within glacial stages 110 and 112, and at site 607,
IRD was found within stage 106. Thus, physical evidence
points to the presence of continental ice sheets, most likely in
North America, from at least 2.65 Ma. These ice sheets were
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large enough, and North Atlantic sea surface temperatures
(8STs) were cold enough, to allow penetration of icebergs to
40°N, significantly further south than such ice travels today.

The second interval, between 2.42 and 2.30 Ma (stages
101-95), is characterized by three large isotope events which
fall ~41 kyr apart (Figure 6). These events have an amplitude
of 1.0-1.2%o, roughly two thirds the amplitude of the last
glacial/interglacial cycle. Significant amounts of ice-rafted
material are found at both sites 552A and 609 during these
events [Shackleton et al., 1984; Raymo et al., 1986}, and
lesser amounts of IRD are found at site 607. Because it is
associated with the first episode of large-scale ice-rafting in the
North Atlantic, the glacial at 2.40 Ma (stage 100) is usually
considered to mark the onset of significant northern
hemisphere glaciation [Backman, 1979; Shackleton et al.,
19841.

In Figure 11, the hole 552A 8!20 signal has a much
higher amplitude than 607 over this critical interval, indicating
ice volume changes equivalent to those of the late Pleistocene
[Shackleton et al., 1984]. However, Keigwin [1986], whose
3180 record from Site 606 had an amplitude similar to site
607, proposed that the 552A record may be biased by species
disequilibrium effects. He showed that species offsets for G.
subglobosa, the primary species used in this section of 552A,
were not constant over this time interval. A reanalysis of the
552A record using only Cibicidoides species [Curry and
Miller, 1989] supports this suggestion. Their Cibicidoides
data show 8'80 amplitudes similar to those observed at sites
607 and 606.

These three large events, centered at 2.40, 2.36, and 2.32
Ma (Table 7), did not herald a permanent increase in the
amplitude of the oxygen isotope signal. Between 2.30 and
2.11 Ma (stages 95-86), the 8130 record again is characterized
by low-amplitude variations, 0.5 to 1.0%e, which are as small
as, or smaller than, those which occurred prior to 2.40 Ma.
Similar decreases in 5!80 amplitude are observed at sites 606
[Keigwin, 1986], 552A [Shackleton et al., 1984; Curry and
Miller, 1989], and, to a much lesser extent, 665 [Curry and
Miller, 1989]. No IRD was detected at sites 607 or 609 from
stages 89 through 95. Within glacial stages 86 and 88, IRD
was detected at site 609 but not at site 607. Small amounts of
IRD are found at site 552A throughout this interval. Thus,
following the large glaciation at 2.32 Ma (stage 96), it was
almost 280 kyr before ice-rafting again reached the latitude of
site 607.

Subsequent to0 2.11 Ma, the amplitude of the 320 signal
again increases, varying between ~3.3 and 4.2%o (range of
~0.9%0). However, within this interval, there are also
numerous small events (amplitude. <0.5%0) which seem to be
modulated by the 23-kyr and 96-kyr periods of precession and
eccentricity (as discussed in the time scale section). This
interval contrasts with the following interval, between 1.5 and
1.1 Ma [see Ruddiman et al., this issue], where 3180
variations have approximately the same amplitude yet show no
strong indications of eccentricity or precession.

Taken as a whole, the 8!%0 record presented in Figure 6
shows that the onset of northern hemisphere glaciation was
not a simple unidirectional increase in ice sheet size.
Although the interglacial isotopic values appear to be
gradually becoming heavier, the glacial values fluctuate
significantly between times of apparently large ice volume
(e.g., stages 96, 98, and 100) and times of very minor ice
volume (e.g., stages 90, 92, and 94). That these 5130
variations represent, in large part, variations in northern
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Fig. 13. Records of 813C from 552A (short-dashed line) {from Shackleton and Hall, 1984], 607 (solid line), and
V28-179 (long-dashed line) [from Shackleton and Opdyke, 1977]. V28-179 is located in the central equatorial Pacific
Ocean at 4°N, 139°W (4509 m). Modem and 18-kyr §"°C values for the Atlantic sites are indicated at right (CHN82-

24-4, abbreviated CH82, was used to represent site 607, as

no measurements were made at the top of this core).

