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Abstract. ‘The middie Miocene 88 invrease reprosents a
fumiamental change in the occan-aumnsphere sysiem whiek,
iike late Ploistocene clmales, way be related i decpwaly
circulation patieras, There hias heen some debate concerning
the early o carly middle Micene deepeater circulation
pageras. Specifically, recont discussions have focused on the
relative voles of Morthern Component Water (NCW;
production and warm, saling docp watey ariginiing in the
easiern Tethys, Our e serics and ime Sice reconswuctions
indicate thm NOW and Tethyan ouflow wate, two refatively
wars Gespwaley srasses, were produced from ~20 10 16 Mg,
NCW was prodused again fom 12.5 to 3105 Ma. Another
Sessure of the carly and middle Miocons oceans way the
prosence of & bigh 8°3C intermedinte waly mass v &
southesn hemisphere, which apparenily odginated in ik
Southern Ocean. Miocons climates appear 0 be related
direcily to despwater circulation changes. Deep-waters wanmed
i the carly Miocene by ~3°C (~20 o 16 Ma) and cooled by &
simiisy amouss Siwing the middle Miocene 10 increass (348
io 12.6 Mg), corsospording (¢ the increase {(~30 Mz} and
subsequent docrease (~16 Mz} i the prodaction of NOW and
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Tethyan ontfiow wates. Lacge 0.6 %e), relatively xapid (~0.5
my.) BO increases in buth henthic and plankiosic
foraminifera {he., the MY vones of Miller = al. (15914} and
Wright and Miller (1992a); were superimposed i the Josg-
werm deepwater lomperature changes; they are inlespreted as
refiecting continental ice growth events. Seven of these muy.
glacial/imerglacial cycies have been recognized in the early 1©
misgdie Miogzne. Two of these glacialfinterglacial cycles (M3
and Mk} combined with a 2° 10 3°C decrease in deepwater
temperaRess to produce the middie Miocene 3180 shift,

BTRQUUCTION

The Bty climate has changed foom the warss, aquable
conditions of the Cratsgenns and exsly Bocene 1 the Righ-
frequency northern hemisphere ghacinl-interglacial cycles that
have dominated climates over the past 3.5 million years, The
middie Miccene %0 increase was & major step in the
progression toward ooid poler climates. The geovalling
intsrpretation from 1978 and through the easly 1980s was that
the middle Miocene 850 incresse primarily recorded the
tnisiation of continentn! glaciation on Amarctica {Shackision
and Kenanast, 1975; Savin e al,, 1975, 198); Woodnoff et 2k,
FORE], fe., the evoiuion of the Vice houss™ workd. Matthews
snd Poore {198 challenged 1B3s sssumption and suggavied
that Iavge ice shests may lwve exisied prior o the middis
Mioceas. Reoent diliing fn the Somtbers Oggan QD
133, 134, 118, and 120 [Barker, of al, 1988 Clesishid,
2z gf. 1988 Bawron, ¢ A, 1989; Schiich, W, ot 2l
2nd on e Antaretlc continenie! mangins [Barvelt st al, 1987
confirmed the oximenve of imemdtient sontineal e shosts
on Antarciica betwesn the carly (Rigocense and early Mincene
fMiller et 8%, IF9 SeH, the relative dovdributions from

18912},
Auntsctic ice growih and decpwaiey cooling o the midd
Miccons $°8C innvesse Iy aneerizin, Furhormese, thers §
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disagreement as to whether this event represented the
development of a permanent ice shest in eastern Antarctica [cf.
Matthews and Poore, 1980; Kenneit and Barker, 19901

Several hypotheses have linked climate changes 1o large-
scale deepwater circulation changes. During the late Pliocene
and Pleistocene, high fluxes of North Atlantic Deep Water
(NADW) coincided with interglaciel intervals, while low
NADW fluxes occurre¢ during glacial intervals [e.g.,
Shackleton et al., 1983; Boyle and Keigwin, 1982, 1987;
Curry and Lohmann, 1982; Oppo and Fairbanks, 1987; Boyle,
1988; Curry et al., 1988; Duplessy et al., 1988; Oppo et al.,
1990; Raymo et al., 1989]. Previous climate changes may
have been related to deepwater circulation changes as well.
Atiempts 1o explain the middie Miocene 8150 increase have
called on changes in NCW [Schnitker, 1980] or Tethyan water
[Woodruff and Savin, 1989]. However, there is little
consensus concerning the early and middie Miocene deepwater
circulation patterns (see below), hindering comparisons
between climate and deepwater circulation during this interval.
We clarify early to middle Miocene decpwater history by: (1)
providing an early Miocene Southern Ocean benthic
foraminiferal 8!3C record, which is critical for reconstructing
deepwater circulation patterns [Oppo and Fairbanks, 1987;
Wright et al., 1991; Charies and Fairbanks, 1992}; (2)
improving stratigraphic correlations, which are necessary {0
ensure synoptic comparisons; and (3) integrating time series
and time slice reconstructions o evaluate the timing, nature,
and geographic extent of deepwater circulation changes.

MIOCENE DEEPWATER HYPOTHESES

Most workers agree that NCW was produced during parts of
the late middle Miocene and that NCW flux was high in the
late Miocene [Blanc et al., 1980; Schnitker, 1980; Miller and
Fairbanks, 1985; Woodruff and Savin, 1989; Wright et al.,
19911. However, there is less concensus regarding the early
and early middle Miocene deepwater circulation patterns [cf.
Miller and Fairbanks, 1985; Woodruff and Savin, 19891
Several workers have interpreted stable isotope and faunal
changes 1o indicate that Northern Component Water (NCW,
analogous to NADW) production initiated during the middle
Miocene [e.g., Schnitker, 1980; Blanc et al., 1980; Woodruff
and Savin, 1989]. An alternative 1o this idea was presenied by
Miller and Fairbanks [1985], who suggested that NCW was
produced as early as the Oligocene. Extensive drift deposits in
the northern North Atlantic support Miller and Fairbanks'
conclusion at least for the early Miocene [Jones et al., 1970;
Ruddiman, 1972; Roberts, 1975; Miller and Tucholke, 1983;
Mountain and Tucholke, 1985]. Adding to the Miocene
decpwater debate is the hypothesis that a warm, saline
deepwater mass originated in the eastern Tethys during the
early Miocene [Woodruff and Savin, 1989]. Four contrasting
views on Miocene deepwater circulation and climate change are
summarized below.

