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ABSTRACT

Carbon and oxygen isotope measurements were made in bulk sediments from the five sites drilled on Leg 74, cover-

ing much of the Cenozoic.

These stable carbon isotope analyses document a lightening across the Cretaceous/Tertiary boundary (already docu-
mented by other workers), with a minimum about 0.2 Ma after the boundary; a trend to very heavy values in the late
Paleocene; a lightening near the Paleocene/Eocene boundary to a second minimum early in the early Eocene; more
positive values in the remainder of the Eocene with a minor peak immediately below the Eocene/Oligocene boundary,
at which there is a lightening trend; a moderately positive peak in the middle Miocene, and a lightening toward the pres-
ent, where the isotopically lightest values in the Cenozoic are to be found. The carbon isotope variations observed are
largely a function of changes in the '*C content of oceanic dissolved inorganic carbon that resulted from alterations in
the global carbon budget. Slight differences among sediments of the same age at different sites probably result from
diagenetic changes, but do not obscure the major pattern, which has considerable potential value for stratigraphic cor-

relation.

INTRODUCTION

The explanation for changes in carbon isotopic com-
position in foraminifers has attracted some interest in
recent years. Shackleton (1977) proposed a model which
attempted to explain Pleistocene carbon isotope varia-
tions in terms of the terrestrial biomass budget. More
recently a modification of this model has been found
necessary because of marked differences in the signal
observed in different oceans: presently unpublished work
has shown that the Atlantic experienced a significantly
larger signal than the Pacific because the production
rate of North Atlantic Deep Water (NADW) varied. In
the Cenozoic, attention has focused on a late Miocene
change observed in most parts of the ocean (Keigwin,
1979; Vincent et al., 1980; Keigwin and Shackleton,
1980; Hagq et al., 1980). Bender and Keigwin (1979) dis-
cussed the cause of this, setting up testable models de-
pendent on changes in oceanic circulation, nutrient in-
put factors, and variations in the 13C content of incom-
ing carbon. In the Mesozoic, Scholle and Arthur (1980)
analyzed bulk rock from widely distributed Cretaceous
sections, showed that the variations are synchronously
recorded, and argued that they reflect carbon budgetary
changes. Letolle and Renard (1980) and Renard et al. (in
press) gathered analogous data for parts of the Cenozo-
ic. Boersma et al. (1979) showed that bulk sediment, as
well as picked foraminifers, record a lightening across
the Cretaceous/Tertiary boundary which probably re-
flects the dramatic drop in marine productivity at that
time. Vincent et al. (1980) also drew attention to several
other factors that could conspire to cause a carbon iso-
tope change of the nature observed in the late Miocene.

The purpose of this paper is to present a record of
carbon isotope variations in bulk sediment from the

1 Moore, T. C., Ir., and Rabinowitz, P. D., et al., Init. Repts. DSDP, T4: Washington
(U.S. Govt. Printing Office).

Late Cretaceous to the Recent, and to discuss the car-
bon isotope record in conjunction with that obtained
from picked foraminifers. Data from several sites are
used. Some comparison between contemporary samples
deposited at different depths is possible in view of the
range of sites drilled; these lend credence to the compila-
tion as a guide to global changes. It must be emphasized
that the purpose of analyzing bulk sediment is to obtain
the 13C content of stored carbonate carbon through geo-
logical time. It is well known that the *C content of or-
ganic matter averages in the range —20 to —25%,; the
partitioning of carbon between organic and inorganic
sinks may, therefore, be estimated by the !3C content
of the inorganic part, that is, the deep sea carbonate
sediment.

METHODS

Stable isotope measurements were made using standard methods
(Shackleton and Opdyke, 1973). The only additional comment that
should be made is that the methods used were developed primarily for
the purpose of analyzing very small samples of carbonate (down to
<0.1 mg); the routine adopted is not so suitable for samples larger
than a few mg. Because deep sea sediment which is composed of coc-
coliths, foraminifers, and other material is inherently inhomogeneous,
our reproducibility is not as good as it would be if larger samples were
analyzed. Doubtful analyses are always repeated where possible, and
values that are discrepant both with repeated analyses and with values
from nearby samples are not discussed further (they are, however,
listed).

RESULTS

All analytical data are given in the chapter Appendix.
Figure 1 shows a compilation of all the data from the
late Maestrichtian to Eocene on a single timescale. Fig-
ure 2 shows data for the whole of the Cenozoic as a
composite. To optimize correlation between sites, ages
are estimated using every nannofossil zone boundary,
placed at the midpoint of the limits determined, and as-
signed an age according to the timescale in Shackleton et
al. (this volume, accumulation chapter).
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Figure 1. Carbon isotopic composition of bulk sediments from Sites 525, 527,
528, and 529, plotted on a common timescale, for the Eocene to Maestrich-
tian. Data from the chapter Appendix.