Average modem and 18-kyr values were used for the deep Pacific Ocean. All data were adjusted for species offsets.
The 552A record, which is based on a number of benthic species, compares very favorably with the Cibicidoides 8°C

record generated from this core by Curry and Miller [1989].

levels. Relative to the amplitude of the 5'%0 signal, 607 and
552A exhibit significantly larger variations in 8!3C in the late
Pliocene than in the late Quaternary. At 2.40 Ma, when 5180
values suggest only half the ice sheet growth of the last glacial
maximum, 5'3C values at site 607 reach -0.15%o, almost
0.5%0 more negative than at 18 kyr B.P. At site 552A, 8!3C
values are almost 0.6%0 more negative than 18-kyr values
(Figure 13). In general, throughout the 1.2 m.y. length of
these records, the amplitudes of the 8'3C signals are very large,
given the relatively modest ice volume changes suggested by
the 8'30 record.

We know that NADW was being formed throughout the
late Pliocene because North Atlantic cores are always
significantly more enriched in !3C than are Pacific records
[Shackleton et al., 1984] (Figure 13). Yet, it is difficult to
understand the high amplitude of the 552A and 607 8!3C
signals using the oceanographic model developed for the late
Pleistocene [e.g., Boyle and Keigwin, 1985/1986; Oppo and
Fairbanks, 1987]. In this model, the depletion of Atlantic
313C values during glacials is caused both by the increased
influence of SOW relative to NADW and by a decrease in the
size of the terrestrial carbon reservoir. Thus, for late Pliocene
glacial 8!3C values to be more negative, either (1) larger
relative reductions in NADW production must occur or (2)
there must be larger glacial-interglacial transfers of '2C
between the continents and oceans. A third possibility, that
there were significant increases in the preformed nutrient

content of NADW during glacials, also cannot be ruled out.

If the relatively lighter 813C values observed in the late
Pliocene were due to greater glacial-interglacial transfers
between carbon reservoirs, then all deep-sea 8!3C records
should show a larger-amplitude signal relative to the late
Pleistocene. Indeed, Pacific 813C values from this time are
also significantly lighter during glacials than is observed
during the late Pleistocene; 8!3C values from V28-179 (Figure
13) and from site 677 (N. J. Shackleton, personal
communication, 1988) are often less than -0.5%o during the
late Pliocene, and the glacial-interglacial amplitudes of the
813C signals at these sites are also larger than is observed in
the late Pleistocene. Thus, relatively more negative glacial
313C values seem to characterize both oceans, indicating that
glacial-interglacial changes in the global 3'3C reservoir may be
the primary factor driving the larger-amplitude §'3C signals
observed in the late Pliocene. However, we cannot rule out
the possibility that large deepwater circulation changes are
recorded by the Pacific 8'3C records. In addition, because the
$13C gradient between site 607 and site 552 is generally larger
during glaciations, it does appear that some glacial suppression

of NADW was also occurring at this time (e.g., during stages
104, 100, 98, and 82). Until more §'3C and cadmium records
are collected from many areas of the ocean, we will not be able
to determine with certainty the relative influence of these
effects on the 813C records at these sites.
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Fig. 16. Variations in eccentricity, obliquity, and precession derived by Berger [1976] for the interval 1.6-2.8 Ma.

3.6 and 2.0 Ma, also appear to vary at the 400 kyr eccentricity
period [Backman and Pestiaux, 1986].

Such a correlation between the orbital forcing and the
climate response is not, however, observed for the 96-kyr
band. At the time of the strongest 96-kyr response, between
1.85 and 2.10 Ma, Figure 16 shows that the 96-kyr
component of eccentricity almost entirely disappears. Thus, it
appears that late Pliocene climate variations at the 96-kyr
frequency are, in a sense, decoupled from the orbital forcing
and, indeed, may not be related to orbital variations at all
[Oerlemans, 1980; Saltzman and Sutera, 1984; Saltzman et
al., 1984},

The presence of 100-kyr power in the late Pliocene is thus
relevant to the evaluation of existing climate theories. The
dominance of the 100-kyr component in the late Pleistocene
has been ascribed to nonlinear feedbacks caused by different
time constants for the decay and growth of ice sheets [Imbrie
and Imbrie, 1980]. The larger the asymmetry, the greater the
low-frequency response that results. Within the late Pliocene

interval, stages 78-86 do appear to exhibit the beginnings of
this asymmetry, with deglaciations at 2.10 and 2.02 Ma
apparently being more rapid than the following periods of ice
sheet growth (Figure 6).