Blanc et al. [1980] and Schnitker [1980] proposed
independently that the initial flux of NCW occurred when: (1)
the Greenland-Scotiand Ridge subsided to & critical depth below
sea level; and (2) the eastern Tethys closed, shunting warm,
salty water into the North Atlantic (a supposedly necessary
component for NADW ioday [Reid, 197%]). Both cited
evidence that these tecionic events occurred in the middle
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Miocene around 15 to 13 Ma. In relating the initiation of
NCW 1o climate change, Schnitker [1980] proposed that
southward transport of heat and salt via NCW enhanced
evaporation in the Southern Ocean. He suggested that this led
1o increased moisture flux to Antarctica and initiated the
development of a permanent ice sheet. The middle Miocene
8180 increase was interpreted as evidence for continental ice
growth and continued transport of heat to the Southern Ocean.

Woodruff and Savin [1989] proposed a different scenario for
the middle Miocene 8180 increase. They concurred with
Schnitker [1980] that the middle Miocene §'20 increase
represented a buildup of ice on Antarctica and that NCW flux
developed in the middle Miocene. However, their mechanism
produced this ice growth through heat removal from the
Antarctic coastal region. They suggested that prior 1o the
middle Miocene &80 increase, heat was transported into the
Southern Ocean through 2 turbulent plume of relatively warm,
salty Tethyan water. They suggested that this excess heat flux
to the high southern latitudes ameliorated the Aniarctic
continental climate and inhibited the development of a large
continental ice sheet. Once the Tethyan seaway closed near 15
Ma, Antarctic climates cooled and ice growth began. Woodruff
and Savin [1989] drew several conclusions about early and
early middle Miocene deepwater circulation patterns: (1)
Southern Component Water (SCW, analogous to Antarctic
Botiom Water (AABW) [Broecker and Peng, 1982]) was the
dominant water mass ventilating the deep oceans; (2) a warm,
saline plume originated in the Tethys and was an important
component of deepwater circulation and influence on climate;
and (3) there is little evidence for NCW prior to 12 Ma.

Matthews and Poore [1980] and Prentice and Matthews
[1988] argued that average tropical sea surface temperatures
(SST’s) were the most stable component of the climate
system. Matthews and Poore [1980] proposed that planktonic
foraminiferal 8180 changes in western equatorial regions
primarily reflected global seawater (8,,) changes and that ice
volume has been the dominant component of these changes
since the middle Eocene. Their interpretation of the planktonic
foraminiferal 8'30 record and that of Prentice and Matthews
[1988] require that significant continental ice sheets (greater
than or egual to modern ice volume) have been present since
the late Eocene (~40 Ma). If these assumptions are correct,
then deepwater temperatures were warmer than 10°C prior o
the middle Miocene 8!8Q increase. Both studies attributed the
large middie Miocene 8'%0 increase to a deepwater emperature
decrease. Prentice and Matthews [1988] postulated that warm,
saline water may have been an important component of
deepwater circulation prior to that time.

In contrast 1o these studies, Miller and Fairbanks [1985]
reporied that North Atlantic 8'3C values were higher than
those in the Pacific during much of the Miocene, arguing for
the presence of NCW during this interval. Atlantic-Pacific
§13C differences were ~0.5 %o during much of the early and
middle Miocene versus the 1.0 %o difference observed today.
Two intervals of large basin-basin 8'3C differences, 18 (0 16
Mz and 12 to 10 Ma, corresponded 1o erosional events in the
Morth Atlantic (Reflector R2 of Miller and Tucholke {1983]
and Reflecior Merlin of Mountain and Tucholke [1986],
respectively). Miller and Fairbanks [1985] argued that the
corroboration of the 8'3C data and the seismic stratigraphy
indicated that these were intervals of peak NCW flux.
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Decpwater circujation patlerns mus
nadesstand the canse of the nuddie Miocene
different scenarios presented above may result in a large pant
from different strategies and materials used in cach study. For
exaraple, Miller and Fairbanks {1985] used 83 time series
from the Nomh Adantic and Pacific, In contrast, Woodruff and
Savin {19851 used all available isotope records, but they
concentraied their data collection in the South Atlantic.
Pacific, and Indian oceans. Their ime slice approach porirayed
cross-sectional changes in the oczan by averaging data for
intervals of o 2 m.y. duration.

Each swdy has Hmitations in ite ability to resolve
deepwater circulation patierns, Miller and Fairbanks’ {19851
did sot monitor vertical gradients or consider the Indian Ocean
as 2 region for decpwater production. Woodmif and Savin's
[19%9] conciusions were largely infivenced by high §1*C
values at intermediate depths in the Indian Ocean during the
garty Miocene, Muck of these Indian Ocean dats were adjusted
because they were generated from the benthic foraminiferal
genus Oridorsafis. This genus does aot record the 813C value
of the ambient water today. Also, by averaging the 8°C daia
in i to 2 m.y. intervals, Woodraff and Savin's {1989] approach
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may mroduce anificial offsets or obscure real basin-basin
differcnces. This can easily ocour in the Miocene because of

ihe large piobai changes in &3C valies combined with
differert sample resolution at exch site. In addition, both
studies were hindered by biosiratigraphic resolution, which can
range from 0.5 to 2 m.y. for the Miocene [Miller and Kent,
19871, We address these problems by improving stratigraphic
conteol, which aliows us 10 make refined tme series and Bme
shice reconstractions,

THE APPROACH AND STRATEGY

Moders Deepwater Formation and Circulation Patterns

The deepwates masses which ventilate the modern ocean are
& product of surface water preconditioniag {evaporation,
copiing, angdfor freezing) in the high latitudes. North Atantic
Dieep Water (NADW) is produced in the Norwegian-Greenland
and Labrador Seas, while Antarctic Bottom Water (AABW)
criginates in the Weddel! Sea {Worthington, 1970; Fostes and
Carmack, 1976]. Although both water masses form in high
fatitudes, each deepwater mass has distinct characteristics
which allow gasy identification using temperatare, salinity,
and nutrient concentrations, NADW is composed largely of
upper ocean water {surface and wvpper thermocline)
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{Worthingion, 1970; Gordon and Piola, 1983] having a high
313C value (~1.0%0) (Figure 1) [Kroopnick, 1985]. However,
onty & small portion of Antarctic Botiom Water {AABW) ig
composed of surface water [Mantyla and Reid, 1983 as a
result, it has a lower 813 value (~0.4 %o (Figure 1).

