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Abstract. Deepwater circulation plays an important role in
climate modulation through its redistribution of heat and salt
and its control of atmospheric CO,. Oppo and Fairbanks
(1987) showed that the Southern O¢ean is an excellent monitor
of deepwater circulation changes for two reasons: (1) the
Southern Ocean is a mixing reservoir for incoming North
Adantic Deep Water and recirculated water from the Pacific and
Indian oceans; and (2) the nutrient/8"°C tracers of deepwater are
not significantly changed by surficial processes within the
Southern Ocean. We can extend these principles to the late
Miocene because tectonic changes in the Oligocene and early
and middle Miocene developed near-modem basinal
configurations. However, on these time scales, changes in the
oceanic carbon reservoir and mean ocean nutrient levels also
affect the §"C differences between ocean basins. From 9.8 to
9.3 Ma, Southern Ocean 3"°C values oscillated between high
North Atlantic values and low Pacific values. The Southern
Ocean recorded 8C values similar to Pacific values from 9.2
to 8.9 Ma, reflecting a low contribution of Northern
Component Water (NCW). The 8°C differences between the
NCW and Pacific Outflow Water (POW) end-members were
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low from 8.9 to 8.0 Ma, making it difficult to discern
circulation patterns. NCW production may have completely
shutdown at 8.6 Ma, allowing Southern Component Water
(SCW) to fill the North Atlantic and causing the 8°C values
in the North Atlantic, Pacific, and Southemn oceans to
converge. Deepwater 8°°C patterns resembling the modern
distributions evolved by 7.0 Ma: 8°C values were near 1.0 %o
in the North Atlantic; 0.0 %o in the Pacific; and 0.5 %o in the
Southern Ocean. Development of near-modern 8°°C
distributions by 7.0 Ma resulted not only from an increase in
NCW flux but also from an increase in deepwater nutrient
levels. Both of these processes increased the 8°C difference
between the North Atlantic and Pacific oceans. Deepwater
circulation patterns similar to today's operated as early as 9.8
Ma, but were masked by the lower nuwrient/8°C differences.
During the late Miocene, "interglacial” intervals prevailed
during intervals of NCW production, while "glacial” intervals
occurred during low NCW production.

INTRODUCTION

Deep ocean circulation is driven by density differences. At
present, relatively warm, high-salinity water sinks in the
Norwegian-Greenland Sea and northermn North Atlantic, while
circum-Antarctic cooling produces a colder, lower salinity deep
water mass. In both cases, deepwater production is linked to
surface water density, reflecting preconditioning by the
processes of low-latitude evaporation; high-latitude cooling, or
freezing. These processes controlled the past production of
deep and intermediate water masses,

The locations and rates of despwater production are crucial
t0 the modulation of climate. For example, the production of
MNorth Atlantic Deep Water (NADW) releases heat 10 the North
Atlantic north of 357N which is equivalent t0 25% of
incoming solar radiation {Broecker and Denton, 19891, In
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addition, atmospheric CO;concentrations in the late
Pleistocene varied between glacial values of 180 ppm and
interglacial values of 280 ppm [Delmas et al., 1980; Neftel et
al., 1982; Stauffer et al., 1985]. These changes are also
thought to be associated with varied production of NADW and
changes in intermediate water source areas, because the ocean
is the largest reservoir of CO, (~60 times larger than the
atmosphere) [e.g., Siegenthaler et al., 1980; Broecker, 1982;
Oeschger et al., 1983; Boyle, 1989; Oppo et al., 1990].
Accordingly, pre-Pleistocene deepwater circulation patterns
may have been linked to climate changes.

Deep water masses are distinguished in today's ocean by
temperature, salinity, density, and geochemical tracers (e.g.,
silica, phosphate, oxygen, nitrate). However, reconstructions
of past oceans rely primarily on 8°°C distributions because this
tracer is readily measured in sediments. The nutrient content
of NADW is low and its 8*C value is high [Kroopnick, 1985]
because NADW is composed largely of upper ocean water
[Worthington, 1970]. In contrast, only a small portion of
surface water composes Antarctic Bottom Water (AABW)
[Mantyla and Reid, 19831, and as a result, AABW has a higher
nutrient content and a lower 8°C value. These nutrient and
38*C characteristics distinguish AABW from NADW.

Late Pleistocene deepwater circulation patterns have been
identified using benthic foraminiferal 3'*C distributions [e.g.,
Shackleton et al., 1983; Boyle and Keigwin, 1982, 1987,
Curry and Lohmann, 1982; Oppo and Fairbanks, 1987;
Duplessy et al., 1985; Oppo et al., 1990]. Paleoceanographers
have used these Pleistocene strategies 1o estimate deepwater
circulation patterns for the late Pliocene to Paleocene [e.g.,
Miller and Fairbanks, 1985; Raymo et al., 1989; Woodruff and
Savin, 1989].

Most studies agree that Northern Component Water (NCW,
analogous to NADW) production began prior to the late
Miocene [Schnitker, 1980; Blanc and Duplessy, 1982; Miller
and Fairbanks, 1985; Woodruff and Savin, 1989]. It was
during the late Miocene that modemn §°C differences were
established between the deep Atlantic and Pacific oceans [e.g.,
Bender and Keigwin, 1979; Miller and Fairbanks, 1985;
Woodruff and Savin, 1989]. However, Atlantic and Pacific
differences in 8'3C values alone cannot be used to quantify
NCW fluxes [Oppo and Fairbanks, 1987]. We can estimate
the changes in NCW flux with the 8'°C record from the
Southem Ocean [Oppo and Fairbanks, 1987] and evaluate the
role of deepwater circulation in the evolution of moedern 5°C
patterns during the late Miocene.

THE SOUTHERN OCEAN APPROACH

The Southern Ocean plays an important role in the
distribution of nutrients and 3°°C values. It receives NADW
and mixes it with recirculated Pacific and Indian Outflow Water
(POW and IOW). AABW and Antarctic Intermediate Water
(AAIW) are derived from Southern Ocean water and spread to
the north. The influences of NADW, IOW, and POW on the -
Southern Ocean are distinguishable from sector to sector only
by minor variations in water mass characteristics (e.g.,
potential temperature, salinity, and silica content) [Georgi,
1981; Mantyla and Reid, 1983]. The generally uniform 81C
values in the deep Southern Ocean or Circumpolar Deep Water
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(CPDW) indicate that it is relatively well mixed with respect
to this tracer {Kroopnick, 1985]. The nutrient or 83C
compositions in CPDW are not significantly modified through
surface processes (i.¢., air-sea interaction and/or biclogical
processes) because there is little surface water in this water
mass {Mantyla and Reid, 1983]. As a result, CPDW 83C
values plot on a mixing line between the NADW and POW
end-members and are indicative of the relative contribution
from each ocean.

Oppo and Fairbanks [1987] first used the deep Southern
Ocean as a monitor of glacial/interglacial changes in the NCW
flux. By comparing Pleistocene 8°*C records from the North
Atlantic, Pacific, and Southern oceans, they not only
documented that the NCW flux during the last glacial
maximum was low as previously inferred [Boyle and Keigwin,
1982; 1987; Curry and Lohmann, 1982; Shackleton et al,,
1983], but also quantified its relative contribution to the
Southern Ocean. Oppo and Fairbanks [1987] mapped the 8°°C
of bottom water in contact with the seafloor and noted a sharp
mixing zone boundary between NADW and AABW. Small
changes in the location of this mixing zone can result in
different regional distribution of measured §°C signals. In
addition, Oppo and Fairbanks [1987] illustrated that it is not
possible to determine the flux of NADW by monitoring sites
only in the North Atlantic and Pacific.

