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ABSTRACT

Analyses of stable isotopes of monospecific planktonic foraminifers (G. guadrilobatus group) and monogeneric
benthic foraminifers (Cibicidoides spp.) from late Neogene Atlantic Site 502 and Pacific Site 503 were conducted in
order to determine the paleoceanographic changes resulting from the late Neogene uplift of the Panama Isthmus and
from climatic cooling.

In general, results at each site are similar to those from previous studies for the late Miocene and late Pliocene time
interval, documenting the late Miocene (6 Ma) shift in carbon isotopes and the inferred growth of permanent Northern
Hemisphere continental ice sheets beginning about 3.2 Ma. Comparison of Atlantic-Pacific planktonic-benthic isotope
data for four stratigraphic intervals (~6-8, ~5-6, ~3-5, and ~2-3 Ma) suggests that increasing isolation of Atlantic
and Pacific low-latitude waters may be related to the emergence of the Panama Isthmus. The contrast between Atlantic
and Pacific benthic foraminiferal 6'>C increased in two steps from 0.60%. to 1%, (the modern contrast) at about 6 Ma
and 3 Ma. The first increase (0.15 %,) may represent the end of previously limited deep-water communication between
the Atlantic and Pacific at the present location of Panama. The second increase (0.25%,) may be due to increased pro-
duction of North Atlantic Deep Water. This probably reflects the development of modern deep-sea circulation.

The 4'%0 of planktonic foraminifers begins to increase in Atlantic Site 502 at 4.2 Ma and may reflect the increasing
salinity of the North Atlantic Ocean arising from diminishing surface-water exchange across Panama. This increase is
clearly shown by contrasting the 5'%0 of Atlantic and Pacific planktonic foraminifers, as well as the §'30 of planktonic
and benthic foraminifers at Site 502. This inferred increase in surface-water salinity begins at the time of increasing pro-
vinciality of Atlantic and Pacific planktonic foraminifers.

INTRODUCTION

Deep Sea Drilling Project (DSDP) Sites 502 and 503,
which were hydraulically piston cored, provide a unique
opportunity to compare the histories of the westernmost
North Atlantic and the eastern equatorial Pacific oceans.
Each site has an apparently continuous sedimentary se-
quence of about 8 m.y. duration from near the same
water depth. In addition, each is located near the Pan-
ama Isthmus (Table 1) and thus records the effects of
the late Neogene transition from an open Atlantic-Pa-
cific connection to complete separation of the tropical
oceans (Keigwin, this volume, and references cited there-
in). The recovery of sediment from Site 502 extends the
pelagic record of the Colombian Basin back three to
four million years past that recovered at nearby Site
154A (Edgar et al., 1973). The section recovered at Site
503 is more suitable for high resolution studies than that
from nearby Site 83, which was only spot-cored and was
disturbed by the rotary drilling process (Hays et al.,
1972). The effects of the growing Atlantic-Pacific isola-
tion on the planktonic foraminiferal fauna from Sites
502 and 503 are discussed in another chapter (Keigwin,
this volume), while the results of analyzing the stable
isotopes of planktonic and benthic foraminifers are dis-
cussed in this chapter.

METHODS

Analyses of stable isotopes were performed following standard
procedures (Keigwin, 1979) on foraminifers selected from the same
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Table 1. Site locations.

Site Latitude Longitude  Depth (m) Geographic Feature

502  11°29.4'N  79°22.T'W 3051
503  4°04.04'N  95°38.21'W 3672

Ridge in West Colombian Basin
North flank of Galapagos Ridge

samples used for semiquantitative biostratigraphy (Keigwin, this vol-
ume). Results are presented in Table 2 and Figure 1 and 2 in delta
notation (8) with respect to the standard PDB following the calibra-
tion of Keigwin (1980).

Various workers (Duplessy et al., 1980; Woodruff et al., 1981; Be-
langer et al., 1981; Graham et al., in prep.) have indicated that sg)ecies
of the benthic foraminifer Cibicidoides give reliable 5'%0 and §!3C re-
sults. No single species of Cibicidoides was abundant in all samples
from both Leg 68 sites, so Cibicidoides wuellerstorfi was analyzed
from Site 502 and C. kullenbergi was selected at Site 503. All benthic
foraminifers were from the size fraction greater than 175 um. In some
samples where both species were present in sufficient abundance,
paired analyses were performed. The results of 15 such pairs (Table 3)
show that isotope differences between these species are within the pre-
cision of analysis. For the following discussion I assume that these dif-
ferences are insignificant and that these two species may be used inter-
changeably within cores of a site and between sites. Variability among
species of this genus has also been found to be within analytical preci-
sion by Duplessy et al. (1980) and Woodruff et al. (1981). At both
Sites 502 and 503 members of the planktonic foraminiferal group Glo-
bigerinoides trilobus—quadrilobatus—sacculifera were chosen for
analysis from the size fraction 175 to 295 um.