Broecker et al. [1990] showed that there is 3 hinear
correlation beiween decreasing 873C and A0 values after
NADW sinks in the North Atlantic (Figure 1d). Two
processes can change the distribution of 83C and 4MC values
in the deep ocean: mixing between waiey masses with gifferent
§13C and A4C compositions or deepwater aging. Carbon-
isotope changes withia the Adantc Gcean represent mixing
between high 813C and AMC waier (NADW) and lower §1°C
and AMC water (Circumpolar Waier (CFW)) (Figure 1}. The
effect of deepwater aging on &3C values within the Adantic is
negligible because the residence time of deep water in this
ocean is short {~350 years) and productivity in the overlying
surface ocean is fow [Broecker and Peng, 1982},

In contrast to the Atlantic, the residence time of deep water
within the Pacific Ocean is long, allowing remineralized
organic matier o Jower the 8°C values of deep water. AABW
flows north in the deepest Pacific, reaching the equatorial
Pacific with litde alteration 1o its initial 813C value (Figure
1). Deep water upwelis in the North Pacific where the Jowest
$13C and AMC values in the deep oceans are found (Figure 1).
The intermediate depth North Pacific watey represents the “end
of the line" for deepwater circulation in the modern ocean. The
return water to the Southern Ocean creates @ mixing zone
between the Norh Pacific miermediate water and CPW at
intermediate and upper deepwaier depths. This water mass is
termed Pacific Outflow Water (POW) (Figure 1}, which has
iow deepwater 3'3C values (-0.5 %o) {Kroopnick, 1985].
Deepwater circulation in the modern Indian Ocean resembles
the Pacific patiern. Indian Ocean deepwater 81°C values are
not as depleted as those in the Pacific because its reservoir size
is smaller,

The Southern Ocean Approach

Late Pleistocene deepwater circulation changes can be
reconstrucied by using the Southern Ocear as a gauge t©
monitor the relative production of NADW and POW. In the
Southern Ocean, a vigorous circumpolar circulation
homogenizes outflow water from the Atlantic, Indian, and
Pacific oceans, reflecting the relative contributions from each
ocean [Oppo angd Fairbanks, 1987; Oppo et al., 1990; Wright
et al., 1991; Charles and Fairbanks, 1992]1. The Southern
Ocean is partitioned inio upper and fower Circumpolar Water
(CPW). The upper water mass can be modified by biviogical
and air-sea exchange processes at the surface, thereby fimiting
i1s effectiveness as a monitor of circulation changes {Charles
and Fairbanks, 1990]. However, there is little surface water
influence on lower CPW. The 813C value of lower TPW
represenie the proportion of the owflow waters from the major
ocean basins. Therefore changes in decpwater circulation
pasterns will be recorded in the deep Scuthern Ocean §1°C

2

record.

We can use the Southern Gcgan as a deepwaier monitor for
the Miocene because circumpolar circuiation around Antarctica
began prior to the Miocene with the removal of two barriers:
{1) subsidence of the Tasman Plateau in the early Oligocene
[Weissel gt al, 19771 and {2} opening of the Deake Passage
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during .he late Oligocens {Barker and Burrell, 1977; Lawver et
al., 1991; Wright and Miller, 1992b].

Methods of Deepwaier Reconsiruciion

Benthic foraminiferal 8'3C tme series and time slice
reconsiructions have been used successfully 1o infer late
Picistocene and deepwaier circulation patterns {Shackieton et
al.. 1983: Boyle and Keigwin, 1982; 1987; Curry and
Lohmana, 1982; Curry et al., 1988; Oppo and Fairbanks,
1987; Oppe et al., 1990: Duplessy et al., 1988}, There are
advantages and disadvaniages associated with both time series
and time slice reconstructions, The iiming of deepwater
circulation changes can be best constrained by using 2 tme
series approach. 1n addition, a time series reconstruction
allows an evaluation of the nature of the response, i.€., in an
on-off mode, through a gradual change, or some other means.
The Limitation of 2 time series approach is that, in general,
only a few records can be effectively compared at once. For
example, it is difficult to monitor both basin-basin differences
and vertical gradients using time series records. A tme shce
approach examines both vertical and interbasinal distributions
at once. However, & time slice represents only a "snapshot” of
the ocean circulation and provides a poor consiraint on the
timing and nature of climate transitions. In addition, lime
stices are sensitive to minor correlation problems, particularly
during intervals of Jarge global change. Times series aro less
sensitive 10 such uncertainties because the comparison of
individual records facilitates eveluation of age uncertainties
fe.g., Miller et al., 1986, Figure 3}

We use both approaches io reconstruct Miocene deepwater
history. Time sesics comparisons were used 10 determine the
timing of large-scale circulation changes. In this method, the
outflow from the Atlantic, Pacific, and Indian oceans are each
considered 1o be deepwater end-members. The Southern Ucean
serves as our monitor of the relative changes among the three
end-members [Oppo and Fairbanks, 1987}, Once the timing of
deepwater circulation changes was established, time stice cross
sections were constructed for times which represented different
states of deepwater circudation.

Site Selection

The North Atantic has been a poiential source of cold deep
waiter since the separation of Greenland and Scandinavia around
56 Ma and the connection of the Greenland Sea to the Arctic
Ocean around 37 Ma [Vogt, 1972; Vogt and Avery, 1974,
Talwani and Eldholm, 1977]. Deep Sea Drilling Project
{DSDP) Site 563 was chosen o monitor the North Adaniic
response during the early and middle Miocene. This site was
drilied on the western flank of the mid-Atlantic Ridge and is
iocated in the core of NADW sodey {Table 1, Figure 23,
Paleodepihs for the early 10 middle Miscens were 3200 10
3600 m (using the backtracking equations of Miller et al.
{19891, Advaniages of this site include a relatively compleie
iower 10 middle Miccene section and sxcellent swatigraphic
control [Miller ot al., 1985]. Approximaiely one sampie per
meier was obtained from the lower and middie Miccene
sectons at Site 363 (this study) [Miller and Fairbanks, 1585],
vielding a sample resolution of 30 to 100 kyr.

DSDP Site 282 was drilled o the Ontong java Placau
(Table 1; Figure 2). It is located in the core of POW today.
Paleodepths for thig site during the early and midile Miocene
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TABLE 1. Site Information