The Southern Ocean approach of Oppo and Fairbanks
[1987] is applicable to the late Miocene ocean because near-
modern basinal configurations were established prior to the late
Miocene. During the Oligocene, the Drake Passage opened
and Tasman Plateau deepened, removing the physical barriers
to circumpolar flow [Barker and Burrell, 1977; Weissel et al.,
1977]. Other tectonic changes that occurred during the early
and middle Miocene include the closure of the eastern
Paratethys by the late early Miocene [Berggren and Van
Couvering, 1974; Rogl and Steininger, 1984], the restriction
of surface water flow through the Indo-Pacific Passage by the
end of the middle Miocene [Hamilion, 1979], and intermittent
movement along Atlantic fracture zones and tectonically active
ridges during the early and middle Miocene [Luyendyk et al.,
1979; Milier and Tucholke, 1983]. The subsidence history of
the Greenland-Scotland Ridge is controversial, and surface
water connections may have existed across this gateway during
the Eocen . w Oligocene [Miller and Tucholke, 19831,
However, various studies agree that the Iceland-Faroe section
of the ridge subsided sufficiently by the middle Miocene o
allow an equivalent of Norwegian Sea Water to overflow into
the North Atlantic [e.g., Schaitker, 1980; Theide and Eldholm,
1983; Miller and Tucholke, 1983].

SETTING AND CORE SELECTION

The residence time of deepwater within the modern Atlantic
Ocean is short; therefore, 83C distributions in the Atlantic
primarily represent mixing between southward flowing NADW
(high salinity, high 8"°C values) and northward flowing

© AABW and AAIW (lower salinity, lower 8°C values) (Figure

1) [Broecker, 1979]. North Atlantic Deep Water is the
dominant water mass in the North Atlantic, although the
influence of AABW is present as far as 40°N at depths greater
than 4500 m (Figure 1).
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Deep Sea Drilling Project (DSDP) St 58% and 608 wess
used o represent the NCW end-member in the iaie Miocene,
Site 563 was drilled on the western flank of the Mid-Atantic
Ridge [Bougauit et al., 1985}, while Site 608 was drilled in
the eastern basin on the southem flank of the Xing's Trough
Complex (Table 1 and Figure 1d)y [Ruddiman eval., 19871
Hole 563 only recovered sediments older than ~8 Ma; we used
the isotope record from Site 608 to represent the NCW end-
member from the interval 8.0 0 5.3 Ma. Both Sites 563 and
608 are south of the region of NCW formation and may be
subject to mixing with Southern Component Water (SCW, as
defined by Broecker and Peng [1982]). There are no suitable
cores closer 1o the region of NCW formation. However, Bies
563 and 608 are well situated to represent NCW §°C values.
Advantages afforded by Sites 563 and 608 are that they appear
t0 lack major unconformities in the .zpper Miocene sections
and have reliable magneiostratigraphy [Miller at al., 1985,
19%1a; Clement and Robinsorn, 1986]. Sites 563 and 608
would f2il to represent the NCW end-mhember only during &
drastic decrease in NCW prdduction.

in today's ocean, bottom water ai Site 563 is composed of
87% NCW and 13% SCW, while Site 608 is bathed by 91%
NCW and 9% SCW (Tabhle 1 and Figure 1), The 3C value of
botiom water at Sites 563 and 608 is near 1.0 %o (Figure 14).
The small difference in the percentage of NCW at these sites is
a function of Iatitude and-depth (Table 1). At present, Site 563
is ~5°8 of and 260 m deepet-than Site 608, and, therefore, it is
mose influenced by SCW. _

Sites 360 and 704 were selected to monitor the NCW
contribution to the Southern Ocean (Figure 1b). Both sites
offer nearly complete upper Miocene sections with relatively
high sedimentation rates (30 o 40 m/m.y.). The most intease
gradients in water mass properties ase in the South Atlantic
where WADW separates AABW and AATW (Figure 1),
Located within this region, Sites 360 and 704 shouid record
variations in the flux of NCW. DSDP Site 360 was drilled in
the Cape Basin {Bolli et al,, 1978]. Water-mass properties
seggest that this site is currently bathed by a mixture of 55%
NCW and 45% CPDW (Figure 1 and Table 1}. Goean Drilling
Program Site 704 was drilled on the Meteor Rise [Ciesiclski et
al., 1988} with a water-mass composition of 35% NCW and
65% CPDW. The predicted §°C values for the bottom water
at Sites 360 and 704 are .7 and 0.6 %o, respectively (Figure
id).
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In today’s ocean, POW has 5 83 value of §.0 %e. This
vaine represents the mixing between SCW {0.4 %o} and Morth
Pacific water (0.5 %q) {Kroopnick, 1985]. SCW agesas it
flows northward in the deepest Pacific, resulting in low 8%C
values in the North Pacific {Kroopnick, 19851, Deepwater
from the Pacific returns 1o the Southern Ocean as recircnlated
POW, which is an intermediate and upper deep water mass.
Changes in the 88C value of POW largely reflect changes in
the mean deep water value; deepwater circulation patierss can
only effect minor changes in the Pacific composition because
it is such a large reservoir. For the late Miocene, Ontong Java
Plateau Site 289 [Androws et al., 1975] ideally represents
POW (western equatorial Pacific) {Savin o¢ al., 1981, 1985;
‘Woodruff et al., 1981; Woodruff and Savin, 1989].

METHODS

Approximaiely one sample per meter was obtained from the
upper Miocene section’at Site 563 {this swdy; Miller and
Fairbanks, 1985], vielding a sample resolution of 50 kyr, As
Site 608, samples were taken every 2 m, yielding a sample
resolution of 100 kyr. For the Southern Gcean sites,
approximately one sample per 3 m from Site 360 and §
sample per 2 m from Site 704 were studied, yielding average
sample resolutions:of 100 kyr. and 50 kyr., respectively. This
resclution should pérmit recognition of first-order (10 year}
circulation patterns. Cibicidoides spp, and Planiling
wuellerstorfi were picked from the greater than 250-um
fraction. These taxa accurately record 8°C variations in
seawater [Belanger et ali, 198%; Graham et al,, 1981]. Their
8¢ values are lower than equilibrium values by about 0.64%o
{e.g., Shackleton and Opdyke, 1973]. Samples were analyzed
by a Carousel-48 automatic carbonate preparation device
sttached to & Finnigan MAT 251 mass specirometer. Resulis
are reported relative to the PDB standard (Table 2).

Backtracked paleodepths were estimated for each site by
assurning simple thermal subsidence and using the empizicat
ape-subsidence curves after Sclater et al. {1971} and Berger and
Winterer [1974], 'We computed late Miocene paleodepths for
each site using the equations of Miller et al. [1989] (Table 1).