It is rather clear that, at least at the degree of resolu-
tion obtained until now, there is an excellent consisten-
cy between sites. Indeed, a superficial examination of
Figure 1 suggests that in the Paleocene, where the car-
bon isotope signal is very large, the cores could be corre-
lated on the basis of the carbon isotope records, with an
accuracy similar to that attainable by traditional bio-
stratigraphical methods.

Between-Site Variations

Because the residence time of carbon in the ocean is of
the order of 300,000 yr. (Broecker, 1974), sampling for
the purpose of determining changes in the global carbon
budget should be close enough to provide several samples
per 300,000 yr. Our sampling in the lower Paleocene in-
tervals of Sites 525 and 527 fulfilled this requirement. It
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will be seen that the pattern of variation is similar at the
two sites but that there is a slight offset, amounting to ap-
proximately 0.3%,. The sediment from Site 525 is iso-
topically heavier. Whether this is a diagenetic effect on
one or other of the carbonate components or whether it
merely reflects seafloor dissolution of one component has
yet to be determined. It is in general the case that surface-
dwelling foraminifers are dissolved more readily than the
deeper-dwelling species—a fact which should imply that
dissolution removes the most isotopically heavy part of
the carbonate (Berger, 1971)—but there is a further com-
plexity. Smaller foraminifers are also more soluble than
larger, and it is generally the case that juvenile tests are
isotopically lighter (Berger et al., 1978). Thus dissolution
may leave a sediment isotopically heavier in some cir-
cumstances. In general diagenesis is more likely to leave
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Figure 2. Carbon isotopic composition of bulk sediment from Site 525, with data from Site 528 between 25 and 45 Ma. Data from the chapter Ap-

pendix.

the carbonate isotopically lighter for carbon, since the
carbon in the organic matter is isotopically light, How-
ever, for the lower Paleocene sediment in these two sites,
visual examination suggests that Site 527 sediment has
experienced only slight dissolution, whereas the shallower
Site 525 shows evidence of considerable reprecipitation of
calcite, probably as a result of deeper burial.

DISCUSSION

The scale of the carbon isotope variation, particular-
ly in the Paleogene, is potentially very valuable for
stratigraphic correlation. It is clear that the amount of
change within some zones, for example, NP5 or NP9
(respectively 62 to 61.3 Ma, and 58.8 to 57.8 Ma, on the
timescale used here), is sufficiently large to provide an
easily accessible extra degree of stratigraphic correla-
tion, at least between the Leg 74 sites. Indeed, this be-
came evident when the data first became available, be-
cause plotting the 13C data on the basis of nannofossil
zone boundaries only gave rise to major between-site
discrepancies in Zone NP9, Dr. Jan Backman generous-
ly determined several additional datums in this interval;
their value is demonstrated by the better between-site
agreement of the 13C records plotted against estimated
age. It seems quite likely that this stratigraphic correla-
tion would be widely useful. For example, the whole-
rock 13C record in the Paleogene sequences at Gubbio in
the Umbrian region (Létolle and Renard, 1980) can be
readily correlated with open ocean records. This is of
value, because preservation in the Gubbio section is not
ideal for detailed micropalaeontological work. Fora-
minifers must be identified in thin section (Premoli
Silva, 1977), whereas the magnetic data from DSDP
sites are very frequently marred by drilling disturbance.

Cretaceous/Tertiary Boundary

It is now well known that a carbon isotope change
is observed across the Cretaceous/Tertiary boundary
(Thierstein and Berger, 1978; Boersma et al., 1979; Bo-
ersma and Shackleton, 1982; Thierstein, 1981, Hsii et

al., 1982;). Generally, isotopically lighter values are ob-
tained just above the boundary.

Hisii et al. (1982) analyzed bulk sediment from DSDP
Site 524, recovered at the end of Leg 73. They found
isotopically very light (— 5%.) 6'3C values immediately
above the boundary and attributed these to an influx of
isotopically light terrestrial biomass, which isotopically
lightened the surface layer for a short time until it was
well mixed into the deep ocean (as will happen to the
isotopically light fossil fuel CO, in the next century).
They observed a second peak of extremely isotopically
light values near the top of the reversed interval contain-
ing the boundary. We did not observe such extreme val-
ues; we believe that the extreme values that they ob-
tained, and that were associated with very low carbon-
ate contents, may have been an artifact of this low car-
bonate content, rather than reflecting the true isotopic
composition of the carbonate being deposited at that
time.

Site 527 provides our best data from this time inter-
val. All the plugs used for palacomagnetic determina-
tions were analyzed, as well as some additional samples.
The data are shown on an expanded timescale in Figure
3. The Cretaceous/Tertiary boundary itself is marked
by a lightening by about 1.0%,. Within the lower Danian
there is a further lightening by about 2%,, the minimum
being reached at about 0.2 m.y. after the boundary.
This is followed by a reversal in trend which culminates
in the most positive values for the whole Tertiary,
achieved in the upper Paleocene at about 58 Ma.