Sie Latiinde Longitude Depth
7 04°28N 140°19W 4419
77 OP28N 133913W 4291
206 32°00's 165°27E 3200
237 07°05's 58°08E 1623
238 11°09'8 HWORNE 832
253 24°33'S 87°2E 1962
278 51°20°8 162°32E 3341
285 00°29's 1S8°30E 2206
3317 119007 162°15W 2700
319 12°018 101°31W 4296
357 30°00°8 35°33W 2088
36¢ 35°51'S 18°05°E 2549
366 05°41N 195w 2853
406 35°20N st g 2058
408 63°22N 28°54W 1624
448 16°20N 134°52F 3483
476 28°55N HIPATW 3349
495 12°30N 92°02'W 3600
516 30°16'S 35°17W 1320
518 299588 38°B8'W 3844
522 26°07'S {5°08"W 4441
525 29°04'S (2°59E 2470
526 03°078 03°08F 1064
52¢ 28°55'% 02°46E 3035
553 56°06N 2332w 232%
555 SG°40N 20°4TW 165¢
358 37046'N 372FW 3754
563 33°39N 43°46W 3796
574 04°12'8 133°19W 4561
588 26°06'S 161°138 1533
390 31°308 183°21E 1299
591 31935 164726 2131
608 42°50N 2305w 3526
816 $3°13N 18°53W 2417
667 044N 21°55°W 3529
703 47°03°8 Q7°54E 1796
704 46°33°8 {7°25E 2531
TR 03°54°8 G0°33E 3049
714 G5°04™ TI4TE 2083
744 619358 80°36E 2318
747 54°49'S 76°48E 1706

were calculated 1o be ~2300 m. Suble isotope data for She
289 have been generated by Savin et al. {1981, 1985] and
Woodruff and Savin [198%, 1991]. Sie 289 has a thick,
complete Miocene section, alihough the existing siable
isotope data do not include the earliest Miocese {circa 23.6 10
21 Ma).

The early Miocene Soushern Goean is represenied by Goean
Drilling Program (ODP) Sie 704, which was drilied on the
Meseor Rise {Table 1, Figare 2} {Cicsisski et al,, 1988}, Sus
704 contzins approximately 135 m of lower Miscene
sediments. Esrly Miocene paleodepths are estimated o be
2350 1o 2450 m. The middle Miocens section I8 ng
represenied at Shie 704, Approximately 1 sample per 2 m
from Site 704 was analyzed, yiciding an averags sampie
resplation of 50 kyr. Kerguelen Plateau Siies 747 [Wright and
wilier, 1992a} and 751 {Mackensen ot al, 1552} have
complete middle Miocent secctons, but thelr paleodephs
(1405-1608 m) cannot ensure isolation {rom surface o
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intermediate water influences, Woodruff and Chambers {1851]
and Rarrera and Huber {3991] analyzed the benthic foramintferal
stable isotopes from Sie 744 on the southern end of the
Kerguelen Platcan. This site is well suited for this study, bui
ihe present sample tesolution is not adeguate for our needs.

DSDP Site 237 was recoverad from the Mascareac Platean
{Table 1, Figure 2). Early and middle Miocene palecdepths for
this siie are estimated to have been 1250-1350 m {Sclater et
al., 1985}, The lower Miocene section is only 28.5 m thick at
thiz site and sedimesntation rates were low (3-4 m/m.y.).
Despite this, upper lower and lower middle Miocene isosopic
resolution at this site is sufficient 1o evaluate the Indian
Ocean's role in deepwater circulation using Woodruff and
Savin's {19917 stable isotope record from Cibicidoides spp. at
this sie.

Time slice reconstructions only require a shori inferval
containing the appropriate time honzon, ip COREXast 10 2 time
series approach which requires relatively continuous and
geographically well-positioned stable isotope records. More
sites can be inchuded in the time slice reconstructions.
Therefore stable isotope records were considered from a large
aumber of sources {Table 2). The primary goal of the time
slice recomsiruction was 1o contrast the three major ocean
basins during different modes of operation. However, large
changes in the meas ocean &'3C value reguire precise
stratigraphic coutrol io ensure SynopHc comparisons.
Therefore the time slices selected were also based on ouwr
confidence in recognizing a2 particular time horizon {see
siratigraphy). Locations of afl shes used in time series and
time skice reconstructions are shown in Figure 2,

Measurements

Benthic foraminiferal isotopic analyses were performed on
Cibicidoides spp. (including Planyling wuellersiorfi}, which
secrete fests constantly offset from 8150 equilibrium and refiect
the 813C gradienis of the ambient water [Shackicion and
Opdyke, 1973; Duplessy et al., 1973 Woodrulf et 8L, 1980;
Belanger et al., 1981; Graham et al,, 1981]. Suwble isotope
data were gencrated for Sites 360 (Cape Basin, 2949 m present
depth, 3000-295C m paleodepths; Figure 3}, 533 (Rockall
Plateay, 2339 present depth, 1930-2250 m paleodepths; Figure
4), 563 (Figure 53}, 608 {eastern North Adantic, 3526 m
present depih, 3100-3400 m palecdepths; Figure 6), and 704
(Figure 7). Sampies were analyzed by & Carousel-48
automatic carbonaie preparation device attached tw a Finnigan
MAT 251 mass spectromeier. The data were correcied 1o the
NBS-19 {~2.19 and 1.92 %o for 330 and 81°C) and NBS-20 {-
4.14 and -1.06 %o for 8130 ang 81°C) standards. Results are
reported relative 1o the peedee belemnite (PDR) standard (Table
3, Figures 4-7}. Al cross-sectional reconstructions considerad
only Cibicidoides and Planuling data.

Syratigraphic Congrof

A uniform scheme for age assignments IS necessary
correlste isotops records from differest ocean hasins, The most
unsquivocal method is o correlate 1o the Geomagnatic Polasity
Time Scale (GPTS) {Berggren a1 al, 1985} (for examples, see
Miller ot al., 1985, 1988, 1991b). However, palcomagnetic
records are unrsliable for equatorial and older DSDP sites.
Sies withowt polarity data were calibrated (6 the GPTS using
isptope siratigraphy, Nine benthic foraminiferal 373Q
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TABLE 2a. Data Used in the Oligocene/Miocene Boundary Time Slice
Reconstruction (Zone Mii - 23.7 Ma)

Depth Paleo- Paieo-
Site {mbsf) jatitude depth B13G S1C Source
Avlaniic

366 255.3¢% &°N 2533 171 142 Miller et al. [1989]
2% 56,82 26°8 3758 223 1.64 Bdiller 2t 2. {1988}
528 108.5G 25°8 2628 1.98 1536 Miller et gl {1987}

Woodraff and Savin {19917

53 233.61 65N 1632 1.37 0.63 this study

363 3167 349N 3213 2.08 1.56¢ this study
608 411,36 43N 3113 1.61 1.38 this study
887 270.80 3 3218 31.74 148 Miller et al. {19897

Woodnafl and Savin [1991]
e 43,82 47°S 1317 1.80 1.44 Miller {19072}
704 578.67 4£7°8 2351 2.32 1.86 this study

Pacific
317 23018 1798 24863 2.22 140 Woodraff and Savi
5828 388.80 35.5¢8 1348 1.8 1.57 Keanett {1986
fradic

744 898,48 §1°8 2324 227 Farrere and Hober [18913
EN 127.9¢ 5575 1433 $.88 Wright and Miller [1952a]




TABLE Zb. Data Used in the Earty Miocene Time Slice
Reconsiruction (Zone Milb - 18.3 Ma)