A uniform scheme for age assignments i3 essential o
correlate isotope records from different ocean bagins, The most
unequivocal method is to comrelate to the Geomagnetic Polarity

TABLE 1. Location and Water Mass Propertiss of Present-Day End-Members snd DSDP and ODP Sites Discussed in the Text

Percent  Percent
NCW NCW
End-Member Present Pales- Salinity Potential ¥ ¥
Site Latitude Longimde  Depth {m)  depth {m) {%0) Temperare 50 SOW POW
NCW 34.04% L 25*
CPDW 3471 0.82%
POW 34.67% 1.5%
289 00°30'8 138°31E 2206 2300 34.66 1.74 ~ {%
368 35°518 18°QSE 2549 3000 34.84 2.1t 56% 0%
383 37°46N 43%46'W 3786 3650 3451 2.13 1% 0%
508 42°50N 23°05'W 3526 3500 3492 2.25 91% 160%
704 46°53'8 I°25E 33} 2438 34,79 2.0 3% %

*Values defined by Beoecker and Peng {15821
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TABLE 2. Upper Miocene §'%0 and 8*C Data From Sites TABLE 2. (continued)
360, 563, 608, and 704B

Sample Depth Age 830 &3 C

Sample Depth Age 80  C
Site 360 Site 360 (continued)

17-2 130-134 234.30 9.88 1.89 0.95
4.1 13-17 109.25 5.33 2.22 0.43 17-3 40-44 234.90 9.91 1.95 0.85
4-3 15-19 112.10 5.40 2.30 0.86 17-3123-127 235.73 995 1.79 0.68
5-1 105-109 118.55 5.55 2.56 0.52 18-140-44 241.40 10.25 2.01 0.86
5-3 50-94 121.40 562 254 0.38 18-1 105-109 242.05 1028  2.04 0.66
5-5 101105 124,50 5.69 2.53 0.40 18-2 90-94 243.40 10.35 2.17 0.74
6-1 104-108 128.54 5.78 2.58 0.40
6-3109-113 131.59 5.86 247 0.44 Site 563
6-5 105-109 134.55 5.93 245 0.17
6-5 105-109 134.55 5.93 2.39 0.06 1-143-47 161.43 8.40 1.98 1.11
7-1124-128 137.74 6.00 2.46 -0.38 1.2 19-23 162.69 8.45 2.11 1.45
7-1124-128 137.74 6.00 247 -0.34 1-2 94-98 163.44 8.48 2.12 142
7-3123-127 140.73 6.11 2.65 0.35 1-369-73 164.69 8.53 1.79 1.19
7-5102-106 143.52 6.22 2.42 0.25 2-1120-124 167.20 8.62 1.82 1.15
8-1102-106 147.02 6.35 2.55 0.17 2-2 30-34 167.80 8.65 2.09 0.81
8-390-94 149.60 6.45 2.53 0.21 2-230-34 167.80 8.65 2.03 0.84
9-1 104-108 156.54 6.71 2.58 0.29 2-2110-114 168.60 8.68 1.96 0.84
9-392.96 159.42 6.82 248 0.31 2-331-35 169.31 8.70 1.98 1.03
9-5 101-105 162.51 6.94 2.37 0.58 2-340-44 169.40 8.71 1.88 1.06
10-1110-114 166.10 7.08 2.36 0.59 2-3111-1158 170.11 8.73 1.97 1.04
10-3 100-104 169.00 7.19 2.37 0.59 2-4 112-115 171.62 8.79 1.82 1.12
10-3 135-139 169.35 7.20 2.19 0.78 2-519-23 172.19 8.81 2.02 1.01
11-320-24 177.70 7.52 2.02 0.83 2-538-42 172.38 8.82 1.95 1.14
11-3 106-110 178.56 7.55 2.26 0.89 2-5108-112 173.08 8.85 1.81 1.12
11-5 102-106 181.52 7.66 2.19 0.78 2-6 30-34 173.80 8.87 1.94 0.96
12-1122-126 185.22 7.80 2.22 0.84 2-6 40-44 173.90 8.88 211 1.10
12-2110-114 186.60 7.85 2.30 0.84 2.6 110-114 174.60 8.90 1.86 1.03
12-3 104-108 188.04 7.91 2.35 0.69 2-731-35 175.31 8.96 1.93 1.06
12-5 106-110 191.06 8.02 2.28 0.91 3-1119-123 176.69 9.11 2.05 0.96
13-190-94 194.40 8.15 243 1.05 3-2 35-39 177.35 9.19 1.86 1.22
13-270-74 165.70 8.20 2.32 0.97 3.2 116-120 178.16 9.28 2.08 1.18
13-3 90-94 197.40 8.26 242 0.82 3.2 140-144 178.40 9.31 2.02 1.31
13-4 101-105 199.01 8.33 2.07 1.02 3.3 31-35 178.81 9.36 1.76 1.22
13-590-94 200.40 8.38 2.36 1.13 3-3111-115 179.61 9.45 1.67 1.34
13-590-94 200.40 8.38 2.38 1.07 3.3 138-142 179.88 9.48 2.01 1.28
13-6 130-136 202.30 8.45 2.37 1.37 3.4 111-115 181.11 9.63 2.28 1.23
14-2 110-114 205.50 8.57 2.21 1.18 3-538-42 181.88 9.71 2.11 1.01
14-2 110-114 205.50 8.57 212 1.04 3-5111-115 182.61 9.80 144 1.18
14-3 90-94 206.90 8.62 2,17 0.94 3-5 136-140 182.86 9.83 1.93 1.14
14-4 90-94 207.40 8.63 2.34 0.57 3-631-35 183.31 9.88 1.64 1.10
14-5 102-106 209,02 8.69 2.30 0.69 3-6110-114 184.10 9.97 1.65 1.03
14-5 140-144 210.40 8.76 2.14 0.82 3.6 120-124 184.20 9.98 1.90 1.37
15-189-93 213.39 8.91 2.23 0.83 4-1116-120 186.16 10.21 1.94 0.99
15-2 111-115 215.11 9.40 2.24 0.75 4-2 31-35 186.81 10.28 1.74 0.90
16-1 140-144 223.40 942 1.93 1.01 4.2 100-104 187.50 10.36 1.85 0.93
16-2 40-44 223.90 9.44 1.88 0.96 4-2 110-114 187.60 10.37 1.70 1.03
16-2 130-134 224.80 9.51 2.07 0.73 4-3 34-38 188.34 10.44 1.912 091
16-3 19-23 225.19 8.51 2.13 1.09 4.3 135-139 189.35 10.52 2.15 1.05
16-3 120-124 226.20 9.55 2.07 1.05
16-4 30-34 226.80 9.57 1.89 1.10 Site 608
16-4 30-34 226.80 9.57 1.86 1.00
16-4 109-113 227.59 9.60 2.07 0.99 16-1 62-66 142.02 5.58 2.23 1.04
17-1 108-112 232.58 9.81 2.12 1.03 16-375-79 145,15 5.73 221 0.81
17-1 108-112 232.58 9.81 2.10 0.7 16-4 90-94 146.80 5.82 2.25 0.66

17-247-51 23347 9.84 2.05 0.91 16-571-75 148.11 5.88 2.25 0.69
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TABLE 2. {(continued) TABLE 2. (continued)
Sample Depth Age 810 8BC Sample Depth Age 80  &9C
Site 608 (continued) Site 704B {continued)