However, it is the cause of the asymmetry, or differing
time constants, that is at question. Pisias and Moore [1981]
have proposed that gradual erosion of continental areas under
the ice sheets have allowed the late Pleistocene transition to
marine-based ice sheets and, hence, rapid rates of glacial decay.
Yet, a bedrock erosion mechanism would predict a one-way
evolution of the ice sheet system and could not explain the
absence of 100-kyr power between 1.5 and 1.1 Ma [Ruddiman
et al., 1986a; this issue]. Likewise, the §!80 record indicates
that the ice sheets around 2.1 Ma are not significantly larger
than those which occur solely at the 41-kyr frequency between
1.0 and 1.5 Ma. Therefore, nonlinearities arising from the
degree of bedrock depression and rebound [Oerlemans, 1980:;
Birchfield and Grumbine, 1985] should not be different at these
times. In summary, progressive bedrock erosion and ice sheet
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TABLE Al. (continued)

DSDP Sample Identification

, Composite Age CaCO, 81%0 313C Species
Hole Core-scction  Depth, cm Depth, m Ma? % %o %o Codeb
607A 9-5 15.0 72.44 1.6223 75.3 3.84 -0.63 9)
607Aa 9-5 30.0 72.60 1.6264 84.4 4.13 -0.28 U
607 9-1 1.0 72.71 1.6295 92.6
607 9-1 16.0 72.85 1.6338 93.8 2.73 0.99 c
607 9-1 31.0 73.00 1.6375 2.76 1.23 C
607 9-1 53.0 73.22 1.6426 90.7 2.90 1.07 c
607 9-1 61.0 73.31 1.6445 90.0 2.91 1.14 C
607 9-1 78.0 73.47 1.6485 88.9 3.12 1.00 C
607 9-1 106.0 73.75 1.6551 71.1 3.35 0.31 Cc
607 9-1 121.0 73.90 1.6584 71.8
607 9-1 136.0 74.06 1.6618 76.3 4.00 ~-0.34 §)
607 g-2 1.0 74.21 1.6651 78.4 4.03 -0.43 §)
607 9-2 16.0 74.35 1.6684 85.2 3.89 -0.25 U
607 9-2 31.0 74.50 1.6717 88.5 3.64 0.02 U
607 9-2 53.0 74.72 1.6764 88.4 2.68 1.10 C
607 9~2 61.0 74.81 1.6781 87.7 2,82 1.02 c
607 9-2 78.0 74.97 1.6817 87.0 3.05 0.98 C
607 9-2 91.0 75.10 1.6844 89.1 2,95 6.95 C
607 9-2 106.0 75.25 1.6875 91.0 2.82 1.08 C
607 9-2 121.0 75.40 1.6906 - 88.8 2.94 0.97 C
607 9-2 136.0 75.56 1.6937 87.9 2.81 0.95 c
607 9-3 1.0 75.71 1.6968 79.0 3.13 0.56 c
607 9-3 1.0 75.71 1.6968 2,91 0.55 Cc
607 9-3 16.0 75.85 1.6999 79.9 4,33 -0.38 U
607 9-3 16.0 75.85 1.6999 3.66 0.52 Cc
607 9-3 31.0 76.00 1.7034 85.2 3.83 0.00 U
607 9-3 31.0 76.00 1.7034 3.26 0.62 c
607 9-3 53.0 76.22 1.7085 86.8 3.01 1.05 c
607 9-3 53.0 76.22 1.7085 3.55 0.02 U
607 9-3 61.0 76.31 1.7104 88.9 3.66 -0.01 U
607 9-3 61.0 76.31 1.7104 2.94 0.98 c
607 9-3 78.0 76.47 1.7145 86.5 3.62 0.02 U
607 9-3 78.0 76.47 1.7145 3.01 1.01 o
607 9-3 91.0 76.60 1.7177 89.1 2.82 1.03 o}
607 9-3 106.0 76.75 1.7214 90.0 2.94 0.71 c
607 9-3 123.0 76.92 1.7257 892.0 3.36 0.72 c
607 9-3 123.0 76.92 1.7257 3.13 0.91 C
607 9-3 136.0 77.06 1.7290 89.4 2.86 0.91 c
607 9-3 136.0 77.06" 1.7290 3.67 0.24 U
607 9-3 136.0 77.06 1.7290 2.92 0.98 of
607 9-4 3.0 77.22 1.7333 92.2 3.56 0.14 U
607 9-4 16.0 77.35 1.7367 85.2 2.83 1.25 C
607 9-4 31.0 77.50 1.7406 90.3 2.96 0.71 C
607 9-4 53.0 77.72 1.7462 90.0 2.85 1.05 C
607 9-4 61.0 77.81 1.7482 92.1 3.05 1.32 c
607 9-4 78.0 77.97 1.7524 91.4
607 9-4 91.0 78.10 1.7556 90.6 2.93 1.10 c
607 9-4 106.0 78.25 1.7591 94.9 2,72 0.83 C
607 9-4 121.0 78.40 1.7623 94.4 3.02 0.82 c
607 9-4 136.0 78.56 1.7653 93.5 2.82 0.94 C
607 9-5 1.0 78.71 1.7682 90.8 3.16 1.04 C
607 9-5 16.0 78.85 1.7709 90.8 3.30 0.96 (of
607 9-5 31.0 79.00 1.7736 81.2 3.53 0.78 o
607 9-5 31.0 79.00 1.7736 3.32 0.78 o
607 9-5 53.0 79.22 1.7775 81.1 3.50 0.85 o
607 9-5 61.0 79.31 1.7788 80.2 3.29 #0.71 C
607 9-5 78.0 79.47 1.7816 82.1 3.52 0.52 C
607 9-5 91.0 79.60 1.7836 83.3
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TABLE Al. (continucd)