Initially, the benthic foraminifer Oridorsalis tener was chosen for
isotope analysis at both Sites 502 and 503. However, Belanger et al.
(1981) have shown that Oridorsalis neither precipitates its calcite in
isotopic equilibrium with the §'C of total CO, in seawater, nor fol-
lows apparent oxygen utilization (AOU) in a consistent manner as
does the 6'*C of total CO,. Hence, analysis of O. fener was discon-
tinued after the analyses presented in Table 2 had been performed.

To simplify comparing results at the two sites, I have divided each
record into four time intervals within which the mean and standard
deviation are calculated (Table 4). Datum levels marking each interval
are: a change in carbon isotopes around 6 Ma, the Miocene/Pliocene
boundary (5.26 Ma, based on the first occurrence of G. tumida), and
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Table 2. Leg 68 stable isotope results.

C & G. 0.
Sample  Depth wuellerstorfi llenbergi quadrilok tener
Gevelincm) (m) 8180 sl3c 5180 sl3c sl80 5l3c sl80 sl3cC
5028
1-1, 000 0.00 190 086 -1.82 110
1n,cc 45.69 2.11 0.45 —1.37 0.B8
12,CC 48,92 241 0.45 -1.10 0.79
13,cC 54.41 294  0.69 -0.76  0.65
14,CC 58.53 192 0.56 ~1.25 095
15,CcC 60.46 208  0.52 -1.08 128
16,CC 64.38  1.59 0.40 —-1.00 1.25
17,CC 71.90 1.77 0.60 —0.98 0.92
18,CC 76.41 208  0.48 ~1.56 0.82
502A
19,CC 80.45 211  0.46 -0.94 1.17
20,CC 85.46 237  0.65 ~1.30 113
21,€C 89.56 1.56  0.60 -129 1.58
12,cC 9427 1.59 0.65 -1.57 071
23,CC 98.78 1.67 0.49 -1.51 1.15
4,CC 103.18 1.78 0.49 —1.59 0.83
25,CC 107.27 1.58  0.42 —~1.43 0.9
26,CC 111.85 1.57 0.18 —-1.84 0.72
21,cC 11612 L74  0.44 —-1.68 0.92
28,CC 11934 1.60  0.09 -1.98 0.62
29,CC 122.83 152 0.8 ~1.89 1.0l
30,CC 12592 1.61 0.4l -1.86 0.86
32,CC 13162 154 033 -1.97 074
33,CcC 13446 171 036 -192 092
34,CC 13730 1.64  0.50 ~1.77 088
35,cC 14077 1.46  0.09 -2.03 071
36,CC 143.09 1.34 0.28 -2.31 102
37,cC 14514 1.62  0.48 -1.75 1.29
38,CC 147.49 158 074
39,CC 14986 1.95  0.43 ~171 136
40,CC 152.85 174  0.60 -2.10 1.13
41,CC 155.51 1.35 0.11 -1.66 1.23
42,cC 158.45 149  0.52 -2.08 098
43,CC 161.00 1.79  0.61 -2.24 135
44,CC 163.48 1.28  0.77 -2.24 166
45,CcC 166.04 1.51  0.66 —2.17 1.46
46,CC 168.15 1.63 076 -2.34 1.82
47,CC 171.24 1.44 0.36 —-240 1.66
48,CC 17298 1.54 075 ~213 1.86
50,CC 17763 140  0.46 -231 147
s51,cC 180.36 1.54  0.50 -223 105 225 -1.40
52,CC 182.33 1.34 0.51 -1.97 142 243 -137
53,CC 183.94 176  0.54 -221 L16 239 —1.42
54,CC 187.03 1.64  0.30 -1.70 132 219 -1.35
~1.80 1.36
55,CC»  189.15 171 0.32 —2.24 089 221 -—1.38
56,CC 191.06 1.54 0.24 =211 139 203 -1.63
57,0C 193.06 1.73  0.26 -217 123 219 -1.43
$8,CC 195.02 125  0.60 -2.08 1.30
59,CC 19564 171 0.4l -212 149
60,CC 198.97 1.47  0.81 ~-2.52 218
61,CC 200.30 1.55 0.93 -2.04 192 222 -0.61
62,CC 201.68 149 097 -1.86 1.69 212 -047
63,CC 20457 175 1.26 ~2.18 201 233 -0.04
65,CC 209.34 1.87 0.69 -1.75 143 219 -0.49
66,CC 21086 1.86  0.68 -1.56 1.66 233 -037
67,CC 211.93 172 090 160 075 -2.24 197 206 -—0.60
68,CC 214,88  1.68 0.93 -1.63 1.72
502C
28,CC 213.08 1.84  0.88 246 2.24
29,CC 21522 1.82 045 1.65 045 -191 1.54
1.65 0.37
30,CC 216.19 1.74 073 L79 0.75 -1.88 1.80
31,cC 21875 204 082 175 056 -2.05 1.38
12,cC 22118 175 092 181 074 -191 1.68
33,CC 223.88 1.74 0.85 -1.84 193
34,CC 225.26 1.74 0.8¢ 1.73 081 -1.51 148
35,CC 22628 1.68 091 1.57 095 -1.89 1.62
36,CC 22700 153  0.88 176 073 -202 1.93
37,cC 22781 1.86 092 1.83 067 -204 1.7
503A .
1-1, 000 0.00 247 -0.12
5038
8,CC 33.52 239 -048 217 -031 -1.74 0.97
10,CcC 4197 223 -041 223 -042 -160 117
216 -0.29
11,CC 46.57 2,70 -0.93 —-1.38 056
12,cC 5072 251 —0.65 -1.53 0.89
=165 091
13,cC 5470 192 -0.32 -2.14 136
-2.19 1.56
14,CC 59.12 228 -0.T1 —-1.92 1.32
2.19 -0.55
15,cC 63.80 1.98 -0.03 ~2.14 149