16-719-23 150.59 6.00 2.27 0.86 30-130-34 271.00 7.20 247 1.26
17-1 64-68 151.64 6.05 2.32 0.69 30-2 30-34 272.50 7.27 2.77 0.96
17-2 59-63 153.09 6.12 2.37 0.79 30-530-34 274.00 7.33 2.65 1.20
17-3 101-105 155.01 6.22 2.30 0.63 304 30-34 275.50 7.40 2.70 1.33
18-1 100-104 157.50 6.34 2.17 1.07 30-530-34 277.00 7.45 2.61 1.08
18-370-74 160.20 6.47 2.14 0.93 30-6 30-34 278.70 7.51 2.28 1.05
18-3 89-93 163.39 6.63 2.15 1.15 30-7 30-34 280.00 7.55 2.68 0.96
19-170-74 166.80 6.80 2.03 1.07 30cc 280.10 7.57 2.42 1.28
19-2 66-70 168.26 6.87 1.97 1.06 31-133-37 280.53 7.59 2.64 1.26
19-373-77 169.83 6.94 2.09 1.34 31-233-37 282.03 7.62 2.44 1.03
19-575-79 172.85 7.09 2.01 1.23 314 33-37 285.03 7.72 2.32 1.15
20-1 126-130 176.96 7.29 1.91 0.97 31-6 33-37 288.03 7.83 242 1.04
20-3119-123 179.89 7.44 2.10 1.13 32-210-14 291.30 7.92 2.60 1.32
20-5119-123 182.89 7.59 2.07 1.04 32-2 10-14 291.30 7.92 2.73 1.41
21-170-74 186.00 7.75 2.07 1.37 32-4 10-14 294.30 7.99 2.19 0.97
21-2 100-104 187.80 7.85 221 1.27 324 10-14 294.30 7.99 2.16 0.91
21-379-83 189.09 791 2.04 1.14 32-6 10-14 296.30 8.03 2.51 1.22
21-4 49-53 190.29 7.96 2.12 1.48 32cc 299.10 8.10 2.50 0.94
21-5 80-84 192.10 8.04 2.06 1.67 33-230-34 301.00 8.14 2.56 1.48
22-2 86-90 197.26 8.27 2.10 1.14 33-430-34 304.00 8.20 2.29 1.01
224 80-84 200.20 8.40 2.16 1.4 33-630-34 307.00 8.27 240 0.96
23-157-61 205.07 8.62 1.98 1.06 34-230-34 310.50 8.335 1.99 1.29
234 88-92 209.88 8.83 1.77 0.78 344 30-34 313.50 8.41 2.50 1.35
23-5 80-84 211.30 8.89 1.99 1.01 34-6 30-34 316.50 8.48 2.41 1.33
23-740-44 213.90 9.02 1.96 1.19 35-232-36 320.02 8.55 2.33 0.83
24-118-22 214.28 9.04 2.12 1.13 35-4 32-36 323.02 8.61 232 0.92
24-374-78 217.84 9.22 2.03 1.20 35-532-36 324.52 8.64 2.60 1.11
24-473-77 219.33 9.30 1.99 1.16 35-6 32-36 326.02 8.67 2.35 0.89
24-5 82-86 220.92 9.38 2.11 1.17 35-732-36 327.52 8.70 2.38 0.99
24-6 47-51 222.07 944 2.07 1.30 35¢ce 327.70 8.70 2.14 0.76
247 4-8 223.14 9.49 2.06 1.26 36-1 14-18 327.84 8.71 2.15 0.94
25-199-103 223.99 9.54 2.20 1.12 36-2 14-18 329.34 8.74 2.65 0.83
25-2 33-37 225.55 9.64 2.00 1.16 36-3 14-18 330.84 8.77 2.23 0.93
25-368-72 227.38 9.71 2.17 0.96 36cc 331.65 8.78 2.39 0.95
25-592-96 230.62 9.87 2.10 0.79 37-125-29 33745 8.90 2.20 0.90
25-6 107-111 232.27 9.96 1.90 0.91 37-225-29 338.95 8.93 2.20 0.89
25-7 14-18 232.84 9.98 1.81 1.06 37-325-29 340.45 8.96 1.96 0.57
26-178-82 234.08 10.05 2.02 0.85 37-325-29 340.45 8.96 2.12 0.64
26-2 30-34 235.10 10.10 2.12 0.92 37cc 346.45 9.05 228 0.79
264 27-31 238.07 10.25 2.08 0.79 38cc 346.90 9.10 2.14 0.71
27-13-7 242.93 10.50 2.06 0.66 39-125-29 356.45 9.30 2.35 0.57
39-2 25-29 357.95 9.33 2.09 1.21

Site 704B 39-325-29 359.45 9.36 2.32 1.11

394 25-29 360.95 9.39 2.25 1.00

28-2 8-11 253.28 6.40 247 1.32 39-525-29 362.45 942 231 0.64
28-4 8-11 25628 6.54 2.83 1.31 39-6 25-29 363.95 9.46 2.21 0.74
28-68-11 259.28 6.69 2.65 1.20 39-725-29 365.45 9.49 2.15 1.18
29-168-72 261.88 6.80 2.59 1.01 3%cc 365.65 9.49 2.27 0.88
29-2 68-72 263.38 6.87 271 1.23 40-168-72 366.38 9.51 2.16 1.06
29-3 68-72 264.88 6.93 243 0.85 40-2 68-72 367.88 9.54 2.30 1.08
29-4 68-72 266.38 7.00 2.75 1.01 40-2 68-72 367.88 9.54 2.43 1.03
29-568-72 267.88 7.07 2.53 1.15 40-368-72 369.38 9.57 248 0.84
29-6 68-72 269.38 7.13 2.79 1.25 40-4 68-72 370.88 9.60 2.53 0.69
29-7 68-72 269.38 7.13 2.65 1.23 40-5 68-72 372.38 9.63 2.58 0.50

2%¢cc 270.50 7.18 2.23 1.45 40-6 68-72 373.88 9.67 2.34 0.35
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Sample Depth Age 5120

Size 704 B {continned}
4lcc 375.10 969 2.35 1.10
41-1 60-64 37586 972 2.33 1.04
432 6G-54 377,38 8.35 2.18 (.87

41-3 60-64 378.80 9.77 2.55 1.04
41-4 60-64 380.30 G.80 .26 113
41-5 54-64 38180 5.83 2.18 1.06
41-6 60-64 383.30 5.86 2.37 113
4ice 384.50 589 2,18 0.88

387.34 R 143 (.36
3514 10.03 213 0.85

42-2 114-118
42-534.38

43-2138-42 396.08 10,13 2.17 0.9¢
43-6 3842 401.08 10.24 2.34 1.07
44-1 323127 404,93 13.32 2.0% 6.95
4dce 405.70 10.34 2.14 0.87
45-3 51-55 413.51 10.5¢ 2.33 (.61
45-2 535§ 435.0% 10,53 2.30 1.08
45¢cc 416.40 10.56 213 1.16
46-1 135-139 425.55 1075 2.28 .89
46-3 135-13% 27.05 10,78 2.1 6.43