Depth Paleo Paleo-
Site {mbsf} iatitude depth 815 S5 Source
Adantic
366 198.08 &N 2623 1.90 .34 Miller et 21, [1989]
555 272.26 STN 414 I3l 0.81 this study
563 26874 kS 3403 1.64 117 this study
608 349.16 439 3252 1.55 0.51 this study
57 208.60 SN 3303 1.68 0.72 Miller et al. {19897
T04 474.2G 478 2421 1.63 $.57 this study
Pacific
7T 23370 4°8 3834 1.61 0.61 Savin et al. {1681
Woodruff and Savin {1989}
289 540.25 8 2318 1.85 0.53 Savin et al. {1981];
Woodnff and Savin [1989]
317 175.50 15.5°8 2500 1.72 6.78 Woodraff and Savin [1989]
588 337.8C 33°8 1426 1.37 124 Kennett {1986]
fndian
237 181.53 9°8 129& 1.95 1.1 Woodruff and Savin {1961}
253 81.15 32°8 1502 206 3.96 Oberhinsli {1986}
709 172.25 &°8 2708 2.1¢ 5.89 Woodreff et al. {1990]
744 77.0% 61°8 2085 197 1.40 Barrera and Huber [1991]
747 96.40 55°8 1505 1.65 1.16 Wright and Miller [1992a]
TABLE 2¢. Data Used in the Early Middie Miocene Time Slice
Reconstruction (Zone Mi2 - 16.2 Ma)
Depih Paleo- Paleo-
Site {mbsf} iatitude depth 813G 813C Source
Adlanzic
366 159.23 &N 26458 1.54 1.76 Mitler et al. {1589}
518 93.98 30°8 1131 0.86 2.18 Woodraff and Savin {19801
518 6560 30°8 3746 1.69 1.76 Woodraff and Savin [198¢]
558 292,31 38N 2415 1.56 208 Miller and Fairbanks [1985]
563 24893 34°N 3465 1.64 207 this study
608 331.40 43%N 2304 1.46 1.9¢ this study
667 183.66 SN 3334 1.59 1.75 Miiler et . {1989
Pacific
71 187.5¢ & 43112 1.7G 1.61 Woodruff and Savin {1989)
77 243.02 3.5°8 3010 1.44 1.44 Savin ei al. {1981};
Woodruff and Savin [1989}
289 47240 4.5°8 2307 1.55 171 Savin et al. [19811;
Woodruff and Savin [1989]
317 i5°8 251¢ 1.87 1.61 Woodreif and Savin {19897
318 & 16°8 3475 1.8% .73 ‘Woodrufl and Savin {1989]
448 1640 N 293% 148 140 Woodruff and Savin {1980]
493 236,90 12°N 3478 192 163 Barrera et al. {19851
s34 19247 8S 4158 1.98 169 Woodnff and Savin {1989
588 314.30 32.5°8 1453 1.30 195 ¥ennett [1986]
Indian
237 158.20 98 1337 1.7¢ 1.95 Woodmif and Savin [1991]
708 141,65 &8 2744 1.78 1.93 Woodnff et al, {1990
744 64,74 61°% 2128 1,90 1.5¢ Woodruff and Chambers [1991]
747 84,90 35°8 1532 142 1,76 Wright and Miller {1992a}
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TABLE 28, Daia Used in ¢ Middle Miocene Time Stic
Reconsiruction (Zone M3 - 13.6 Ma)
Depth Palec- Paleo-
Site {mbst) fatitade depth E18G B3¢ Source
Anantic
387 52,03 337 $535 203 1.7% Woodnalt and Savin {1989
366 3{"1 35 25°8 2995 199 1.87 this study
408 260.00 637N 13189 176 1.6G Keigwin ¢t al, {1986}
525 190,50 2098 2321 1.54 2.14 Woodsaff and Savin {1901}
353 22003 56N 2175 1.90 1.58 this sindy
583 23514 34°N 3542 1.96 .72 Miller and Fairbanks {1983}
508 297.76G AW 3358 i.74 174 this stady
Pacific

7 23843 3°5 3694 &8 143 Savis et «l. {1981}

Wondraff and Savin {198%]
206 284,10 35.5°8 3118 237 136 Woodruff and Savin {1983}
289 444 48 4£°8 2322 2.22 1.57 Savin et al. {1981];

Woodmif and Savin {19851
317 148.78 14.5°8 2543 2.28 1.28 Woodreff and Savin [1989]
470 163.52 2N 2785 221 1.3 Barrera et al. [1985]
458 205.85 2N 3634 1.65 §.81 Barrera ¢t ). [1985}
574 1§2.41 7.5°S 4226 2.3% 1.93 Woodraff and Savin {19891
588 280.50 31.5°8 3479 1.61 198 ‘ennett {1986)
59¢ 436,80 36.5°8 1334 141 2.31 Kenneit {19861
591 441.0G 36.5°S 2370 1.87 1.5% Kennett { 1986}

indion

237 349.23 8.5°8 3397 2.02 1357 Woodnsff and Savin {1981)
253 68.63 30.5°8 1638 193 1.72 Oberhiinsii {1986}
708 126.75 5.5°8 2800 222 1.79 Woodruff et al. {1990]
7i4 7706 1% 1763 3193 3.2 Boersma and Mikkelsen {1990]
744 5775 61°% 2161 1.51 1.88 Woodraff and Chambers {19913
747 70.00 55°8 1563 183 1.79 Wright and Miller [1992a}

increases have been used o define the bases of nine Miccene
isotope zones (Figure 8) [Miller et al., 19912 Wright and
Miller, 19928}, By corrclating these $13C increases at three
sites from different ocean basing io the same agnetochrons,
we estabiished that these events wers globally syachronous.

For sites without & polarity record. we fiest used the
published biostratigraphy for each site and the
magnctobiostratigraphic ages of Berggren ot &l {1985] ic
ssiablish general age estimates. Once a basic siratigraphic
framework was established, 880 manima were identified and
assigned ages based on correlation with 8% maxima of the
standard sections [Miller et af., 19%12; Wright and Miller,
19921, By using 8180 correlativns, more precise {rauch betier
than 0,5 muy.) sits o site comelations are esiablished, ensuring
synoptic time siice roconsiructions. The Mi Zonadons of
Niller ot al. {1001a] and Wright and Mifler {19922} are used a8
correlation poinis for age estimation. In Table 2, we have
listed the depths of the "MIE™ Zones at eack site uzed in the
e slice reconstructions,

Sackiracking
The palecbaihymetry of all locations was considered
carefully, using hackiracking technigues and eguations

discussed by Miller et al. {1986, 19891, Almost all sites were
drilled on poeanic crust and were backtracked using 2 simple
thermat subeidence model, Only Kerguslon Platean Sites 744
and 747 presented & probicm in using these simple thermal
subsidence models. The uplift history of this plateau is
complicated and not well pndersiood. However, there is
evidence that Site 747 was near sea level at 73 Ma [Schiich ot
al., 18807, If these ciies were near sez lovel at 75 Ma, thea g
simple sxponential decay function from Parsons and Sclater
§1977] predicis & water depth for the present that is within 100
m of the acival present depth. The resulting Miocene
paleodepth estimates range from 1400 1o 1600 m for (e eatly
and naddie Miocene.