It is always difficult to ascertain precisely what oc-
curred chemically at this boundary because of the loss
of so many of the species carrying the geochemical in-
formation. Fortunately for our study, the benthic fau-
nas were more or less unaffected; a mixture of Nutfa-
lides and Gavelinella spp. analyzed on either side of the
boundary yielded statistically indistinguishable 13C val-
ues. In order to estimate the true change in surface wa-
ter 13C content, we analyzed an assemblage of mixed,
very small foraminifers (size range 63-75 pm) from sam-
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Figure 3. Carbon isotopic composition of bulk sediment from Site 527 near the Cretaceous/Ter-
tiary boundary. A line is drawn between the last Cretaceous sample analyzed and the lowest Da-
nian sample; their separation is 20 cm. Also shown are analyses of benthic foraminifers (circles)
and of small (63-75 um) planktonic foraminifers (squares) in the two samples adjacent to the

boundary,

ples about 10 cm above and below the boundary. The
Maestrichtian sample yielded a !3C value similar to that
given for A. mayeroensis, a little lighter than the most
positive species analyzed. The Danian sample was
picked over to remove any Cretaceous specimens. Al-
though this procedure cannot be proven to give a reli-
able estimate of the true change in oceanic '3C content,
it provides a valuable check on the bulk sediment data
(which are, of course, dominated by coccoliths). It is
impossible to select an uncontaminated basal Danian
coccolith fraction, since the fine fraction (like the Creta-
ceous material) contains much micritic matter. The fact
that the very small foraminiferal fraction yields a simi-
lar signal leads us to conclude that this was the true rec-
ord. It is entirely explicable in terms of a sudden and
drastic drop in marine productivity, which would have
had the effect of diminishing the isotopic contrast be-
tween surface and deep water.

If surface productivity were suddenly to become neg-
ligible, surface and deep water would become isotopi-
cally indistinguishable. In essence, we believe that this is
what actually occurred. Excellent magnetic data (Chave,
this volume) shows that accumulation rates (which, in
these sites, are controlled by biogenic productivity)
dropped by about a factor of three (Shackleton et al.
this volume). We have not attempted to address the
question of what occurred at this boundary on a time-
scale of less than a few thousand years, but we consider
that the contrast between the latest Cretaceous ocean
and that of the early Cenozoic lay in the fraction of the
available carbon that was photosynthesized in the sur-
face layers of the ocean, and in the rate of accumulation
of organic matter. The drop in the amount of carbon
photosynthesized led immediately to a collapse of the
surface-to-deep !3C gradient. The drop in global organic
carbon accumulation created an imbalance between the
mean isotopic composition of incoming carbon and sed-
imented carbon, that over a longer time period (con-
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trolled by the residence time of carbon in the ocean) was
compensated for by a change in the 13C content of the
ocean. It is this change that is reflected by the !3C con-
tent of benthic foraminifers.

Paleocene

A marked excursion toward positive 13C values in
benthic and planktonic foraminifers during the early
Paleogene has been noted previously (Douglas and Sa-
vin, 1971; Shackleton and Kennett, 1975). Figure 1 re-
veals that this is equally clearly shown by the bulk sedi-
ment analyses, which thus confirm that the phenom-
enon was budgetary, Comparison of the 13C values ob-
tained for calibrated benthic foraminifers and for sur-
face-dwelling morozovellids (Shackleton et al., this vol-
ume) suggests that at the time when 13C values were
most positive, the surface-to-deep water gradient was at
its maximum. This suggests (but does not prove) that
the 13C maximum of the late Paleocene was enhanced by
photosynthetic removal of carbon from the ocean sys-
tem.

The Paleocene/Eocene boundary interval is marked
by a collapse in the 13C values that was greater in magni-
tude than that at the end of the Cretaceous, although it
was more gradual. In this interval the rate of change of
carbon isotopic composition provides potentially very
accurate stratigraphic correlation, and it will be very in-
teresting to see if this can be exploited.

Eocene and Oligocene

The 13C values became somewhat more positive after
the isotopically light extreme at the base of the Eocene,
but the sediment recovery at Leg 74 sites was not suita-
ble for establishing a good late Eocene record. The Eo-
cene/Oligocene boundary is marked by characteristic
variations which warrant more detailed study at other
sites.



We have not attempted to obtain a detailed Oligocene
record, since Site 529, the only site where a good thick-
ness of Oligocene sediments was obtained, contains many
slumped intervals.