Table 2. (Continued).

c c G 0.
llerstorfi  kullenbergi drilobatus tener
Sample  Depth £ xr i
(evelinem) (m) 4180 &13c 5180 sl3c slBp sl3c sl80  3l3C
503B (Cont.)
16-1,106  64.90 251 -0.76
16-2, 106  66.80 1.96 -0.47
16,CC 68.36 2.14 -—0.43 -1.91 1.09
17-1, 106  69.76 1.82 -0.26
17-2, 106 71.27 1.99 -0.56
17,€C 7249 178 -0.09 -2.03 136
18,CC 7761 177 -0.58 176 -056 -2.14 0.69
19,cC 80.96 198 -020 1.80 -037 -2.51 146
21,cC 90.81 1.80 -024 1.84 -038 -234 1.32
2,cC 95.02 1.95 031 207 -055 -222 150
23,CC 96.35 195 013 -2.65 147
4,CC 10155 1.89 -0.13 -214 1.52
25,CC 106.54 207 -0.57 -216 1.15
26,CC 11098 1.89 -051 -180 1.21
503A
27,cC 11279 173 -039 -242 130
28,CC  116.20 1.94 -053 -182 150
29,CC 124.65 189 -032 -223 131
31,CcC 133.74 204 -024 -2.04 157
32,CC 134,50 187 -025 -175 153 271 -149
33,CC 139.27 165 072 -179 0.80
1.73 0.76
34,cC 145.99 1.92 -050 -206 1.36 245 -177
35,CC 147.67 1.98 0.09 -235 1.9 246 -1.59
36,CC 154.59 1.96 -0.17 -226 1.84 242 -1.67
37,CC 158.45 1.97 -0.25 -195 1.82 245 -L78
2.58 -1.74
38,CC 160.20 1.99 -020 -1.96 1.80 269 -1.92
39,CC 167.55 186 -028 -229 198 242 -1.54
40,CC 169.90 192 -026 -2.24 1.62 2.54 -1.94
269 -1.76
41,CC 177.56 200 -030 -249 138 269 -1.63
42,CC 181.64 196 -066 -217 098 273 -1.86
285 -149
291 -1.34
43,CC 185.59 185 -050 -1.8 1.24 220 -192
44.CC 190.46 200 -049 -221 L1111 247 =212
46,CC  196.42 1.98 051 -2105 130 283 -1.56
47,CC  200.81 1.66 -0.18 -221 172 175 -1.20
48,CC  207.65 175 021 -204 202 231 -1.43
181 0.9 265 -1.15
49.CC 210.39 1.82 -0.08 -247 194 227 -1.26
50,CC  217.14 .69 022 -247 203 213 -1.59
51,0C  220.52 1.86 0.5 -272 234 275 -1.37
52,CC  225.56 192 0.24 281 —0.86
53,CC  229.90 1.82 066 -220 245 235 -0.93
246 -0.70
54,CC 234,62 1.79 049 -222 195 223 -1.13
206 -0.62

the initial growth of permanent Northern Hemisphere continental ice
cover (3.2 Ma; Shackleton and Opdyke, 1977). Tables 5A and 5B pres-
ent Atlantic-Pacific contrasts (6502 minus 6503) and vertical contrasts
(8benthic minus dplanktonic), respectively, calculated from the statis-
tics in Table 4. Figures 3 and 4 are plots of Table 5 results. Results
based on these time intervals are speculative, because: (1) neither site
may be typical of its entire ocean basin, (2) there are sometimes few
data points for intervals as long as 2 Ma, and (3) the observed con-
trasts are sometimes within the precision of analysis. Also, changes
between the time intervals appear as ‘‘steps,’”’ when in fact they may
be occurring gradually over millions of years.