DSDP Sample Identification

Composite Age CaCO, 5130 313C Species

Hole Core-sectionDepth, cm Depth, m M2 % %o Yeo CodeP
607 10-3 136.0 86.89 1.9413 76.2 3.60 0.40 C
607 10-4 3.0 87.06 1.9458 73.1 3.54 0.45 c
607 10-4 16.0 87.19 1.9493 74.9 3.42 0.45 c
607 10-4 31.0 87.35 1.9533 69.4 3.39 0.62 o
607 10-4 53.0 87.56 1.9591 80.4 3.13 0.68 c
607 10-4 59.0 87.63 1.9607 83.5 3.13 0.88 c
607 10-4 78.0 87.81 1.9657 89.7 3.03 0.94 c
607 10-4 89.0 87.92 1.9686 90.6 2.86 0.99 C
607 10-4 97.5 88.01 1.9708 84.7

607 10-4 106.0 88.10 1.9730 76.3 3.05 0.83 c
607 10-4 115.5 88.19 1.38754 55.6

607 10-4 123.0 88.26 1.9773 83.8 2.97 0.76 C
607 10-4 136.0 88.39 1.9805 87.1 3.07 0.79 c
607 10-5 3.0 88.56 1.9847 90.7 2.85 1.06 c
607 10-5 16.0 88.69 1.9878 90.1 2.69 0.93 C
607 10-5 35.0 88.88 1.9922 89.6 2.73 0.61 C
607 10-5 53.0 89.06 1.9962 85.7 2.82 0.63 C
607 10-5 61.0 89.14 1.9979 83.2 2.73 0.65 c
607 10-5 78.0 83.31 2.0015 84.6 3.25 0.57 C
607 10-5 91.0 89.44 2.0041 88.7 3.10 0.70 C
607 10-5 106.0 89.60 2.0070 90.5

607 10-5 121.0 89.74 2.0099 91.3 2.65 1.04 o
607 10-5 136.0 89.89 2.0127 89.9 2.52 0.98 C
607 10-6 1.0 90.04 2.0156 90.0 2.71 0.78 C
607 10-6 16.0 90.19 2.0186 91.8 2.90 0.49 C
607 10-6 31.0 90.35 2.0214 84.7