Neogene

The Miocene shows a 13C maximum, although it is
less dramatic than that in the late Paleocene. Our data
are not sufficient to establish whether it was accom-
panied by a maximal surface-to-deep carbon isotope
gradient as in the Paleocene. In any case, none of the
Leg 74 sites had sufficiently good recovery of the middle
Miocene to warrant a detailed study of this interval. The
collapse toward the Present is even more dramatic, al-
though even more gradual, than those documented in
the Paleogene. Presently, carbonate in the deep sea is
forming with an anomalously light *C composition by
comparison with the rest of the Cenozoic. It is surpris-
ing that there has been no systematic survey of the car-
bon isotopic composition of Recent marine sediments.

CONCLUSIONS

The carbon isotopic composition of bulk sediment
from the Leg 74 sites shows this to be an important as-
pect of the stratigraphic record of the deep sea. It is
valuable as a guide to accurate intercore correlation
and for the information it provides on the global parti-
tioning of carbon between the two major sinks that may
be generalized as ‘“‘limestone’ and ‘“‘organic carbon.”
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APPENDIX
Oxygen and Carbon Data by Depth
Sub-bottom Sub-bottom Sub-bottom
Depth Age 3180 slic Depth Age FiL) s13¢ Depth Age P #13c
(m) (m.y.) (% PDB) (% PDB) (m) (m.y.) (% PDB) (% PDB) (m) (m.y.) (% PDB) (% PDB)
Hole 525 Hole 525A (Cont.) Hole 525A (Cont.)
0.10 0.020 0.16 0.44 32309 53524 -0.44 2.10 44760 65366 -0.54 1.86
1.70 0.347 0.94 0.38 32279 53502 0.06 2.09 44780 65453  -0.69 1.87
310 0.633 1.46 0.45 32289 S350 -0.34 2.07 4800 65520 —0.81 1.86
181 0.778 1.43 ~0.10 32299 53517 -0.29 1.94 44830 65585  —0.49 1.80
4.47 0.913 0.88 -0.37 323.09 53524 035 2.04 448,50  65.628 —0.35 1.89
4.47 0.913 1.27 -0.20 32685 53801 -0.20 1.91 44870  65.672  —0.59 1.78
5.11 1.044 1.42 0.42 32618 53752 -0.45 1.99 44890 65715 —0.80 1.50
6.61 1.350 1.28 0.58 32628 53759 -0.49 1.80 49.10 65759  -0.59 1.54
7.97 1.628 1.50 0.35 32638 53766  —0.45 1.91 4930 65802 -0.79 1.24
11.95 2.255 1.93 0.90 32648 53774 -0.45 1.96 44950 65846 045 1.48
16.84 2.910 1.54 0.68 32658 53781 -0.45 1.87 44980 65911 029 1.69
19.73 3.151 1.57 0.65 32668 53789  —0.40 1.91 45000 65955 096 1.27
24.66 3.323 1.68 1.01 32678 53796  —0.49 1.84 45020 65998  -0.23 1.39
29.54 3.493 1.60 0.82 32685 53801  —0.20 1.91 45110 66214  -0.56 1.1
38.61 3.955 1.27 0.56 32688 53803  -0.39 1.99 452.60  66.510 -0.42 2.86
47.13 4.489 1.74 131 32698 53811 -0.39 1.97 45698 66766 —0.63 2.82
48.25 4523 1.62 1.42 32708  S3BIE  -0.15 2.06 47586  68.473  -0.90 2.91
89.56 5.439 1.84 1.7 32718 53825 -0.33 211 gote 827
73.74 5.584 1.98 1.56 32728 53833 034 2.09