46:3 135-139 427 4 10.79 218 0.7G

Time Scale (GPTS). Magnetostratigraphy is available for
Sites 563 [Miller et al., 19851, 608 {Clement and Robinson,
1986; Miller et al., 19912}, and 704 [Haitwood and Clement,
1950, while Sites 289 and 360 have no paleomagnetic data.
We correlated the latter sites with Sites 563 and 608 and the
GPTS by first using published biostratigraphy {Srinivasan ang
Kennett, 1981; Jeakins, 1978}, ongoing biostratigraphic
stodies of Site 360 (J. Wright, manuscript in preparation), and
the magneto-biostratigraphic ages of Berggren et al. {19851
However, biostratigraphic uncertainties often limit the ability
o provide accurale age assigrunents [Miller and Kent, 19871,
Once moved into a basic stratigraphic framework, §'*0
changes were used to correlate records since global $20
variations recorded in the benthic foraminiferal calcite provide
distinct tie points for cores in different ooeans [e.g., see Miller
et al., 1991b; Wright and Miller, 19911, Age estimuates based
on 3% correlations sre consistent with age estimates from
biostratigraphic first and last occurrences. Carbon isotope
comparisons are sensitive 1o minor correlation problems, since
2 rais-match of large 33C variations in the Miocene 2 0.5 %o
could produce artificial basin-to-basin differances. However,
by integrating the 830 stratigraphy with magnetostratigraphy
and biosatigraphy, we believe that interbasinal correlations
hiave a resolution of much better than 8.5 muy, (Miller et al.,
1991b; Wright and Miller, 1991],

Synoptic 8% variations in excess of 0.5 %e ocowered in all
oceans during the iate Miccone, reflecting changes in the
slobal oreanic carbon reservoir (Figure 2). These global 89C
fluctuations resuited from varigtions in the input of riverine
bicarbonate 8°C values and/or burial ratio of organic carbon o

calcium carbonate { Miller and Fairbanks, 1985; Vincent and
Berger, 1985; Shackicton, 1987) independent of decpwater
circulation induced 8°C differcnces. The effects of decpwater
circulation paiterns were supenmposed on global 89C
changes. Therefore, site-to-site §°C differences should reflect
deepwater circulation patterns.,

A comparison of North Atlantic {§ites 563 and 608) and
Pacific (Site 289} 88 records provides a first-order look al
lats Miccene deepwater circulation patterns. Late Miocene
33C values in the North Atlantic were higher than those in the
Pacific for all but & brief period (Figure 2). During the early
fate Miocene (10.4-7.5 Ma), the North Atlantic-Pacific 33C
differences averaged 0.5 to (.8 %o, equivalent to one half 1o
wwo thirds of the modern difference. At 8.6 Ma, North
Atlantic and Pacific $°C values were similar, but the
difference soon increased 0 0.5 %o In the latest Miocene (7.5~
5.3 Ma), these interbasinal 89°C differences increased o the
modern vaiue of 1.0 % There is some speculation that the
eastern basins of the North Atlantic were isolated from the flux
of NCW during the early Miccene [Miller et al,, 1986].
However, the upper Miocene 8°C records from Sites 563 and
&08 are similar (Table 2).

During the late Miocene, 83C values from the Southemn
Cxcean (Sites 360 and 704} varicd between the high North
Adantic values and the low Pacific values, reflecting changing
inputs from each ocean. At the beginning of the late Miocene,
Sites 360 and 704 recorded different §°C values (Figure 2).
From 16.4 © 10.0 Ma, 83C values ai Site 704 were as high
as those in the North Atantic (Figure 2a), while 83C values
at Site 360 were approximately (.25 %o less (Figwre 2b).
Between 10.0 and 9.3 Ma, both siies recorded similar $83C
values that varied from 0.2 10 0.5 %o less than values in the
North Atlantic but were always higher than those at Pacific
Site 289 (Figure 2).

At 9.2 Ma, an abrupt 58C decrease of 0.75 Beoccurred a1
Site 704, anaining values equal to Pacific values (Figure Za}.
This abrupt decrease is not represeated at Site 360 because of 2
coring gap, but low 87C values similar 1o those a1 Sire 704
were recorded at Site 360 by 9.0 Ma (Figure 2b). Carbon
isotope valugs at Sites 360 and 704 appear o have been
muermediate between those in the Norh Atantic and Pacific
from 8.9 to 8.6 Ma. Differences in $*C values among Nonh
Adantic, Pacific, and Southern oceans decreased and nltimately
converged at 8.6 Ma (Figures 2a and 2b). From 861080
Mg, 8¢ values from Sites 360 and 704 were similar o those
in the North Atlantic, However, the difference in 3°C values
between the North Atlantic and Pacific remained low (0.5 %e,
Figure ).

Sites 360 and 704 again recorded different 8°C values from
8.0 10 6.4 Ma (Figure 2). The §°C character at Site 360 was
intermediaie between the North Atlantic and the Pacific during
this interval. Site 704 recorded 8VC valnes as high as those in
the North Atlantic uniil 6.4 ¥a, when 8Y°C values shifted 1o
values intermediate botween the North Adantic and Pacific.
iike those af Site 360, A1 7.0 My, site-to-site 82 differencos
and absolute values from the Nonh Adante, Pacific, and
Southern oceans attained a character similar to the modem and
Pleistccene end-member signals sopord by Oppo and
Fairbanks {39871 5C values were approximately 10 % in
the MNorth Adantic, 0.0 %o in the Pacific, and 0.5 %o in the
Southern Orean {(Figuse 20
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Fig. 2. Late Miocene 8 comparisons between North Atlantic Sites 563 and 608 (solid circles), Southern Ocean
Sites 704 (Figure 23} and 360 Figure 2b) (squares), and Pacific Ocean Site 289 {pluses).

DISCUSSION the Pacific record from the Southern Ocean and North Atlantic
records, leaving the residual circulation-induced 883C differences

Insgrpreiation of Deepwater Circulation {Figure 3a). The perceniage of NCW versus POW at the

from Southern Ocean &°C Values Southern Ocean sites (Figure 3b) was calculated using the
following equation:

We followed the sirategy of Oppo and Faubanks {19871

recognizing the value of the Southern Ocean as a monitor of $Cqq - 85Cp,.

deepwater cirvulation changes. The perceniage of NCW versus FENCW = Soe . pue,. X 106

POW within the Southern Gcean can be calcplated by A Fec

comparing the Southern Ocean 83 values 1o the NCW where the subscripts 3O, Pac, ard NA refer 1o the Southern,
{Nosth Atantic Sites 563 and 608} and POW {Siie 289) ond- Pacific, and Horth Adantic oceans, respectively. The

members. We removed global 82C variations by subtracting sensitivity of the Southern Ocean 1o changes in the relative
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Fig. 3. {(a) Atlantic-Pacific and Southern Ocean-Pacific differences in 8°C values during the late Miocene, These
differences were calculated by interpolating each record 1o 50-kyr. intervals, smoothing with 2 250 kyr. Gaussian
convolution filter, and subtracting the POW 3°C records from the North Atlantic (thick line) and Southern Ocean
Sites 360 (thin line) and 704 (thin dotted line). (b) The percentage of NCW versus POW reaching Southern Ocean
Sites 360 (solid line) and 704 (dotted line). Shaded regions indicate iniervals of uncentain flux determinations
because the 3°3C difference between the NCW and POW end-members was low. () The benthic foraminiferal 8'°0
record from Site 608. The shaded areas indicate intervals of decreasing 8'%0 values which are interpreted as
"interglacials” after Miller et al. [1991b] and Wright and Miller [1991].
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flux of end-members 18 reduced when the §3C difference
between the NCW and POW end-members is low. As aresuli
of low Atantic-Pacific differences in 8°C values {<0.5 %s),
estimates of the NCW flux are difficult 1o quantify from 104
10 10.0 Ma and 8.9 10 8.0 Ma (Figure 3b}, although the first-
order circulation patierns are clear.