RESULTS AND DISCUSSION

The late Miocene and Pliocene intervals up to about
3.2 Ma are marked by no net enrichments or depletions
in 180 and by less variability than in the late Pliocene
(Table 4A). Similar trends have been previously noted
by Shackleton and Kennett (1975), Shackleton and Op-
dyke (1977), Shackleton and Cita (1979), Keigwin (1979),
Keigwin and Thunell (1979), and Keigwin et al. (1979).
A general increase in the magnitude and variability in
5180 beginning at 3.2 Ma reflects the growth of a perma-
nent Northern Hemisphere continental ice cover and in-
creased climatic variability. The overall variability in
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Figure 1. Stable isotope results (%., PDB) at Colombian Basin DSDP
Site 502. Absolute ages from magnetostratigraphy (Kent and Spa-
riosu, this volume). Benthic oxygen isotopes reveal little change
before the inferred growth of permanent Northern Hemisphere
continental ice cover at about 3.2 Ma at this site as well as Site 503
(Fig. 2). Planktonic foraminifers become gradually enriched in 180
beginning about 4.2 Ma, which may reflect an increase in North
Atlantic surface-water salinity. Carbon isotopes record the late
Miocene 513C shift at about 200 meters (6 Ma), closely associated
with other physical and sedimentological changes at the site.
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benthic foraminiferal 680 is slightly greater in the
Atlantic site than the Pacific in the late Miocene and late
Pliocene (Table 4A). Shackleton and Cita (1979) noted
greater Atlantic §'8%0 variability, when comparing At-
lantic Ocean DSDP Site 397 results to unpublished re-
sults from equatorial Pacific piston core RC12-66. Moore
et al. (in prep.) have synthesized Cenozoic isotope data,
and these workers also find greater §!80 variability in
Atlantic benthic foraminifers since the late Miocene.
Shackleton and Cita (1979) attribute this greater varia-
bility to greater changes in Atlantic deep water tempera-
tures relative to those of the Pacific, whereas Moore et
al. (in preparation) consider the relative importance in
the Atlantic of water masses having differing isotopic
composition.
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Figure 2. Stable isotope results (%., PDB) at eastern equatorial Pacific
DSDP Site 503. Absolute ages from magnetostratigraphy (Kent
and Spariosu, this volume). Oxygen isotopes reveal the inferred
growth of permanent Northern Hemisphere continental ice cover
at about 3.2 Ma. Carbon isotopes record the late Miocene '3C
shift at about 205 meters (6 Ma).

Several interesting changes occur in the Site 502 sedi-
mentary column below about 220 meters (Fig. 1). These
include: the last occurrence of rare siliceous microfossils
at 211 meters (site chapter 502; Riedel and Westberg, this
volume); a change in the sediment’s physical properties
from low bulk density and high water content below 203
meters to high bulk density and low water content above
(Mayer, this volume); a lithological change from ash-
bearing clays to foraminifer-bearing nannofossil marls
at 211 meters (site chapter 502); and a change from low
to high clay mineral crystallinity at 203 meters (Zimmer-
man, this volume). Low bulk density, high water con-
tent, low clay mineral crystallinity, and the presence of
siliceous microfossils are characteristic of Pacific Ocean
sediments today. There also appears to be a change in
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Table 3. Paired analyses of C. wuellerstorfi and C. kullenbergi com-
piled from Table 2,

C. o
l kullenbergi C. w.—C. k.

Berstonfi
sample 81%0 3¢ 880 sl3c  sl%0  sbc Fandoofcow - Cok

5024
67,CC 172 090 1.60 075 +0.12 +0.15
502C
29,CC  1.74*  041° 1.65 045 +0.09 —0.04
30,CC 174 073 179 075 —0.05 -0.02
ILCC 204 082 L75 056 +0.29 +0.26
32,CC 195 092 181 074 -006 +018 48180 = +0.03 + 0.4
34,CC 174 0.84 173 081 +001 +0.03 as'3C = +0.10 £ 0.12
35,CC 168 091 157 095 <011 -0.04
36,CC 153  0.88 176 073 —023 +0.15
37,CC 186 092 1.83  0.67 +0.03 +0.25
5038
86C 239 -048 217 -031 +022 -0.17
10,CC 220 —0.35% 223 -042 -003 +0.07
18,CC 1.7 -0.58 1.6 -0.56 +0.01 -0.02 a5'80 = +0.04 = 0.13
19.C 1.98 -0.20 1.80 -037 +0.18 +0.17 as'3Cc = +0.07 + 015
21,CC 180 -0.24 1.84 -0.38 -0.04 +0.14
22,CC 195 =031 207 -0.55 -0.2 +024

Note: * = Average of two analyses.

Table 4A. Simple statistics of oxygen isotope data from Table 2 for
four Neogene time intervals.

Table 4B. Simple statistics of carbon isotope data from Table 2 for
four Neogene time intervals.