75.84 5.658 2.08 1.49 327.50 53849  -0.53 2.01 13871 47332 -0.05 2.10
82.49 5,890 1.95 1.62 328.01 53887  -0.53 2.01 139.31  47.648  -0.00 2.32
88,00 6.082 1.83 1.68 33637 54487 -0.30 1.82 14227 48332 0.12 2.15
95,04 6.328 1.67 1.79 341,75 54918 -0.52 1.44 14377 48.860 0.19 1.97
99.37 7.145 1.79 1.80 34578 55.241  -0.50 0.96 14527 49.374 0.20 2.04
103.54 8.505 1.33 1.22 35819  S5.808  -0.32 1.28 146,77  49.888 0.06 2.07
106,47 8.885 1.34 121 358,29  SS.A11 -0.25 1.34 14827 50393  -0.37 2.14
112.57 9.677 1.50 1.28 35839 55814 -0.37 1.28 15228 51567 0.2 2.41
116.95 10.246 2.4 1.62 358.49 55818 -0.19 1.21 15378 52062 -0.07 2.49
117.25 10,285 2.01 1.87 358.59 55821  -0.24 131 15528 52745  —0.59 2.13
124.72 10.996 1.66 117 358,69 55824 -0.59 0.86 15678  53.086 -0.52 1.84
130.25 11.429 1.59 1.37 35879 55828 -0.51 1.21 161,50 54159  —0.53 1.69
135.05 11.806 1.44 1.22 I58.89 55831 -0.14 1.44 163.00 54500  -0.50 1.54
138.45 12.361 1.54 1.61 358.99 55834  -0.30 1.41 16450 54756  —0.47 1.73
14672 13.136 1.53 1.57 359.09 55838 —0.46 1.38 166,00 54925  -0.45 1.50
15033 13,305 1.48 2.30 359.19 55841 -0.20 1.45 16750 55084  -0.30 1.36
156.33 13.587 1.55 1.87 159.20 55844 -0.11 1.53 168.00 55137  -0.33 1.46
160.57  14.063 135 1.92 359.39 55848 -0.41 1.40 168.47 55187  -0.06 1.40
164.90  14.569 1.64 2.28 359.49  S5851  -0.51 1.27 16890 552312 031 117
170.00  15.164 1.69 2.57 359.59  §5.8%4  —0.11 1.42 170.50 55402  -0.58 1.07
— 366.36  S6.081  —0.40 1.00 17115 55471 -0.46 114
367.86  $6.131  —0.65 0.65 171,70 55530 -0.40 1.27
18435  16.349 1.36 2.47 369.36 56,182  —0.48 0.84 172,65 55.630 —0.29 1.50
19268  16.965 1.42 2.80 37086 56232 -0.63 0.93 17320 55679  —0.25 1.46
211,92 19.014 172 233 37157 56255 -0.48 1.09 17415 55745 —0.17 1.32
21970 21.000 1.82 221 37236 56282 0.4 1.38 175.65 55850  -0.35 1.34
23191  22.955 1.49 2.0 37286 56299  -0.39 1.42 180,17 56166  —0.28 1.31
24140 23241 1.62 2.63 8282 57.24 -0.42 1.61 18471 56.483  —0.38 1.85
26037 23.971 1.42 2.42 40579 59382 -0.48 .27 18271 56.699  —0.07 1.68
263.91 24.229 0.98 1.76 405,91 59394 -0.51 3.27 19015 56.863  —0.10 1.87
269.60  24.644 1.23 1.96 40601 59404 051 329 19165  56.968 —0.44 1.74
27080  24.731 1.34 2.16 406.17 59419 035 3.35 199.81  57.538  —0.18 1.71
27230 24.841 1.59 2.06 40623 59425 -0.67 in 201.31 51641 -0.77 2.01
273.80  24.950 1.44 2.07 40639 59441 —0.47 1.35 20281 571.748  -0.41 2.19
27530 25.059 1.53 2.19 406.50  59.452  -0.43 .40 20431 57.853 -0.26 2.77
276.50  25.147 1.65 2.21 406.67  59.468  —0.50 3.40 20870 SB.159 —0.46 2.82
27830 25.278 1.20 1.91 40672 59.473  -0.25 3.35 218.14  S8.819  —0.28 1,49
27910 46.600 0.45 2.02 406.81  59.482  -0.26 3.38 21834 58.833  -0.31 3.52
279.63 46,733 0.60 2.07 40691 59492 -043 314 21861 SB.8S3  -0.683 .16