607 10~6 53.0 90.56 2.0255 77.0 3.54 0.26 C
607 10-6 59.0 90.63 2.0266 77.0 3.72 33 C
607 10-6 78.0 90.81 2.0301 76.0

607 10-6 89.0 90.92 2.0321 71.1 3.49 0.01 C
607 10-6 106.0 91.10 2.0353 69.6

607 10-6 119.0 91.22 2.0377 78.1 3.22 0.42 c
607 10-6 136.0 91.39 2.0409 81.8 3.20 0.76 o
607 10-7 3.0 91.56 2.0441 91.4 2.90 0.94 C
607 10-7 16.0 91.69 2.0467 92.8 2.95 0.87 C
607 10-7 27.0 91.81 2.0488 92.0 2.79 0.85 C
607A 11-4 15.0 91.94 2.0514 92.1 2.75 1.03 C
607A 11-4 31.0 92.10 2.0540 92.3 2.95 0.77 C
607A 11-4 45.0 92.24 2.0563 91.4 2.95 0.96 c
607A 11-4 61.0 92.40 2.0591 89.7 2.98 0.87 C
607A 11-4 75.0 92.54 2.0615 83.9 3.11 0.64 C
607Aa 11-4 91.0 92.70 2.0644 86.6 3.08 0.51 (o}
607 11-1 5.0 92.85 2.0670 89.8 2.74 0.89 C
607 i1-1 16.0 92.95 2.0691 91.0 2.97 0.97 C
607 11-1 31.0 93.10 2.0720 87.6 2.91 0.87 C
607 11-1 53.0 93.32 2.0764 87.0 2.90 0.64 c
607 11-1 61.0 93.40 2.0780 89.1 2.79 0.70 C
607 11-1 78.0 93.57 2.0815 90.9 2.75 0.78 C
607 11-1 91.0 93.70 2.0843 80.8 2.88 0.36 C
607 11-1 106.0 93.85 2.0877 91.6

607 11-1 121.0 94.00 2.0911 87.0 2.54 0.58 C
607 11-1 136.0 94.15 2.0963 82.5

607 11-2 1.0 94,31 2.1015 74.9 2.97 0.55 C
607 11-2 16.0 94.45 2.1058 75.9 3.48 0.30 C
607 11-2 31.0 94.60 2.1104 75.8 3.06 0.59 C
607 11-2 53.0 94.82 2.1170 82.9 3.08 0.76 C
607 11-2 61.0 94.90 2.1193 86.7 2.92 0.58 C
607 11-2 78.0 95.07 2.1240 91.4 2.67 1.13 C
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DSDP Sample Identification

Composile Age CaCO; $1%0 813C Specics
Hole Core-scction Depth, cm Dcpth, m Ma? o %o %o CodeP
607A 12-4 61.0 102.93 2.3007 93.5 2.76 0.82 c
“607A 12-4 75.0 103.07 2.3031 82.7 2.58 1.05 C
607 12-1 5.0 103.24 2.3057 91.6 2.74 1.03 C
607 12-1 16.0 103.35 2.3075 88.0 2.89 1.06 C
607 12-1 31.0 103.49 2.3099 80.3 3.11 0.77 C
607 12-1 53.0 103.71 2.3133 79.4 3.55 0.37 C
607 12-1 61.0 103.79 2.3145 78.2 3.74 0.64 C
607 12-1 78.0 103.96 2.3171 65.5 3.52 0.57 c
607 12-1 91.0 104.10 2.3191 76.6 3.56 0.50 c
607 12-1 106.0 104.24 2.3214 69.9
607 12-1 121.0 104.39 2.3237 76.0 3.29 0.75 C
607 12-1 136.0 104.54 2.3261 75.9 3.10 0.47 o
607 12-2 1.0 104.69 2.3286 82.6
607 12-2 16.0 104.85 2.3311 75.9 3.07 0.89 C
607 12-2 31.0 104.99 2.3339 89.7
607 12-2 53.0 105.21 2.3380 90.7 2.62 1.05 C
607 12-2 61.0 105.29 2.3396 91.3 2.59 1.07 c
607 12-2 78.0 105.46 2.3435 90.8
607 12-2 91.0 105.60 2.3465 90.6
607 12-2 106.0 105.74 2.3499 87.4 2.84 0.92 c
607 12-2 121.0 105.89 2.3537 83.7 3.35 0.83 o
607 12-2 136.0 106.04 2.35717 62.6 3.49 0.20 c
607 12-3 1.0 106.19 2.3615 72.2 3.51 -0.13 o
607 12-3 16.0 106.35 2.3646 79.1
607 12-3 31.0 106.49 2.3677 79.0 3.39 0.55 C
- 607 12-3 53.0 106.71 2.3719 88.2 3.07 0.92 (o}
607 12-3 61.0 106.79 2.3733 90.2 3.07 1.07 C
607 12-3 78.0 106.96 2.3761 90.6
607 12-3 89.0 107.07 2.3779 89.2 2.81 0.92 C
607 12-3 106.0 107.24 2.3823 88.3 2.64 0.78 C
607 12-3 121.0 107.39 2.3891 77.6 3.27 0.68 o
607 12-3 136.0 107.54 2.3850 74.9
607 12-4 1.0 107.69 2.4009 67.9 3.78 -0.15 c
607 12-4 16.0 107.85 2.4035 70.4 3.67 0.03 o
607 12-4 29.0 107.97 2.4058 67.3 3.66 -0.16 c
607 12-4 53.0 108.21 2.4098 77.9 3.44 0.53 c
607 12-4 61.0 108.29 2.4112 77.7 3.52 0.56 C
607 12-4 78.0 108.46 2.4142 85.5 3.15 0.72 C
607 12-4 839.0 108.57 2.4163 89.7 2.92 0.90 C
607 12-4 106.0 108.74 2.4196 93.4 2.71 1.18 c
607 12-4 121.0 108.89 2.4220 92.9
607 12-4 136.0 109.04 2.4243 91.8
607 12-5 1.0 109.19 2.4266 91.8 2.74 0.98 C
607 12-5 16.0 109.35 2.4302 92.9 '
607 12-5 32.5 109.51 2.4341 93.0
607 12-5 53.0 109.71 2.4390 88.9 2.87 1.05 C
607 12-5 61.0 109.79 2.4416 90.8 2.97 0.99 C
607 12-5 78.0 109.96 2.44717 89.7 2,73 0.99 C
607 12-5 91.0 110.10 2.4519 91.1 2.64 0.94 c
607 12-5 106.0 110.24 2.4560 91.3 2.71 1.00 o
607 12-5 121.0 110.39 2.4595 90.3
607 12-5 136.0 110.54 2.4629 91.3 2.59 1.06 c
607 12-6 1.0 110.69 2.4669 90.9 2.69 1.05 C
607 12-6 16.0 110.85 2.4704 87.3 2.67 1.00 C
607 12-6 31.0 110.99 2.4736 87.8 2.95 0.94 C
607 12-6 53.0 111.21 2.4780 78.0 2.97 0.33 C
607 12-6 61.0 111.29 2.4796 67.7 3.38 0.12 c
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TABLE Al. (continued)