During the carly late Miocene (6.8-9.3 Ma), 8°C values in
the Southern Ocean recorded a high contribution from NCW,
similar to fluxes in the late Pleistocene (Figures 2 and 3). The
perceniage of NCW ai Site 704 varied from 36% o 90%,
while Site 360 recorded NCW contributions between 40% and
80% (Figure 3b). (Higher-frequency changes in NCW flux
may be indicated by high 8'*C values at 9.8, 9.5, and 9.3 Ma
end low valucs at 9.6 and 9.4 Ma (Figure 2).) The higher
percentage of NCW at Site 704 versus Sie 360 is reversed
from the present, when NCW contribution to Sites 360 and
704 is 70% and 60%, respectively {Table 1 and Figure 3b).

As discussed below, we atiribute the difference between the late
Miocene and modern 83C patterns at Sites 360 (~3000 m
paleodepth) and 704 (~2400 m paleodepth) 1 depth differences
between the sites.

The interval between 9.2 and 8.0 Ma is characterized by
jow interbasinal differences in 83C values. At92 Ma, the
$9C gifferences between the Pacific and Southem oceans
decreased, signaling a sharp reduction in the conmribution of
NCW 1o the Southem Ocean (Figure 3). From 9.2 t0 8.6 Ma.
the difference between the North Atlantic, Pacific, and
Southern occans continued to decrease until the §%C values in
all three oceans were the same by 8.6 Ma (Figure 2). During
this interval of decreased NCW flux, the mixing zone boundary
between NCW and SCW moved 1o the north of Sites 360 and
704 at 9.2 Ma and 1o the narth of Sites 563 and 608 by 8.6
Ma (Figure 2). We interprey the convergence of 8°C values at
8.6 Ma as a shutdown in NCW production, which allowed
SCW 1o il most of the deep North Adantic. The 8°C values
of the Southern Ocean and thercfore those in the North
Adlantic were similar 10 POW, which was the dominant
inflaence on the Southern Geean at that time. With the
exception of a brief episcde at 8.5 Ma, interbasinal §3C
differences remained low until 8.0 Ma. The §°C values at 8.5
Ma may indicate that there may have been a pulse of NCW
nroduction at that time; however, in general, there was liktle 1o
no NCW flux between 8.9 and 8.0 Ma (Figure 3b).

Sites 360 and 704 recorded different 8°C vaives from 8.8 10
6.4 Ma. The §"3C differences were reversed relative to the
modern (see above) from 8.0 to 6.4 Ma, with Site 704 having
2 higher 3°C value and apparently recording 100% NCW,
while Site 360 was bathed by 10-70% NCW. Today, steep
gradicns within the NCW and SCW mixing zone clearly
demonstrate that small changes in the frontal position can
oroduce large effects in the distribution of 8%C values (Figwe
1y {Oppo and Fairbanks, 1987; Oppo et al., 1990]. The 500
m difference In depth between Sites 360 and 704 must account
for the §2C differences. Site 360, being at a greater
paleodepth (~3000 m), more sccurately recorded SCW from 8.0
10 6.4 Ma, while water a1 Site 704 {~2500 m} was influenced
by 3 high 5%C intermediate water mass or by a larger
perceniage of NCW {Charles and Fairbanks, 1990]. Using
Sue 360 as the more {aithful monitor of deepwater fluxes
{Figure 3b), we suggest that the contribution of NCW o the
Southem Ocean was (1) high from S.81083 Ma, 7810 7.0
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Ma, and after S8 Ma, (L low Fom 9.2 wEI Ma, 7w 6.3
Ma, and 6.1 10 5.8 Ma; and (3) indeterminate from 104 to
10.0 Ma and 8.9 10 8.0 Ma,

Deepwater Circulation and Climate

Several studies have related NCW production to laie
Pleisiocene climnate changes [Broscker et al, 1990; Birchfield
and Broecker, 1990; Charles and Fairbanks, manuscript in
preparation]. Late Miocene climate changes also appeas o b2
linked to NCW production, atbeit on different times scales.
Mitler et al. {1991} and Wright and Miller {1591} interpreted
two large 8'%0 increases with maxima at 9.7 and 8.4 Ma as ice
volume mcreases (Figure 3b). An additional #%0 maximum
occurred at 6.1 Ma, but it was not formally recognized by
Miller et al. [1991] and Wright and Miller [1991] because they
{acked corroboration from additional sites. The 50 decreases
associated with these maxima occurred from 9.7 t0 8.8 Ma,
7.8 10 7.2 Ma, and 6.1 10 5.5 Ma and arc interpreted as
“interglacial” intervals (Figure 3b). The largest NCW fluxes
were recorded from 9.8 10 9.3 Ms, 7.8 10 7.0 Ma, and after 3.8
Ma, each of which correlates with an "interglacial” interval
{Figure 3). Conversely, intervals of increasing #%0 values
correspond 1o low or indeterminate NCW production (Figure
3). Therefore, we speculate that changes in the relative
production of NCW the late Miocene may have been
responsible for the transition from "glacial” 1o "interglacial”
climaies. These observations need io be tested with moye
detilted records {i.e., 10%-10° year resolution).

Sedimentological Changes
in the North Atlantic

Variations in the production of NCW should be recorded by
sedimentation patiams in the Nonth Adlantc. A detailed stdy
of North Atlantic sedimentation patiemns in the late Miocene
sapports our interpretation of 3°C patterns. Bohrmana et al.
{19901 measured carbonate and biosiliceous accumulation rates
in the Morth Adantic and Norwegian-Greenland Sea. They
interpreted high carbonate and low biosiliceous accumulation
rates in the Norwegian Sea from 10.2 10 9.3 Ma, and 8.7 w0
8.2 Ma as times of high NCW produciion. These imtervals
were separated by an interval of low carbonate and high
biosiliceous accumulation resultng from low NCW
production. These sedimentation patierns are remarkably
consistent with our scenario which suggests that the NCW
flux was high from 9.8 6 9.3 Ma, reduced or absent from 9.3
1o 8.9 Ma, and indeterminate from 8.9 1o 8.0 Ma (Figuse 3).
A hiates from 7.8 1o 5.9 Ma in the Norwegian Sea and the
accumulation of terrigenous sediments on the Erik Ridge from
7.5 10 7.0 Ma was interpreied as initlastion of Denmark Straits
overflow [Bohrmann et al., 1990]. Again. this is consisient
with 8%C comparisons which suggest that NCW was produced
from 7.8 1o 7.0 Ma {Figure 3}.

Nortk Adlansic-Pacific §5C Differences

Curbon isotope studies in late Miccene have focused on the
global decease in 8VC values around 6.7 Ma (the "carboa
shift” of Keigwin {1979; 1587} and Render and Ksigwis
{39791). To enplain this change in deep ocean §7°C values,
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Bender and Keigwin [1979] considered the effects of changes in
(1) the global marine phosphorous balance; (2) the global
marine carbon balance with respect to °C or ZCO;: (3) the
internal cycling of nutrients; (4) the upwelling rate; and (5) the
decpwater circulation patterns. Although there was a sharp
83C decrease in many records at 6.2 Ma [Keigwin, 1979], the
late Miocene "carbon shift” can be viewed as a global decrease
from 8 to 6 Ma (Figure 2). Because this decrease occurred over
a 2 m.y. interval (10 times the residence time of carbon within
the ocean [Broecker and Peng, 1982]), this global decrease in
deep ocean 8'3C values must represent a change in the input or
output ratio of inorganic to organic carbon [Miller and
Fairbanks, 1985].