Time Interval G. quadrilobatus C. llerstorfi  C. kullenbergi O. lener
Site 502
Post-ice growth n=10 10 — —
X =098 0.53 — —
o = 0.21 0.10 - —
Pre-ice growth n=16 16 — —
x=09 0.37 - —
o =025 0.17 — -
Post-carbon shift n =20 21 — 7
X= 136 0.50 — -1.43
o= 0.26 0.19 — 0.09
Pre-carbon shift n=18 18 9 6
Xx= 17 0.85 0.71 -0.43
ez =025 0.17 0.14 0.21
Site 503
Post-ice growth n=7 T 3 —_
=112 —0.48 -0.50 -
o = 0.34 0.29 0.23 -
Pre-ice growth n=15 6 16 -
=133 -0.31 -0.39 -
g = 0.23 0.17 0.15 -
Post-carbon shift n=14 —_ 14 13
x =150 - -0.25 -1.70
o = 0.36 — 0.34 0.23
Pre-carbon shift n==6 — 7 7
=212 - 0.27 -1.15
o =022 — 0.24 0.30

Time Interval G. quadrilobatus  C. wuellerstorfi C. kullenbergi O. tener

Site 502
Post-ice growth n=10 10 - =
(less than ~3 Ma) Xx=-1.13 2.14 - —
(45.69-85.46 m) o = 0.24 0.37 — -
Pre-ice growth n=16 16 - —
(~3-5 Ma) Xx=-17 1.60 — —
(89.56-145.14 m) o = 0.26 0.11 — —
Post-carbon shift n=20 21 - 7
(~5-6 Ma) X= -2l 1.57 - 2.24
(147.49-195.64 m) o = 0.20 0.18 - 0.13
Pre-carbon shift n =18 18 9 6
(~6to 8 Ma) Xx= -1.9 1.72 1.72 2.21
(198.97-227.81 m) o = 0.27 0.15 0.09 0.11
Site 503
Post-ice growth o= 7 3 -
(less than ~3 Ma) r=-1719 2.28 2.30 —
(33.52-64.90 m) o = 0.30 0.28 0.18 —
Pre-ice growth n=15 6 16 —
(~3-5 Ma) Xr=-214 1.90 1.91 -
(66.80-134.50 m) o= 026 0.15 0.10 -
Post-carbon shift n=14 — 14 13
(~5-6 Ma) = -214 — 1.91 2.49
(139.27-200.81 m) o= 0.19 - 0.11 0.28
Pre-carbon shift n==6 - 7 7
(~6-8 Ma) X=-235 - 1.81 2.43
(207.65-234.62 m) o =025 - 0.07 0.27

the Site 502 benthic isotope data close to these other
changes (around 205 m). The lowermost 15 benthic-
foraminiferal oxygen isotope values from Site 502 are
lighter than the overlying late Miocene and early Plio-
cene values by a statistically significant 0.20%, ( T,=
4.65; 153, 1 — a = 1.68). In the lower 30 to 40 meters
of each section (approximately the ‘‘pre-carbon shift’’
time interval, Tables 4A and 5A), the 680 of benthic
forms from each site is nearly identical, whereas in more
recent intervals the Atlantic site is always isotopically
lighter by a few tenths %,. The similarities in benthic
6'%0, physical properties, and sedimentological charac-
teristics below about 200 meters at each site suggest that
prior to about 6 Ma the Colombian Basin had some Pa-
cific Ocean affinity, although carbon isotope evidence
(see following discussion) indicates that deep waters in
each basin were largely segregated by this time.
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Table SA. Summary of geographic contrasts in isotopes (6502
minus §503) from data in Tables 2 and 4.

Benthic  Benthic  Planktonic Planktonic
Time Interval s13c 5180 813c 5180
Core top 0.98%,  —0.57%. — -
Post-ice growth  1.01%. —0.14%, —0.14%, 0.66%.
Pre-ice growth 0.76%.  —0.30%. —0.40%, 0.37%.
Post-§13C shift 0.75%. —0.34%, =0.14%, 0.03%,
Pre-813C shift  0.58%  —0.09%  —0.35% 0.39%s

Table 5B. Summary of vertical isotopic contrasts
(dplanktonic — &benthic) from data in Table 4.

Site 502 Site 503
Time Slab 5180 slic 8180  sl3C
Post-ice growth —-3.27 +0.45 -4.07 +1.60
Pre-ice growth  —3.37 +0.56 —4.05 +1.72
Post-813C shift —3.68 +0.86 —4.05 +1.75
Pre-613Cshift —3.68 +0.92 —4.16 +1.85

The most striking carbon isotope result of each time
series is the late Miocene carbon isotope shift in benthic
and planktonic foraminifers (Figs. 1 and 2). This nega-
tive change in 6'3C has been found to be a useful strati-
graphic marker at many locations throughout the Indo-
Pacific (Keigwin, 1978, 1979; Loutit and Kennett, 1979;
Bender and Keigwin, 1979; Vincent et al., 1980; Hagq et
al., 1980; Keigwin and Shackleton, 1980). It has been
paleomagnetically dated in the upper reversed interval
of paleomagnetic Chron 6 (Loutit and Kennett, 1979;
Keigwin and Shackleton, 1980), which gives the age of 6
Ma (Kent and Spariosu, this volume). The carbon shift
is closely associated in time with the first occurrence
of the nannofossil Amaurolithus primus (Haq et al.,
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Figure 3. The history of geographic isotope contrasts (502 minus 6503) calculated for four stratigraphic
intervals from data in Tables 2 and 4. Numbers labeled A and P show the magnitude of Atlantic and
Pacific isotope change going forward in time between each interval. Benthic A'3C shows the stepwise
growth to modern values of the Atlantic-Pacific deep water §'3C contrast, which is maintained by the
net flow of deep waters from the North Atlantic to the North Pacific. The interestjng planktonic A'3C

pattern is unexplained. The history of the contrast in Atlantic-Pacific planktonic &'

O is dominated by

large Pliocene increases of Atlantic planktonic foraminiferal %0, which may reflect increasing North

Atlantic surface-water salinity.