DSDP Sample Identification
Composite Age CaCO, 3130 §13C Species
Hole Core-section Depth.cm _ Depth. m Ma? % Goc Gc CodeP
607 13-5 61.0 119.88 2.6898 87.1 2.97 0.93 C
607 13-5 78.0 120.06 2.6932 88.1 2.77 1.13 C
607 13-5 91.0 120.18 2.6961 94.0 2.66 1.13 C
607 13-5 106.0 120.33 2.7001 93.1
607 13-5 121.0 120.49 2.7042 92.3 2.48 1.19 C
607 13-5 136.0 120.63 2.7082 93.1 2.48 0.93 C
607 13-6 1.0 120.78 2.7129 90.8
607 13-6 16.0 120.93 2.7175 93.1
607 13-6 29.0 121.06 2.7215 92.3 2.79 1.10 o
607 13-6 53.0 121.31 2.7298 87.4 2.89 1.00 C
607 13-6 61.0 121.38 2.7329 92.9 2.53 0.79 o
607 13-6 78.0 121.56 2.7391 88.8 2.68 1.03 C
607 13-6 91.0 121.68 2.7435 89.9 2.41 0.87 c
607 13-6 106.0 121.83 2.7483 92.9 2.63 1.00 C
607 13-6 106.0 121.83 2.7483 2.46 1.01 c
607 13-6 121.0 121.99 2.7530 92.8 2.43 0.95 o
607 13-6 136.0 122.13 2.7577 93.2
607 13-7 1.0 122.28 2.7624 80.5
607 13-7 16.0 122.43 2.7671 92.5
607 13-7 21.0 122.49 2.7687 90.9
6073 14-5 1.0 122.64 2.7737 89.8
607A 14-5 15.0 122.78 2.7781 89.0
607A 14-5 30.5 122.94 2.7829 91.5
607 14-1 5.0 123.09 2.7876 93.4
607 14-1 16.0 123.20 2.7911 88.6
607 14-1 31.0 123.35 2.7958 92.3
607 - 14-1 53.0 123.57 2.8027 91.1
607 14-1 61.0 123.65 2.8052 92.7
607 14-1 78.0 123.82 2.8105 91.7
607 14-1 91.0 123.95 2.8146 97.1
3 Ages based on TP607 time scale.
bC, Cibicidoides; U, U vigerina. Isotope data not corrected for species offsets.
TABLE A2. Percent CaCO, Data from Site 609 TABLE A2. (continued)
DSDP Sample DSDP Sample
Identification Identification
Core- Depth, Composite Age CaCO;, Core-  Depth, Composite Age CaCO;,
Hole section c¢m  Depth,m Ma? % Hole secion c¢m  Depth,m Ma? %o
609 13-3 1.0 117.97 1.5939 58.2 609 13-5 121.0 122.17 1.6419 68.7
609 13-3 31.0 118.27 1.5952 79.0 609 13-6 1.0 122.47 1.6495 67.6
609 13-3 45.5 118.42 1.5966 55.3 609 13-6 15.5 122.61 1.6550 30.0
609 13-3 61.0 118.57 1.6024 27.1 609 13-6 31.0 122.77 1.6577 31.0
609 13-3 91.0 118.87 1.6043 38.0 609 13-6 61.0 123.07 1.6629 39.8
609 13-3 121.0 119.17 1.6054 48.8 609 13-6 91.0 123.37 1.6682 50.7
609 13-4 1.0 119.47 1.6071 38.2 609B 14-2 121.0 123.67 1.6734 63.0
609 13-4 15.5 119.61 1.6086 8.7 609B 14-3 1.0 123.97 1.6785 58.3
609 13-4 31.0 119.77 1.6101 65.4 609B 14-3 31.0 124.27 1.6835 68.2
609 13-4 61.0 120.07 1.6120 67.4 609 14-1 5.0 124.57 1.6882 71.2