The plecistindinal positions kave changed since the early
and middle Miocene, The Indian Ocean siteg Sisplayed the
maost latitndinal movemest. Paicolatituding! reconstructions
for this ocean wers based on & linear interpolation between the
reconstrucizd paleopositions for ancmaly 13 (~36 Ma) and zrw
present [Sclaser et al, I577sl "'"%* Parific pae\mms&ivs*&
deiermined by usisg the Sclater ot al's {I9R5] g;xasf
reconsirnctions for anomalies & (20 Ma} and 5 {~& Ma}.
Paleclatitudinal positions of Atlantic sites were considered (©
e similar to the present {Sclater &t al, 18770L

14
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)

TABLE 2e. Data Used in the Late Middle Miocene Time SHes
Reconsuruction (Zone MiS - 11.3 Ma}

Depth: Paleo- Paleo-
Site {mbsf} latitude depth g §uC Sousce
Atlastic
357 39.52 30°% 1651 1.43 1.61 Woodruff and Savin [1989]
360 265.11 36°8 2004 2.13 0.84 this study
408 202.86 63N 126¢ 1.90 1,18 Keigwin et al. [1986}
525 146,57 29°8 2356 2.28 1.75 Shackieton et &, [1984)
326 105.11 29°8 903 2.29 1.77 Shackleton et al. {1984}
553 208.80 56°M 2220 2.10 1.4 this study
55% 168.24 56°N 1517 1.9¢ 1.40 this study
563 199.34 34°N 3593 2.06 1.48 this stady
808 252.01 43N 3394 2.20 1.38 this study
Pacific
77 182.28 2°8 4048 2.26 1.00 Savin et al. {19817;
Woodruff and Savin {1988]
206 23210 35°8 3132 2.04 1.36 Woodruff and Savin {1989}
28¢ 367.66 3.5°8 2304 2.55 1.0 Savin et al. {1981];
Woodruff and Savin {19891
470 ~110.0 27.5°N 2568 2.67 0.63 Barrera et al. {1985]
574 98.13 s 4273 2.6% 1.09 Woodruff and Savin [1989]
588 246.00 30.5°8 1498 1.73 1.36 Kenneit [1986]
580 388.8 35.5°8 1348 2,17 145 Kennet {1986}
591 366,30 35.5°8 2167 2.08 1.41 Kennett {1986]
Indign
237 132.13 &S 1447 243 0.84 Woodrsff and Savin {1991}
238 261.66 13°8 2617 2390 146 Vincent et al. {1980]
253 57.65 30°8 1699 2.43 1.30 Ohberhinsli [1986]
709 117.65 3°8 2850 2.59 1.08 Woodraff et al. [1990]
714 §7.38 1.5°N 1808 2.16 1.14 Boersma and Mikkeisen [19901
744 45.61 61°8 2187 2.51 1.36 Woodruff and Chambers [1991}
747 359.04 55°8 1590 2.4% 1.43 Wright and Miller [1992a]

Diagenesis

Diagenesis may overprint or erase the isotopic composition
recorded originally by foraminifera. Several studies have
documented that diagenesis may be & problem in deeply buried
sections (>400 m) [Miller and Curry, 1982; Miller et al.,
1987, Barrera et al., 19871, Diagenedc alicration is not
considered 10 have overprinted the isotope records in this study
because most of the sections were aot deeply buried.
Howeves, the lower Miccene section at Site 704 les between
435 and 600 mbsf. Two criteria were used to discriminate
against diagenetically aliered samples: {1} optical evidence for
overgrowths and (2} consistency among isclopic records.
Inidally, the lower Miocene section &t Site 704 was susperted
0 have been altered based on the high burial depths. However,
there was no optical evidence for overgrowths on the benthic
foraminiferal tesis and the §'130 record from this interval was
ncarly identical 1o the less desply buried reconds from Sites 563
and 747,

RESULTS - SNAP SHOTS AND MOTION PICTURES

Benthic foraminiferal 81°C values record he mean ocean
813C value which responded 1o changes in the input/onsput

ratic of inorganic carbon io organic carbon through time
{Miller and Fairbanks, 1985; Vincent and Berger, 1985;
Shackleton, 1987; Delaney and Boyle, 1987]. Superimposed
on the mean ocean $1°C value are basin to basin and vertical
differences in $*3C values which result from thermohatine
circulation patierns. Large changes in the mean ocean 313C
values (1.0-1.5 %) occurred during the Miocene and were often
larger than the circulation induced end-member range (0.5 ©
1.0 %). However, site-to-site 813C differences must reflect
circulation patterns because changes in the mean ocean §13C
value were recorded at all sites.

Despwater circulation reconstructions using §3C monitor
decpwater mixing and/or aging after leaving their source
regions. “Young” deep waters, such as NCW and Tethyan
water masses, may be detected by thelr high 813C values
because they have a large slipface walers component. We found
no evidence for Pacific deepwater production during the
Miocene, which is in agreement with Woodruff and Savin
{19891 but contrary i the findings of Blanc and Duplessy
{1982]. The history of SCW is more problematic because its
813C valuss are legs distinet in comparison i NCW and POW
values.
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Early Miocene Time Sevies

Core coverage and hence dosp-sea stable isotope and fannal
coverage of the eartiest Mincene {(~24 10 21 Ma) is poor; as 2
result, deepwater circudation patierns are not well documented
for this interval. However, there are sufficient data 10 evaluate
the role of the North Atlaniic during the earlicst Mioccene. In
this interval, Southera Gcean 8§13C values {Site 704} were
always as high ag or higher than values in the desp Morth
Atlantic (Site 563} (Figure 9). Equivalent 81°C values in the
North Aslantic and Southem Ocean imply thay SCW filled the
decp North Atlantic, while higher values ia the Sowthem
{ean indicate decpwater aging within the Atlantic. Both:
relationships resulicd from Hde or mo NCW production.
Thess conditions provatled until at least 21 Ma (Figuee §).