During the global §°C decrease from 8 to 6 Ma, the
difference between the Atlantic and the Pacific §°C values
increased. Prior to 7.5 Ma, these interbasinal §*C differences
were one half to two thirds of the modern difference. The
Adtlantic-Pacific §'*C difference increased 10 1.0 %o by 7.0 Ma
and persisted through the rest of the late Miccene (Figure 2).
For this discussion, we will consider three mechanisms which
may have changed the 8'*C differences between the North
Atlantic and Pacific during the late Miocene: (1) changesin
deepwater circulation patterns; (2) increased mean oceanic
nutrient concentrations; and (3) decreased preformed nutrients
in NCW.

Hypothesis 1: Changing the Deepwater
Circulation Patterns

As discussed earlier, lower 83C differences between the
North Atlantic and Pacific may be attributed to changes in
NCW flux. Reduced NCW production or enhanced SCW
production would allow more SCW water o fill the North
Atlantic, decreasing the 823C difference between the deep North
Adlantic and the Pacific [Bender and Keigwin, 1979]. Sites
563 and 608 are south of the region of NCW formation and
their 5°C records may have had a large SCW influence. At
times of reduced NCW flux, an increased percentage of SCW at
Sites 563 and 608 would have reduced the apparent §C
difference between the North Atlantic and Pacific oceans. The
83C differences between Site 563 in the North Atlantic and
Site 289 in the Pacific would be less than if true NCW were
measured. This would produce an artificially low 81°C
difference between these basins. We favor this hypothesis as a
partial explanation for low §°C differences between the North
Atlantic and Pacific from 10.4 10 10.0 Ma and 8.9 t0 8.0 Ma
(Figure 3). However, decreased NCW flux cannot fully
account for the low 8°C differences from 10410 9.3 Ma. In
this interval, the Southern Ocean recorded high contributions
from NCW, yet the Atlantic-Pacific 8°°C differences were only
moderate at 0.5-0.8 %o (Figure 3a). In contrast, similar
relative contributions of NCW were recorded in the latest
Miocene, but the Atlantic-Pacific difference in 5°C values was
~1.0 %o (Figure 3a).

Hypothesis 2: Increased Nusrient
Concentrations

Changes in the mean oceanic nutrient levels affect changes
in 82C differences between basins independent of despwater
circulation patterns [Broecker, 1982]. During the early late

Miocene (10.4-7.5 Maj, lower 8P°C differences between the
North Atlantic and the Pacific may be ascribed to lower mean
oceanic nutricnt levels relative to the latest Miocene and today.
Two proxies provide an estimate of nutrient distribution
within the world's ocean: (1) the difference between
phosphate-free warm surface 8'°C values and mean ocean 8°C
values [Broecker, 1982; Shackleton et al., 1983}; and (2)
Cd/Ca ratios from benthic foraminifera [Boyle, 1986]. For the
late Miocene comparisons, we chose planktonic and benthic
foraminiferal 8C records from the western equatorial Pacific
Site 289 [Savin et al., 1981, 1985] and the planktonic record
from subtropical Site 590 [Kennett, 1986]. The benthic 8°C
record from Site 289 provides an approximation of mean
deepwater (MDW) 83C values [Shackleton et al., 1983].
Surface waters at Site 289 today are not phosphate free
[Broecker and Peng, 1982]; however, comparison with values
from Site 590 whose surface waters are phosphate free today
shows only minor differences between the two planktonic
records (Figure 4).

Surface-to-deepwater 3°°C differences were low in the
middle and early late Miocene (averaging 1.4 %c), which is
two-thirds of the modern difference (Figure 4b). This
difference increased in the late Miocene to near modem values
of ~2.0 %o. The timing of this increase is uncertain.
Planktonic values from Site 289 suggest that a §3C difference
similar to today's was attained by 9.0 Ma, in contrast to values
from Site 590, which place the increase between 8.0 and 7.5
Ma (Figure 4b). This discrepancy may result from lower
sample resolution at Site 289 between 9.2 and 8.6 Ma.

The correlation of modern oceanic Cd and P is excellent
even though the biogeochemical link between these tracers is
not known. The ratio at which Cd is incorporated into
foraminiferal calcite relative to Ca provides an approximation
of the P concentration in the water [Boyle, 1986]. The extent
to which Boyle's [1986] relationship between oceanic Cd/Ca
ratios and P concentrations can be extrapolated to longer time
scales is still in doubt. However, we assume that late
Miocene Cd/Ca ratios from the Pacific Ocean reflect mean
oceanic nutrient levels. Using Cd/Ca ratios from Site 289,
Delaney and Boyle [1987] concluded that: (1) late Miocene
Cd/Ca inventories were lower than today and (2) the 81°C
change across the late Miocene "carbon shift” at ca. 6.2 Ma
was not accompanied by an equivalent Cd/Ca change. Their
conclusions used averages of the Cd/Ca data and assumed that
there was no systematic species offset between Cd/Ca ratios of
Uvigerina spp., Cibicidoides mundulus, and P. wuellerstorfi
[Boyle and Keigwin, 1985]. However, there is some evidence
that indicates that Cd/Ca ratios may not be similar among
species [McCorkle and Klinkhammer, 1988]. As aresult, we
interpreted the Cd/Ca ratios from only P. wuellerstorfi and
found it to be consistent with the observed interbasinal
differences in §1°C values.

Cadmium/calcium ratios in P. wuellerstorfi at Site 289
fluctuated about a mean value of 0.12 umol/mol between 15.0
and 8.0 Ma (Figure 4¢), The ratios in this interval were
approximately one half o two thirds of the modern Pacific
value (0.172 umol/mol) [Bovle, 1986]. This difference may
be explained by lower mean oceanic nutrient levels in the late
Miocene relative to today's levels (Figure 4¢). If Pacific
Cd/Ca ratios in P. wuellerstorfi approximated middie and late
Miocene nutrient levels, then a Cd/Ca ratio of 0.12 pumol/mol
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Fig. 4. (a) Middle and late Miocene planktonic (squares) and
benthic {pluses) foraminiferal $°C records from Site 289 and
planktonic foraminiferal record from Site 590 (open circles),
(b} planktonic-benthic 83C difference (Site 289 benthic record
was subtracted from both plankionic records), and (&) Planuting
wueterstorfi Cd/Ca ratios from Site 289 {fom Delaney ang
Boyie, 1987 and Delaney, 19901,

implies that the mean oceanic nutrient concentrations were
approximately 30% lower than today from 15.0 10 8.0 Ma.
The coxsesponding surface-w-deepwater and NCW 1o POW
differences in 8 values would have been 1.4 and 0.7 %e,
respectively (Figures 2 and 4¢), similar (o that observed. Ow
middle and early iate Miocene nutrient level estimates are in
agreement with Delaney’s {1990] estimate of 20% lower
CONCEnirations.
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By 6.0 Ma, Site 289 Cd/Ca ratios increased t0 0.16
umol/mol, approaching the modem Pacific value (Figure &),
Again, if Suie 289 was representative of late Miocene MDW,
then a ratio of 0.16 pmol/mol suggests that nutrient levels
were 90% of the modern level. The predictad surface-to-
deepwater and NCW 1o POW differences in #2C would have
been 1.85 and 0.9 %o, respectively, similar 10 those observed
{(Figures 2 and 4b). Thus, both planktonic-benthic
foraminiferal 33C differences and Cd/Ca ratios suggest that
MIW nutrient levels were lower from 104 © 7.5 Ma than
from 7.5 10 5.3 Ma.