609 13-4 91.0 120.37 1.6144 62.9 609 14-1 31.0 124.83 1.6917 66.1
609 13-4 121.0 120.67 1.6177 62.9 609 14-1 61.0 125.13 1.6956 47.1
609 13-5 1.0 120.97 1.6210 58.5 609 14-1 75.5 125.27 1.6982 29.8
609 13-5 31.0 121.27 1.6251 60.6 609 14~1 91.0 125.43 1.7043 48.7
609 13-5 61.0 121.57 1.6292 69.7 609 14-1 121.0 125.73 1.7156 65.7
609 13-5 91.0 121.87 1.6354 66.9 609 14-2 1.0 126.03 1.7258 84.0
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TABLE A2. (continued) TABLE A2 icontunued)
DSDP Sample DSDP Sample
Identification Identification
Core- Depth, Composite Age CaCO, Core-  Depth, Composite Age CaCO,
Hole section cm Depth. m Ma?® % Hole section cm Depth, m Ma? Ge
609 17-3 31.0 157.79 2.1339 72.3 6098 19-5 76.0 174.14 2.4144 70.4
609 17-3 61.0 158.10 -2.1380 68.7 6098 19-5. 91.0 174.29 2.4218 75.9
-609 17-3 91.0 158.39 2.1421 67.9 6093 19-5 106.0 174.44 2.4346 74.8
609 17-3 121.0 158.69 2.1462 58.4 6098 19-5 121.0 174.60 2.4402 73.7
609 17-4 1.0 158.99 2.1502 59.8 609B 19-5 136.0 174.74 2.4446 70.1
609 17-4 31.0 159.29 2.1542 50.6 6098 19-6 1.0 174.89 2.4485 67.9
609 17-4 61.0 159.60 2.1582 59.1 609B 19~-6 16.0 175.04 2.4522 67.7
609 17-4 91.0 159.89 2.1620 56.9 6098 19-6 31.0 175.19 2.4556 66.9
609 17-4 121.0 160.19 2.1659 61.2 609B 19-6 46.0 175.35 2.4588 58.7
609 17-4 134.5 160.33 2.1676 39.2 6098 19-6 61.0 175.49 2.4619 66.8
609 17-5 1.0 160.49 2.1697 47.9 609B 19-6 76.0 175.64 2.4649 65.8
609 17-5 15.5 160.64 2.1715 35.1 609B 19-6 91.0 175.79 2.4719 61.5
609 "17~5 31.0 160.79 2.1735 70.3 6098 19-6 106.0 175.94 2.4795 52.5
609 17-5 61.0 161.10 2.1773 71.0 609B 19-6 121.0 176.10 2.4814 43.8
609 17-5 91.0 161.39 2.1812 75.6 609B 19-6 135.5 176.24 2.4831 53.8
609 17-5 121.0 161.69 2.1853 70.2 6098 19-7 1.0 176.39 2.4848 52.3
609 17-6 1.0 161.99 2.1895 68.1 6098 19-7 31.0 176.69 2.4909 80.8
609 17-6 31.0 162.29 2.1939 65.6 609B 19-7 49.0 176.88 2.4946 77.4
609 17-6 61.0 162.60 2.1985 63.8 609B 20-1 1.0 176.99 2.5632 52.3
609 17-6 91.0 162.8% 2.2033 59.6 609B 20-1 31.0 177.29 2.5687 63.7
609 17~6 121.0 163.19 2.2094 61.8 609B 20-1 61.0 177.60 2.5714 61.2
609 17-7 1.0 163.49 2.2157 70.4 609B 20-1 91.0 177.89 2.5741 53.2
609 17-7 31.0 163.79 2.2235 66.2 6098 20-1 121.0 178.19 2.5768 60.5
609 18-1 31.0 164.39 2.2393 64.6 6098 20~2 1.0 178.49 2.5794 67.4
609 18-1 61.0 164.69 2.2459 60.5 6098 20-2 31.0 178.79 2.5820 72.0