28110 47.101 0.30 2.07 40700 59501  -0.43 121 21889 SB.A72  -0.41 2.93
282,60  47.477 0.40 2.03 41240 60.029  -0.53 3.64 21938 58906  -0.14 3.48
284,10 47.860 0.66 1.95 41471 60197  -0.56 3.85 21972 58930  -0.50 .30
28710  48.710 0.54 171 416.80 60326  -0.13 1.69 21989 SB.942  -0.36 3.34
28733 48,775 0.71 1.81 43372 61984  -0.35 2.53 22021 58974 -0.33 .29
28001  49.252 0.57 1.82 43580 62430 -0.13 2.30 22039 58992  -0.26 3.44
290.51  49.677 0.63 1.58 440.80  63.591  -0.34 2.13 22074  59.027 -0.22 1.62
292.01 50.050 0.53 1.73 441,00  63.637  -0.15 2.32 22098  59.051 0.2 3.94
293.50  50.255 0.45 1.70 44120 63684 0.2 2.29 2111 59.064  —0.32 1.57
295.01 s0.462 0.31 1.55 44140 63730 -0.35 2.11 22121 59.074  -0.21 1.62
298.00  50.874 0.04 1.63 44160 63777 —0.36 2.16 22140  S9.094  -0.15 3.57
298.22  50.904 011 1.81 44180 63823 0.9 2.15 22785 S9.741 -0.47 ERJ|
300,190 51312 -0.16 1.80 44200  63.870  -0.56 2.02 22838 59794  -0.20 1.32
0129 51326 0.19 2.06 4230 63939 -0.55 2.10 22035 S9.891  -0.02 3.6
0139 51.340 0.10 2.01 442,50 63986  —0.56 2.18 230.85 60042 023 172
0149 51354 0.10 1.97 4270 64032 0.5 2.14 23214 60171 -0.44 3.48
0159 51367 0.00 2.02 44290  64.079  -0.33 2,05 23771 60730 -0.04 121
301,69 51381 0.28 2.06 443.10 64125  -0.50 1.93 21921 60.892  -0.10 2.97
0179 51,395 0.03 1.91 44330 64172 -0.39 1.92 24071 61.056 0.01 2.83
01.89 51409 007 1.95 44349 64216 -0.59 1.67 24221 61.220 0.44 3.24
301.99 51422 -0.13 1.95 44380  64.288  —0.67 1.63 24371 61385 0.12 3.33
302.09  51.436 0.04 1.94 44400 64339 -0.65 1.49 24521  61.549 0.05 132
0219 51.450 0.03 2.09 44420 64390  -0.79 1.42 247.19  61.765 0.01 3.20
30229 51.464 0.20 2.03 44440 64442 —0.61 L.74 24869 61,929 0.14 3.05
30239 51.477 0.01 2.02 4460 64494 074 1.64 24999 62072 -0.33 2.94
303,30 51.603 1.20 2.46 4480  64.545  —0.76 1.65 256.69  62.805  -0.01 2.38
0706 52120 -0.33 1.98 44500 64597 -0.70 1.64 258.10 62959  -0.12 2.13
32169 53421 -0.08 1.99 44530 64674 -1.02 1.76 250.60  63.245  -0.15 2.52
32179 53428 -0.22 1.99 44550 64726 -0.76 1.87 26110 63577 -0.20 2.18
2189 53436 -0.29 1.93 4570 64777 -0.68 1.92 26635 64170  -0.31 2.20
32199 53443 -0.26 1.99 44590  64.829 -0.62 2.12 26731 64279 - 045 2.04
12207 53449 0.1 2.01 446,10 64880 —0.26 2.07 267151 643017 -041 1.94
32219 53458 -0.29 2.04 446,30 64932 —0.68 1.98 26772 64343 -0.42 193
32229 53465 021 2.08 446,50 64983  -0.59 1.79 26779 64356 -0.63 1.90
32237 53471 -0.24 2.10 446,80  65.061  -0.57 1.69 26792 64378 -0.58 1.91
322.53  53.483 -0.29 2.12 47,00 65112 -0.51 1.86 268.11  64.411  -0.60 1.82
322.59 53487 030 212 44720 65193 -0.51 1.80 26841  64.463  -0.73 1.81
32269 53.495  —0.08 2.06 447.40 65280 -0.46 1.74 268.68  64.509  -0.49 1.89
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Appendix. (Continued).