Lower mean oceanic nutrient levels may have contributed
1o the fower 82C differences between the North Adantic and
Pacific in the early late Miocene relative 1o the latest Miocene.
An increase in MDW nutrient levels at 7 Ma would have
increased the organic carbon flux or sespired £O; in the deep
reservoir, lowering its 313C value {Bender and Keigwin, 19791
Because NCW is nutrient-depleted, most of the added COy
would be stored in the deep Pacific;, increasing the contrast in
North Atlantic-Pacific §*C values {Bender and Keigwin,
19791, Clearly, the combination of hypotheses one and two
can adequately explain the observed in the late Miocene 8°C
patterns in terms of end-member differences and absolute
values. Much of the difference in the Adantic-Pacific $3C
values can be ascribed to deepwater circulaton changes, and
they, to a degree, reflect the history of NCW production.
However, MDW nutrient changes appear to have modulated the
dynamic range of this differsnce by 20 w0 30%.

Hypothesis 3: Increased Preformed Nutrients
in Northern Componen: Water

A third hypothesis concems regional chemistry changes in
the North Atlantic [Mix and Fairbanks, 1985]. Today, the
Attantic-Pacific 8°C difference is a result of nutrient-depleted,
high 83C source water feeding NADW, Nonh Atlantic Deep
Water production creates a lagoonal circulation pattern in the
North Atlantic {Stommel, 1957, Worthington, 1970; Berger,
1970; Gordon and Piola, 1983; Warren, 1983}, Upper layer
water {thermocline and surface} is drawn tmio the northern
North Atlantic to replace the sinking water, allowing the
processes of evaporation and sinking to continge. Thus, the
NCW nutrient and 5°C charactesistics represent those of the
sinking surface water and entrained thermocline water which
have low nutrient and high 8°°C values [Broecker and Peng,
1982; Gordon and Piola, 1983; Gordon, 19861

Lower §1°C differences between the North Atlantic and
Pacific in the early late Miocene (10.4-7.5 Ma) could have
been a result of higher natrients in NCW source water relative
10 the present, Increased autrient levels and accompanying low
$C values in NCW would have decreased the Atlantic-Pacific
81C difference relative 1o today. The 8°C valoe of NCW
could have been lowered through the transfer of nutrients from
the Pacific into the Novth Adantic by thermogline and/or
surface water. Two possible paths existed for this exchange.
The first requires a cross-eguatorial tmansfer via South Atanic
thermoctine water [Gordon, 1986], Altermatively, surface and
thermocline water conld have been directly injected into the
Worth Atlantic across Panama [Luyendyk et 21, 1972; Bender
and Keigwin, 19791, because the marine conngctions across the
isthmus did not erminate until 4-3 Ma [Keigwia, 1978,
Bender and Keigwin, 19791, In cach case, mors nutrients may
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have been transferred from the Pacific 1o the North Atlantic
than at present, resulting in lower 8*C differences between the
North Atlantic and Pacific (Figure 2).

The validity of this hypothesis to explain the observed §C
patterns cannot be evaluated at present. Although we cannot
exclude this hypothesis, we note that the 8'°C patterns can be
explained well by a combination of hypotheses 1 and 2.

Evolution of Modern 8°C Patterns

By 7.0 Ma, the distribution of 8§°C values in the deep and
intermediate ocean was similar (o the present (Figure 2).
Southern Ocean §'°C values fluctuated between the high North
Atlantic values and the low Pacific values (Figure 3). The
mean §"*C value was ~1.0 %o in the deep North Atlantic and
0.0 %o in the Pacific (Figure 2). Carbon isctope values from
Sites 360 and 704 fluctuated about a mean of 0.6 %, similar
to today. Pacific Outflow Water §°C values were always the
lowest recorded of any deepwater mass. Both surface-to-deep
88C differences and Cd/Ca ratios in the Pacific indicate that
nutrient levels were near today's levels by the end of the late
Miocene (Figure 4). Additionally, the 1 %o difference in
Atlantic and Pacific 8°C values implies that NCW was
nutrient-depleted and had high 83C values by this time. These
patterns are the first record of modern 3°C differences and
indicate that modern deepwater characteristics evolved in the
latest Miocene [Bender and Keigwin, 1979] and continued into
the Plio-Pleistocene [Oppo and Fairbanks, 1987; Oppo et al.,
1990; Raymo et al., 1989; Hodell and Ciesielski, 1990].

We suggest that the evolution of 81°C patterns in the latest
Miocene, which resembled those in the present ocean, resulied
partly from an increase in MDW nutrient levels. Changes in
the flux of NCW also controlled the 8°°C patterns in the late
Miocene, as evidenced by contrasting 5*C patterns from 9.8 to
9.3 Ma (high NCW flux) with those from 8.9 t0 8.0 Ma (low
NCW flux). However, deepwater circulation changes cannot
fully explain observed 8'*C changes. Late Miocene §3C
differences documented similar fluxes of NCW during two
intervals, from 9.8 10 9.3 Maand 7.510 53 Ma. A
comparison of these intervals shows that the §°C differences
between the North Atlantic and Pacific were lower during the
interval from 9.8 10 9.3 Ma than during the interval from 7.5
to 5.3 Ma (Figure 3). We attribute this not only 10 a NCW
flux at 7.5 Ma, but also by an increase in MDW nutrient
levels, which increased the dynamic range of 5°C values
between the end-members.

CONCLUSIONS

The Southern Ocean recorded high NCW fluxes from 9.8 w0
9.3 Ma and 7.5 ©0 5.3 Ma. There was little NCW
contribution to the Southern Ocean from 9.2 10 8.9 Ma. End-
member §°C differences were low between 8.9 and 8.0 Ma,
hindering exact flux estimates. These lower interbasinal §°C
differences probably reflected lower NCW production from 9.2
10 8.0 Ma and an increase in the percentage of SCW reaching
the North Atlantic. A complete shutdown of NCW production
at 8.6 Ma is indicated by the convergence of North Atlantic,
Pacific, and Southern Ocean 8°°C values,

By 7.0 Ma, modem 8VC differences developed; North
Adantic values oscillated around 1.0 %, and Pacific values
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were near 0.0 %e, with Southern Ocean values intermediate
between the two end-members. These 813C patterns were
partially controlled by the flux of NCW. In addition to the
high flux of NCW, mean nutrient levels must have increased
during the late Miocene to produce the ncar modern 89°C
patterns by 7 Ma.

We speculate that there was a direct link between NCW
production and climate change during the late Miocene.
Decreasing 80 values, which are interpreted as decreasing ice
volume or "interglacial” intervals, occurred during intervals of
high NCW production. Conversely, intervals of increasing
3'30 values or "glacial” intervals occurred during intervals of
low or indeterminate NCW production.
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