609 18-1 91.0 164.99 2.2494 60.4 609B 20-2 61.0 179.10 2.5846 67.6
609 18-1 121.0 165.29 2.2525 63.8 609B 20-2 91.0 179.39 2.5866 65.4
609 18-2 5.0 165.63 2.2558 67.7 609B 20-2 121.0 179.69 2.5884 70.7
609 18-2 31.0 165.89 2.2582 69.1 609B 20-3 1.0 179.99 2.5902 68.5
609 18-2 46.0 166.04 2.2596 70.1 6098 20-3 31.0 180.29 2.5920 67.4
609B 19-1 1.0 167.3% 2.2721 70.3 609 20-2 31.0 180.60 2.5938 59.5
609B 19-1 31.0 167.69 2.2749 68.4 609 20-2 61.0 180.89 2.5957 56.5
609B 19-~1 61.0 167.99 2.2777 60.7 609 20-2 75.5 181.04 2.5973 49.6
.609B 19-1 91.0 168.29 2.2819 64.4 609 20-2 91.0 181.19 2.6000 43.0
609B 19-1 121.0 168.60 2.2863 75.6 609 20-2 105.5 181.34 2.6017 49.0
609B 19-2 1.0 168.89 2.2907 74.0 609 20-2 121.0 181.49 2.6036 151.2
609B 19-2 31.0 169.19 2.2952 69.4 609 20-3 1.0 181.79 2.6073 58.7
609B 19-2 61.0 169.49 2.2998 68.9 609 20-3 31.0 182.10 2.6113 66.6
609B 19-2 91.0 169.79 2.3043 64.6 609 20-3 61.0 182.39 2.6154 71.3
609B 19-2 121.0 170.10 2.3089 57.0 609 20-3 91.0 182.69 2.6198 71.7
' 609B 19-3 1.0 170.39 2.3133 56.6 609 20-3 121.0 182.99 2.6244 +©67.7
609B 19-3 31.0 170.69 2.3175 49.8 609 20-4 1.0 183.29 2.6293 75.5
609B 19-3 61.0 170.99 2.3220 49.6 609 20-4 31.0 183.60 2.6345 73.6
609B 19-3 91.0 171.29 2.3268 53.0 609 20-4 61.0 183.89 2.6397 72.1
609B 19-3 121.0 171.60 2.3312 60.5 609 20-4 91.0 184.19 2.6448 58.1
609B 19-4 1.0 171.89 2.3354 59.3 609 20-4 121.0 184.49 2.6475 61.7
6098 19-4 31.0 172.19 2.3394 63.6 609 20-5 1.0 184.79 2.6503 66.5
609B 19-4 61.0 172.49 2.3432 69.8 609 20-5 31.0 185.10 2.653%1 73.4
609B 19-4 76.0 172.64 2.3451 71.3 609 20-5 61.0 185.39 2.6559 175.1
609B 19-4 91.0 172.79 2.3470 70.4 609 20-5 91.0 185.69 2.6587 78.0
609B 19-4 106.0 172.94 2.3488 70.2 609 20-5 121.0 185.99 2.6614 74.3
609B 19-4 121.0 173.10 2.3514 63.2 609 20-6 1.0 186.29 2.6640 75.3
609B 19-4 136.0 173.24 2.3583 58.0 609 20-6 31.0 186.60 2.6666 76.3
6098 19-5 1.0 173.39 2.3659 67.4 6098 21-1 61.0 186.89 2.6691 73.0
6098 19-5 16.0 173.54 2.3751 69.1 6098 21-1 91.0 187.19 2.6715 73.4
609B 19-5 31.0 173.69 2.3871 67.3 6098 21-1 121.0 187.49 2.6738 68.8
609B 19-5 46.0 173.85 2.3992 32.6 6098 21-2 1.0 187.79 2.6761 75.8
6098 19-5 61.8 174.00 2.4072 33.9 6098 21-2 31.0 188.10 2.6783 66.9
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