1980). This datum is found in Sections 502A-59,CC and
503-48,CC, so this change in Leg 68 sites probably oc-
curred 6 Ma. _ _

The cause of the carbon shift is still unclear. Bender
and Keigwin (1979) suggested changing circulation and
upwelling patterns as the cause, possibly including an
increase in basin-basin fractionation of nutrients (Ber-
ger, 1970) by reduction of deep-water communication
between the Atlantic and Pacific at the present location
of the Isthmus of Panama. In addition, Vincent et al.,
(1980) proposed the change of foraminiferal ‘‘vital ef-
fects,’ a late Miocene sea-level fall, and climatic change
as contributing factors. Although the §13C shift was as-
sociated with a late Miocene regression and the ““Mes-
sinian event’’ (Keigwin, 1978), it could not have been a
simple result of Mediterranean dessication because the
Messinian evaporites are depleted in 3C (Lloyd and
Hsii, 1973). Likewise the §!3C of foraminiferal calcite is
not a simple function of sea level but can be related to
this because it correlates inversely with 830 (especially
for benthic foraminifers) in the Quaternary (Broecker,
in press) and in the pre-Quaternary (Loutit, in prep.).

Results of carbon isotope analysis suggest that low-
latitude deep waters of the Atlantic and Pacific were sig-
nificantly isolated by 6 to 8 Ma and that the extent of
this segregation has increased since then. In the modern
ocean the net flow of deep waters from the North Atlan-

tic to the North Pacific and the subsequent increase in
organic-matter oxidation and CaCO, dissolution (ba-
sin-basin fractionation, Berger, 1970) results in a 1.2%,
depletion in 13C of deep Pacific waters relative to deep
Atlantic waters (Kroopnick et al., 1972). Comparing
North Atlantic hydrocasts (Kroopnick et al., 1972;
Kroopnick, 1980) to east equatorial Pacific hydrocasts
(Kroopnick, 1974) shows the basin-basin contrast to be
closer to 1%, at the locations of Sites 502 and 503. The
history of this §13C contrast, based on data from Sites
502 and 503, is summarized in Table SA and Figure 3.
The present-day benthic §13C contrast at these two loca-
tions (based on core tops, Table 2) is 0.98%, (in excellent
agreement with Kroopnick’s data), whereas in the pre-
carbon-shift interval it was 0.60%, (Table 5A, Fig. 3).
That the pre-carbon-shift A§'3C was as large as 0.60%,
suggests that even though the A§'30 was small (0.1%.),
the deep tropical Atlantic and Pacific oceans were sig-
nificantly isolated by 6 Ma. Figure 3 shows that the geo-
graphic contrast in benthic §!3C has increased in two
steps since about 8 Ma. The first step occurred at the
carbon shift (6 Ma) and results from a greater negative
change in Pacific deep water than Atlantic. This was
noted at other locations and cited as possible evidence
for an increase in basin-basin fractionation as a result
of uplift of a sill at Panama above some unspecified
critical depth (Bender and Keigwin, 1979). Other inde-
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Figure 4. The history of vertical isotope contrasts (dplanktonic minus dbenthic) cal-
culated for four stratigraphic intervals from data in Table 4. Numbers labeled P
and B show the magnitude of the change in isotopes in planktonic and benthic
forms going forward in time between each time interval. The Pliocene vertical
oxygen isotope contrast decreases markedly in the Atlantic (A5'%0 increases) but
not in the Pacific as a result of enrichment in 80 of Site 502 planktonic
foraminifers. This may reflect increasing North Atlantic surface-water salinity.
At both locations the vertical carbon contrast decreases, which may indicate a
change in chemistry of the oceans.

pendent evidence for increased basin-basin fractiona-
tion is the crossover of Atlantic and Pacific CCDs in the
late Miocene (van Andel, 1975) which heralds the ori-
gins of modern abyssal circulation. The 3 Ma step in the
geographic 813C contrast brought the benthic A8!3C to
modern values. At this time benthic 6'*C increased in
the Atlantic and decreased in the Pacific. Biogeographic
evidence suggests that by 3 Ma there was only the shal-
lowest marine connection between the Atlantic and the
Pacific (Keigwin, this volume), so basin-basin frac-
tionation of deep waters by the emergent isthmus was
probably already at its maximum. I speculate that the
second A6'3C increase may have resulted from increased
production of North Atlantic Deep Water (NADW),
which is marked by high dissolved oxygen and total CO,
enriched in 3C. Blanc et al. (1980) have examined the
history of NADW production by comparing carbon iso-
topes in Neogene benthic foraminifers between the
North Atlantic and South Pacific. They conclude that
NADW formation began late in the middle Miocene be-
cause at that time §'3C of North Atlantic benthic fora-
minifers increased to Holocene values, but no such in-
crease was seen in the South Pacific. Unfortunately
there is too little detail in the Blanc et al. (1980) study to
define middle Pliocene interocean changes in 6!3C. Re-
gardless of the exact cause of the two A§!3C steps in the
present study, the benthic foraminiferal 6!3C at Sites 502
and 503 indicates that deep-sea circulation achieved
essentially the modern pattern by about 3 Ma.