Sub-bottom Sub-bottom Sub-bottom

Depth Age 880 al3c Depth Age 880 3¢ Depth L) sl3c
(m) (m.y.) (% PDB) (% PDB) (m) (m.y.) (% PDB) (%. PDB) (m) (m.y.) (% PDB) (%, PDB)

Hole 527 (Cont,) Hale 527 (Cont.) Hole 528 (Cont.)
268.92 64.551 —0.58 1.87 296.88 67,165 -0.18 292 315.53 57.752 -0.31 2.57
269.10 64.582 -0.14 2.30 291.22 67.179 =011 2.85 3150 57.764 =024 2.9
269.35 64.625 =0.49 1.99 297.44 67.188 -0.36 297 i16.21 57.796 —-0.28 2.95
269.44 64.640 =0.57 1.94 291.19 67.203 —0.05 3.09 316.71 57.829 -0.39 2.66
269.54 64.658 —0.41 2.00 298.13 67.217 -0.10 2.81 2 58.181 -0.28 3.26
269.71 64,687 -0.27 2.13 29B.43 67.229 -0.02 2.89 331.61 58,800 -0.31 343
269.89 64,718 —0.47 2,15 298.69 67.240 =0.10 292 EEEND 58.898 -0.39 113
210.10 64.754 -0.52 2.10 299.01 67,253 0.07 293 334,61 59.077 =0.25 .41
270.31 64,790 =0.31 2.13 299.16 67.259 —-0.05 2.80 341.48 60.170 -0.29 3.65
270.50 64,823 -0.28 2.26 299.26 67.263 0.13 304 342.46 60.326 —0.41 345
270.71 64,859 -0.38 2.19 299.61 67.278 0.01 3.00 31917 61.984 0.14 123
270.89 64,890 -0.38 2.1 299.93 67.291 0.23 3.16 380.50 62.073 -0.41 27N
271.07 64.922 -0.35 232 300.17 67.301 0.1 3.25 181.73 62.186 0.07 2.43
27111 64.928 -0.34 2.16 300.51 67.315 0.09 3,03 383.05 62.307 -0.09 2.56
271.46 64.989 -0.27 1.92 300,81 67.328 0.03 3.00 388.71 62.827 —-0.35 2.55
M. 65.032 -0.28 212 301.43 67.353 -0.03 19 390,37 62.979 -0.26 2.11
271.92 65.068 -0.06 1.99 301.66 67.363 0.26 il 391.43 63.076 ~0.64 1.92
272.14 65.106 -0.19 1.94 301.91 67.373 0.08 0 392.92 63.760 =0.71 1.89
27230 65.140 0.03 2.00 301.99 67.376 -0.18 2.9 398.32 65.267 -0.24 2,00
272.41 65.168 0.07 2.12 302.62 67.402 0.19 13 399.62 65.515 -0.50 2.10
272.51 65.193 -0.09 1.94 302.88 67.413 0.07 1.16 401.32 65.691 0.14 2,14
. 65.244 012 2.10 431 67.472 =0.26 2,63 408.00 66.504 0.20 .22
272.91 65.295 -0.03 1.91 309.81 67.700 -0.24 333 408.97 66.547 =035 2.82
271322 65,373 .17 2.15 313.81 67.865 =0.17 3.6 410.39 66,610 —0.58 2.78
273.25 65.381 0.07 228 s 68.052 =031 3.19 411.96 66.679 -0.20 2.87
273.44 65.429 -0.19 212 323.30 68.258 —0.65 .10 413.64 66.756 -0.01 299
273.61 65.472 -0.54 1.76 327.80 68.444 —0.38 2.95 417.54 66.958 -0.32 2.62
273.82 65.516 -0.25 1.99 332.80 68.651 —0.64 2.47 418.61 67.014 -0.29 2.91
274.01 65.545 -0.20 2.00 337.30 68.837 -0.87 2.58 420,08 67.090 -0.25 19
274.20 65.575 0.03 1.98  Hole 528 421.75 67.177 -0.26 .01
21441 65.607 ~0.10 219 432.18 67.718 -0.07 a2
21515 65.723 -0.31 1.98 146.31 18.691 1,72 2.23 424,45 67.317 -0.07 109
275.23 65.735 -0.52 1.78 149.31 20.485 1.65 2.78
27532 65749 —0.57 L7 149.31 20,485 1.69 284 Hole 529
275.52 65.780 -0.52 1.74 150.21 20.640 1.64 2.22
275.71 65.810 -0.18 L7 157.36 22.175 Lm 2.15 179.21 34.954 1.15 1.91
276.07 65.866 -0.16 1.61 158.86 22.541 1.81 313 182.07 35.015 1.18 1.88
276.21 65.888 —0.45 1.38 158.86 22.54] L72 2.86 183.71 35.050 1.07 2.09
276.29 65.900 -0.30 1.54 166.51 24.412 1.45 223 185.43 35.086 1.16 1.87
276.49 65.932 -0.35 1.54 168.01 24.7179 1.41 2.08 186.51 35.158 1.14 1.89
276.55 65.941 -0.25 1.57 177.31 27.016 1.22 2.03 192.62 35.959 1.44 249
276.74 65.971 -0.22 1.58 182.46 28.298 L15 1.75 193.61 36.089 1.61 2.52
276.92 65.999 0.06 1.62 182.46 28.298 1.26 1.76 193.83 36.118 1.50 2.54
277,11 66.028 —0.65 1.39 183,96 28.855 1.26 2.28 193.97 36.136 1.48 2.47
277.17 66.038 0.12 1.55 185.46 29.412 1.40 217 194.33 36.184 1.45 2.28
277.42 66.076 -0.10 1.41 191.91 31.465 1.50 247 195.09 36.283 1.15 2.43
m.n 66.122 -0.25 1.19 193.41 31.693 1,13 .23 196.82 36.510 0.70 2.31
.73 66.125 -0.33 1.34 194.91 11521 1.10 w2 197.07 36.543 0.36 2.15
21794 66.158 -0.07 1.40 196.41 32.140 1.24 2.38 197.42 36.589 0.22 1.61
278.09 66,180 -0.28 1.08 197.91 32.375 1.33 2.25 197.59 36.611 0.74 1.89
278.19 66.195 —-0.46 0.87 201.41 32.906 1.23 2.59 197.78 36.636 2.19