The early Miocene global 81°C incresse {the Monterey
Fvent ag discussad by Vincent and Berger {1985]) spanned the
interveld from approximately 1% to 16 Ma. Carbon isotope
valves af Nortk Ausatic Site 563 were consistendy higher
than those at Pacific Site 280 during this 83C increase (Figure
93, The 313C values increased from 0.5 1o 2.3 %e in the Nontk
Atlantic {(Siie 563} and from §.1 fo 1.7 %0 in the Pacific (Sie
289Y; both sites recorded 2 1.6 %o change over the 3 muy.
inierval. Southem Ocesn Site 704 recorded 393C valusg

infermediate between the North Atlantic and Pacific during this
interval (Figure 9). A high 8'3C water mass must have
originated in the North Adantic and/or Indian oceans beiwesn
19 and 16 Ma to produce Southern Ocean §'3C values higher
than those in the Pacific (Figure 9). North Addantic $43C
vatues were higher than those in the Sosthers Ocean,
eatablishing that the sorthern North Adantic was a deepwater
source from 19 10 16 Ma.

The Indian Ocean also remains as a possibie source of high
§3C water for the late earty Miocene [Woodruff and Savin,
19847, Stie 237 provides the best record to evaluate the Indian
Dcean's role.  This site recorded 83C values similar 1o those
in the deep Morth Adeniic and higher than those ip the
Southern Ocean Figure 10). This indicates that the northers
indian Ocean or castern Tethyan region was an additional
source of high §3C water 1 the Scuthern Ocean from 19 1o
16 Ma, confirming the hypothesis of Woodraff and Savin
{19841

Tre §3C evidence indicates thay NCW and Teihiyan cutflow
water were produced between 19 and 16 Ma (Figures 8 and 10).
Production may have bogun sarlier, but the tming is masked
by & regiona! histus recorded at Site 363 fom 21 10 19 Maand
poor sample resolution at Site 237, Erosior in the northern
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North Atlantic from 21 to 19 Ma provides additional evidence
for 2 NCW pulse (Reflector RZ of Miller and Tucholke
{19831 Conswainis can be placed on the dming of NCW
and/or Tethyan production by using 8'°C values recorded in the
Pacific (Site 289) and Southern ocexns {Sie 704). From
approximately 21 to 20 Ma, the Southiern and Pacific cceans
vecosded similar 813C values (Figure ), implying that there
was little 1o no high 313C contribution from the Atlamtic or
Indian oceans. Carbon isotope values in the Southern Ocean
diverged from those in the Pacific at 19.5 Ma (Figure 8},
indicating that NCW production and/or Tethyan outfiow began
at 19.5 Ma.

Early Mivcene Time slices

During the early Miocene, deepwater circulation patieras
changed from a one component sysiem dominated by 3CW 1o
a three-component sysiem with the addidon of NOW and
Tethyan Suxes, Three time slices were selected o verify ihis
nverpresation of the changing deepwater circnlation paiieras.
The firsi cross section reconstruction examined the ocean sl
Dligocene/Mincene boundary (23,7 Ma}. This time slice was
selecisd becauss it reprosents a tme during which tme serieg
indicate that only SCW filled the deep oceans. In addition,

ety

this time stice can be identified by a distinet 8180 maximum
which is used o define the base of Miccene Isotope Zone Mil
{Miller ¢t al., 1981a; Wright and Miller, 1992a]. A second
time slice was selecied to reconstruct the ocean near the
beginning of the global carbon isoiope increase {Monterey
Evens). This ume slice is within the interval when both
MNCW and Tethyan fluxes have been inferred. Oxygen Isotope
Zone Milb (183 Ma) serves as the marker for reconstraction
of this cross section. A ¢hird time slice near the early/middie
Miccene boundery was selected because it is within an interval
interpreted 0 bave a high flux of NMCW. This time shice
occurs at the base of Oxygen Isotope Zone Mi2 (16.2 Ma) and
represenis the carbon-isotope maximum of the Montersy Event
fVincent and Berger, 19851

&

3, 2 <

The Qligocenaidiocens boundary {Zone Mii, 23.7 Mal.
The CGligocengMiccene boundary reconstruction epitomizes an
ceean without g NCW source Figure 113, The Atlantic Ocean
was dominated by & 3CW flux, producing & south ¢ north
83 gradient. The lowest 330 values in this gme slics werg
recorded at Rockall Plareas Site 583 (Figure 11}, This
suggesis that either: (1) climatic conditions were not conducive

w0 deep convestion in the Norwegian-Greenland Sea or the
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TABLE 2. Unpublished 88C and 81%C Daia From Sites 360, TABLE 3. {continued)
553, 555, 563, 608, and TO4B