450

Planktonic foraminiferal carbon generally follows
the trends in benthic foraminifers (Figs. 1 and 2); thus,
these records probably reflect variability in global phe-
nomena such as climate, sea level, circulation, and up-
welling. The close correspondence between benthic and
planktonic records is especially apparent at the late Mio-
cene carbon shift; the change in planktonic forms is
—0.41 and —0.62%, at Sites 502 and 503, respectively,
and benthic forms change by —0.35 and —0.52%,
(Table 4B). Examination of the vertical isotope con-
trasts (Splanktonic minus ébenthic) at each location re-
veals a decrease in A§!*C between about 8 and 3 Ma
(Fig. 4). At the Atlantic site the total change during this
time interval is —0.47%,, nearly twice that in the Pacific
(—0.25%,). Broecker (1974; Broecker, in press) suggests
that changes in A8!3C may reflect changes in ocean
chemistry, because the isotopic separation of benthic
and planktonic carbon is related to the carbon-to-phos-
phorus ratio in the ocean. Since the total change differs
by a factor of two between Sites 502 and 503 there must
be local or basinwide effects in the Atlantic as well as
potential oceanwide chemistry changes. More recently,
Broecker (in press) suggests that benthic foraminiferal
813C may decrease during glacial stages (at least for the
late Quaternary) due to sea-level lowering and increased
phosphate in the ocean. Planktonic foraminiferal §!3C
generally shows little change in the Quaternary, so the
AS8'3C record should increase during glacial times. Al-
though the late Neogene is marked by increasing glacia-



tion and falling sea level, the vertical §!3C contrast clearly
decreases because between each stratigraphy interval
(going forward in time) the planktonic change in !3C is
relatively more negative than the benthic change (Fig.
4). More data from other ocean basins are necessary to
interpret AS!3C records with confidence.

Figure 5 presents planktonic records from Sites 502
and 503 as a function of age from the late Miocene car-
bon shift, which I consider to be the oldest well-dated
horizon in these cores (6 Ma). Ages are interpolated be-
tween the Miocene/Pliocene boundary (5.26 Ma), the
carbon shift, and paleomagnetic reversals (Kent and
Spariosu, this volume). The planktonic foraminifers at
both sites show evidence of several hundred thousand
years’ cyclicity in the latest Miocene. This occurs where
samples are most closely spaced in time and results nearly
overlap, although at other times plankton results clearly
differ (Fig. 5). This is also shown in Figure 3, which il-
lustrates that the geographic contrast in planktonic car-
bon curiouslty decreases following each of the two step-
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Figure 5. Post-carbon shift results of planktonic foraminifers from
Sites 502 and 503 versus absolute age. Ages calculated from mag-
netostratigraphy (Kent and Spariosu, this volume), assuming the
Miocene/Pliocene boundary to be 5,26 Ma and the §'3C shift to be
6 Ma. The divergence of 4'%0 values beginning at 4.2 Ma may re-
flect increasing North Atlantic surface-water salinity. This may
have resulted from restricted surface-water communication be-
tween the Atlantic and Pacific, stemming from the emergent Pan-
ama Isthmus. )
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wise increases in the benthic geographic contrast. It
would be interesting to see if this pattern continues into
the Quaternary. The details in planktonic-carbon iso-
tope records are still poorly understood because of ef-
fects such as local surface water productivity, upwelling
(Berger et al., 1978a; Prell and Curry, 1981), depth
habitat, and vital effects (Williams et al., 1977; Berger
et al., 1978b), in addition to the previously cited re-
gional and global effects.