23 66.201 =0.04 0.93 201.41 32.906 1.32 2.68 198.79 36.769 1.42 2.22

278,35 66.218 -0.32 1.16 202,91 33.081 0.90 2.38 202.00 37.931 0.57 2.00
278.39 66,224 —-0.36 0.84 202.91 33.081 0.89 2,35 208.53 40,978 0.30 2.13
278.59 66.253 —0.16 0.40 210.78 34,000 1.16 2.32 208.91 41.155 0.39 2.24
278.79 66.283 —0.55 0.84 221.17 35.213 0.93 2.19 209.81 41.575 0.08 217
278.81 66.286 -0.17 1.26 222,67 35.406 117 2.62 211.61 42.415 0.67 1.76
278.98 66.311 -0.42 1.25 222.67 35.406 1.23 2.65 211.91 42,555 0.52 1.83
279.06 66.322 =010 1.58 222.67 35.406 137 2.71 212.21 42.695 0.51 1.91
279.18 66,340 ~0.47 1.26 225.67 35.820 1.24 2.69 212.86 42.999 0.82 2,02
279.28 66.355 0.01 1.04 227.54 37.063 0.30 2,13 214.31 43,675 0.74 1.82
279.38 66.369 0.10 1.53 236.40 39.688 -0.01 2.04 215.81 44,375 0.44 1.94
279.45 66.379 -0.14 1.55 237.98 40.156 0.25 2.08 217.31 45.075 0.55 1.88
279.66 66.410 0.69 2,52 246,40 44,920 0.19 2.57 219.51 46.102 0.60 1.64
M 66.418 0.37 2.09 247.90 45.776 0.14 2.18 241.51 §3.254 -0.20 1.37
279.81 66,432 0.62 2.3] 249.40 46.439 0.34 2.10 250.91 55.282 0.02 0.89
279.91 66.447 0.34 2.20 250.90 46.937 0.47 2.25 260.76 56,020 -0.04 1.38
280.10 66.464 =0.07 128 252.00 47.302 0,19 2.08 267.70 57.287 -0.08 1.68
280.20 66.468 -0.07 314 255.51 48.338 0.38 1.89 287.10 59,367 -0.03 3.2
280.28 66,472 =012 i3 255.80 48,415 0.08 1.94 294.11 59.553 0.03 2.81
280.49 66.431 -0.08 .07 256.61 48.632 0.08 1.98 295.57 59.592 -0.27 2.45
280.52 66.482 0.29 348 257.47 49.311 -0.03 1.88 312.80 60.048 -0.13 137
280,68 66.489 -0.15 2.89 258.01 50.033 —0.04 2.08 322.81 60.774 0.07 19
280.82 66.495 0.04 314 259.51 51.124 —0.06 2.15 332.07 61.604 0.01 2.88
280.85 66.496 =0.23 2.95 261.01 52.049 0.04 2.05 341.14 61.820 -0.17 2.89
281.12 66.507 -0.07 12 265.10 53.071 =0.31 1.96 350.73 62.244 0.06 2.25
218.19 66.510 -0.20 264 266.60 53.388 -0.43 1.93 360.30 63.396 -0.12 2.4
281.40 66.519 0.12 3.19 268.10 53.704 -0.27 1.76 369,84 64,544 -0.26 1.66
281.59 66.527 -0.27 2,63 289.60 54.009 -0.39 2.02 371.00 64,683 -0.81 1.55
281.72 66.533 -0.17 n 274.50 54,458 —0.45 1.82 379.10 65.482 -0.29 1.59
281.80 66.536 -0.29 2.21 274.60 54,467 -0.38 1.98 381.08 65.662 -0.45 1.89
282.00 66.545 -0.39 3.00 275.98 54.593 ~0.43 1.73 382.23 65.771 —0.58 1.78
282.20 66.553 -0.23 .07 277.48 54.730 -0.46 1.87 384.01 65.951 -0.15 1.82
282.21 66.554 =0.11 2.97 277.60 54.741 =0.49 1.78 386.20 66,248 -0.08 1.91
282.40 66,562 =041 3.08 278.97 54.867 =0.61 1.91 387.28 66.394 0.44 .22
282.62 66.571 -0.23 2.89 284.11 55.337 =0.12 1.46 388.50 66.559 -0.32 2.89
282.70 66.574 -0.34 3.06 293.61 55.759 -0.47 1.26 389.70 66.721 —0.44 2.77
282.94 66.585 -0.50 2.78 296.61 55.882 —0.38 1.39 390.73 66.860 —~0.49 |
283.32 66.601 ~0.53 .10 303.11 56.147 -0.21 1.46 392.30 67.073 -0.15 3.00
285.16 66.679 -0.49 2.86 306.11 56,269 -0.32 1.20 394.00 67.303 -0.29 2.89
289.40 66.855 =0.36 241 307.61 56.332 -0.13 1.41 395.20 67465 =0.27 2.97
294.66 67.073 -0.10 2.86 310.61 56.462 ~0.54 1.67 396,33 67.618 —-0.58 10
295.31 67.100 —0.01 3.06 312.49 7.141 -0.32 1.86 401.97 68,381 -0.60 .92
295,70 67.116 -0.05 2.80 314.02 57.653 —0.08 2.35 400.47 68.178 -0.55 2.85
296.02 67.129 -0.15 2.94 314.20 57.665 -0.37 2,33 401.97 68.381 =033 2.74
296,29 67.141 -0.27 2,89 314.70 57.698 -0.13 243 403.50 68,588 —0.56 2.54
296.66 67.156 =0.07 2.90 315.21 §71.731 -0.22 2.65 404,43 68.713 -0.39 2.88

Nate: Ages are estimated as described in Shackleton et al. (this volume). All samples are bulk sedi
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