Analysis of oxygen isotopes from planktonic fora-
minifers, like carbon .isotopes, shows trends similar to
those of benthic foraminifers. This is most obvious in
the late Pliocene, where there is an oceanwide enrich-
ment in 180 resulting from growth of permanent North-
ern Hemisphere continental ice beginning at 3.2 Ma
(Figs. 1 and 2; Shackleton and Opdyke, 1977). In this
respect, data from Site 503 are typical of records from
the Neogene Pacific and the Quaternary worldwide; al-
though in this study point-for-point correlations are
complicated by sampling intervals as large as 100,000 y.
The oxygen isotope record of planktonic foraminifers at
Site 502 is the first late Neogene record from the Atlan-
tic Ocean. A dramatic change begins in the early Plio-
cene, when average 6!0 increases by 0.5 to 1.0%, (Fig.
1). This is a time when benthic foraminifers show no net
change, so an effect stemming from ice volume can be
discounted. The history of geographic and vertical iso-
tope contrasts also illustrate this change. The vertical
oxygen isotope contrast at Site 503 has remained essen-
tially unchanged for 8 m.y., whereas it has decreased
(contrast decreased, A8'80 increased) at Site 502 due to
the planktonic 8'80 increase (Fig. 4). The geographic
contrast in surface water §!80 decreased across the car-
bon shift and then increased up to the late Pliocene (Fig.
3). The two increases in A8'80 that occurred after 6 Ma
result from a relative enrichment in 80 of Site 502
planktonic foraminifers over those from Site 503. The
plot of individual data points versus age reveals that
most of the increase at Site 502 occurred in the middle
Pliocene, beginning about 4.2 Ma (Fig. 5). This is the
time when the provinciality of tropical Atlantic and Pa-
cific planktonic foraminifers began (Keigwin, this vol-
ume). Since there is no faunal evidence for dramatic
cooling of Caribbean surface waters as early as 4 Ma, a
surface-water salinity increase probably accounts for
the 6'80 increase.

As discussed by Weyl (1968), the trade winds cause a
net flux of water vapor from the Atlantic to the Pacific
across Panama. This, in large part, causes North Atlan-
tic surface waters to be on average 1%, more saline than
are North Pacific waters, with a maximum contrast of
2%, on either side of the Panama Isthmus. Weyl believes
that so long as there was an open tropical seaway be-
tween the Atlantic and the Pacific, mixing of surface
waters prevented the salinity contrast we see today.
Studies of the isotopic composition of seawater indicate
that for the North Atlantic a surface-water salinity in-
crease of 1%, results in a 8!30 increase of 0.60%, (Craig
and Gordon, 1965). The magnitude of the !®O enrich-
ment in the planktonic foraminifers 130 (0.5 to 1.0%,) is
equivalent to that predicted by a 1.0 to 2.0%, surface-
water salinity increase in the North Atlantic. It is likely,
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then, that the early Pliocene oxygen isotope separation
(Fig. 5) between Site 502 and 503 planktonic foramini-
fers reflects a change from well-mixed Atlantic-Pacific
low-latitude surface waters to restricted communication
by the emergent Panama Isthmus. Since the entire sur-
face-North Atlantic is more saline than the surface-
North Pacific, the hypothesis of salinity change be-
ginning approximately 4.2 Ma is easily testable by fur-
ther isotope studies of Pliocene-age deep-sea sequences
elsewhere in the North Atlantic.

CONCLUSIONS

Analyses of stable isotopes were performed on mono-
generic benthic and monospecific planktonic foramini-
fers from western Caribbean DSDP Site 502 and eastern
equatorial Pacific Site 503. A late Miocene shift in car-
bon isotopes occurs at 6 Ma, and the inferred growth of
permanent Northern Hemisphere continental ice cover
is recorded at about 3.2 Ma. Comparing the results
from each site highlights changes which may have re-
sulted in part from the progressive uplift of the Central
American land bridge and the development of the mod-
ern oceanic circulation system. These changes are:

1) At Atlantic Site 502, planktonic foraminiferal
6180 increases relative to the benthic 580 values and
relative to Pacific Site 502 planktonic foraminiferal
880 at about 4.2 Ma. This change is probably related to
restriction of tropical surface-water communication be-
tween the Atlantic and the Pacific by the emergent Pan-
ama Isthmus and to an increase in North Atlantic surface
water salinity relative to the Pacific. The amount of the
6180 increase (0.5 to 1.0%,) is close to that predicted from
the modern surface-water salinity contrast between the
Atlantic and Pacific oceans.

2) Deep-sea circulation became similar to the pres-
ent-day pattern by 3 Ma, based on the geographic con-
trast of benthic foraminiferal §!13C between Sites 502
and 503. The development of the modern contrast oc-
curred in two steps, each resulting in Caribbean benthic
foraminifers becoming enriched in '3C, relative to Pa-
cific benthic forms. The first step occurred at the time
of the late Miocene carbon shift (6 Ma) when the geo-
graphic contrast increased from about 0.60%, to 0.75%.
This may have resulted from complete blocking of a
previously limited deep-sea connection near Panama.
At 3 Ma the benthic §!3C contrast between the Atlantic
and Pacific further increased from 0.75 to 1.00%,, the
modern value at these locations, perhaps signalling in-
creased production of nutrient-poor, oxygen-rich North
Atlantic deep water.

3) The vertical contrast in carbon isotope (6plank-
tonic minus dbenthic) has decreased at each site largely
because of a greater decrease in planktonic than benthic
813C. The Pacific decrease may reflect an oceanwide
chemistry change, such as a decline in the carbon-to-
phosphorus ratio, but the Atlantic decrease (which is
twice as large) suggests additional local or basinwide ef-
fects. The significance of decreasing A'3C is unclear.
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