Sample Depth Age R S
Sample Depth Age JBG 3¢

4.7 85-8% 180.23 7.57 198 118

4-1130-134 180,80 7.66 2.08 1.32

Site 36¢ 4.2 73-78 18178 7.68 2.26 1.31

4.2 140-144 182.4G 774 2.14 1.10
19-2 130134 262.8G 11.37 200 $.80 4.3 50-54 183.00 7.78 2.16 148
19-3 2125 263,21 1138 212 (.85 4.3 136-140 183,86 7.86 218 1.25
184 60-64 265113 11 4% 2,13 .84 4.4 82-86 184.82 7.94 2.8 .28
194 111-115 265.6% 11.52 2.12 .80 4.4 130-134 i83.3G 7.98 2.8 1.28
20-1 146-150 28846 12.30 2.04 0.86 4.5 3(-34 i85.8G 8.62 2,12 138
20-2 85-8¢ 281.35 1234 2.04 1.6¢ 4-590-94 186.40 8.G7 2.0% 1.44
20-3 §5-93 282.8¢ 12.42 2.1 $5.85 4.6 30-34 187.3¢ 8.29 2.07 1.16
204 9357 284.43 12.56 2.23 0,76 4-6 80-84 187.8¢ R.41 2.1% 1.28
20-5 20-24 28520 12.54 1.8% $.66 46 130-134 188.30 8.53 234 1.26
20-5 83-87 285.83 12.58 1.90 8,76 47 2428 188.74 8.63 .22 1.02
245 145-149 286.45 12.61 2.0G (.84 3-1331-35 186.31 8.77 2.00 .93
211 15-1¢ 208.15 13.22 1,92 1.33 §-131-33 189.31 8.77 2.06 0.94
21-192-96 298.92 13.26 1.85 107 5-1 100-164 15000 8.86 2.18 0.99
21-273.77 300.23 1333 197 1.33 521118 150.61 8.95 .1 1.iz
21-3 106-115 302.06 33.43 1.4 173 5-220-24 18120 .42 210 118
214 105-10% 303.55 1351 1.99 1.87 5-2117-121 191.67 8.09 1.99 1.03
21-591.95 304.91 13,58 1.97 1.56 5-3 24-28 192.24 517 2.06 1.08
2167377 306,23 13.65 1.6 132 5-3 100-104 193,06 8.2% 2.22 8.94
22.2 100-104 319.50 17.00 1.0% 1.3C 5-414-18 193,64 9.36 1.8¢ 107
22-3 134-138 321.34 17.57 115 1.52 54 B(-84 194.30 S4d 2.05 4.96
22-3 142-146 32142 17.08 125 167 5-519-23 195.1¢ 256 1.9¢6 1.4
22-5 83-87 323.83 17.47 1.44 1.40 5-583-85 195.81 §.65 2.13 0.98
22-6 58-62 325.08 1722 1.51 1.57 5-6 70-74 197.20 9.84 2.03 Q.99
23-1 86-9C 336.86 1769 1.62 1.28 5-6 80-84 197.3¢ $.85 2.2% (.38
23-2 86-90 338.36 1778 1.50 1.1t &1 56-60 199.06 10.08 2328 1.04
2338791 339.87 17.81 1.57 112 6-1 3133.137 199.83 10.14 1.96 1.16
23.4 92-98 34142 1787 1.56 090 6-2 14-18 260.14 1018 2.08 .18
23-4 141-145 34191 17.8¢ 146 0.73 -2 7674 200.7¢ i0.24 2.13 1.15
24-1 105-109 356.03 2162 1.72 (.94 6-2 82-86 200.82 10.26 1.91 106
24-1 140G-144 356.40 21.66 142 .81 63 17-21 201.67 1038 1.91 1.02
24-2 33-35 356.81 2376 1.32 1.01 §-3 82-86 20232 1043 208 0.99
25-1 3185 37491 23.64 1.66 8.91 6-4 8-12 203.08 10.54 2.01 112
25-2 70-74 376.20 23.78 1.76 1,08 6-5 23-27 204,73 10.71 1.94 1.00
26-2 85-89 39425 2421 1.68 118 6-570-74 20520 1076 2.03 0.96
27-1 96-106 41296 2465 1.30 0.91 6-5 133137 20583 10.84 202 113
2727519 41425 2468 127 050 662327 206235 1088 2.0 1.01
27-3 87-61 415.87 2471 1.2¢ 1.03 3.1 14-18 20814 11,10 2.07 1.18
27-4 88-92 417.38 2475 117 0.85 F-1 80-84 208.80 11.18 2.10 .04
28-1 103-107 432.03 2510 1,68 0.85 7.3 126-130 20836 11.27 1.88 112

7-225-2% 20975 1136 192 i3

Site 553 7-2 80-84 231036 1147 2.04

F-2 100-104 23050 11353 1.86
3-1 50-5¢ 151,50 538 2.1% 8.77 7.3 2428 211.24 1165 1.9G
3.1 142-146 152.42 347 2.26 (.84 7-3 80-84 231.8G 11,78 206
3.2 50-54 183.00 545 2.26 8.74 73 125-138 232,25 11.8% 191
33 56-54 134,50 5.52 2.18 §.76 T4 ER.28 212.78 1154 183
3-3 118322 15588 3.54 2.34 . 7-4 80-84 23336 12,63 180
3-4 1318122 136.68 550 2.27 0.78 7-4 80-84 233.56 1265 156
34 140-144 156.90 5862 228 3,83 74 128-132 231378 1214 1.72 101
3.§ 53-56 157.52 5.67 2,12 0.60 7-5 130-134 214.3C 12.24 1.82 .84
3.5 13G-114 158.16G 572 2.28 8.57 7-5 130-1534 21530 1244 187 092
35 52-56 158.02 580 222 563 762828 21858 12.52 1.88 317
3-6 118122 15868 583 2.31 G685 7-6 §3-84 21838 12.63 1.8% 1.18
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TABLE 3. (continued) TABLE 3. (conunued)
Sampie Depit Aoe 813G &3¢ Sampie Depth Age SBG 1
-1 16-20 21766 12.82 1.6% 1.21 19-3 i8 208.18 1243 1.99 121
8-1 80-84 21830 1291 2.0 1i3 0 20-1 101 215.53 12.73 1.91 1.01
8-1 135-13¢ 2i1885 1289 1.65 Lig 202114 21714 1279 2.00 0.98
&2 38-42 21838 13.06 147 125 211130 22530 132 1.92 697
8-324-28 22003 1332 1.5G 158 212110 22660  13.18 1.92 100
8-324-28 22074 1359 1.69 143 22-1 107 23457 13.50 145 1.10
8-3 40-53 22099 1389 1.96 130 22220 23526 1352 1.18 .15
8-3.77-81 22177 14.00 1.48 098 23 24301 13.87 2.11 0.47
-1 57-61 22757 2265 1.26 077 2% 243,01 13.87 2.11 0.69
-1 118-122 22818 2275 1.13 088 24170 25320 1425 1.42 092
9.7 26-30 228596 2287 1.19 076 24-2120 25526 1433 0.93 0.64
9.2 95 22945 2307 1.24 865  24-3120 25670 14.39 1.26 1.21
0.3 25-2¢ 236,25 23,21 1.13 0.66 24-4 110 258.1G 14.46 1.1% §.81
9.3 80-84 23080 2347 0.96 060 24-55§ 25605 1741 1.04 0.82
9.3 141-145 23147 2364 1.7 063 23c 243.01 17.62 2.11 047
9-4 16-20 23166  23.72 1.13 0.60 23cc 243.01 17.62 2.11 0.69
G4 70-74 23220 23.87 1.16 0.77 25-3 %1 26591 17.90 1.32 0.83
9.5 61-65 233.61 2428 1.37 0.63 25-4 118 267.68 1303 .88 0.92
9.5 105-108 234.05 2441 0.95 0.61 25-5 125 269.25 18.15 0.75 0.89
6.6 40-44 23490 3466 0.19 617 256105 27¢.55 1824 0.69 0.89
26-1 76 27226 1837 1.07 093
Site 553 26-176 27226 1837 1.15 0.88
26-2 70 27390 1847 0.0 083
5.5 100 41.00 567 1.86 0.5 26-2 70 273.70 1847 0.93 1.03
&-5 100 3200 6.11 2.33 0.80 26-3 102 275.52 18.60 0.83 .58
7.5 14 56.34 6.40 234 6.7 26-4 55 276.55 18.68 0.88 .23
2.1 108 63.58 6.58 2.19 1.06 26-5 100 278.5G 18.82 0.83 0.68
83 108 66.58 6.70 2.32 093 26-6 132 28(0.32 18.95 0.68 (.88
8-3 108 69.58 6.82 1.9¢ 1.15
8-5 108 69.58 6.82 218 1.01 Site 563
&5 108 69.58 6.82 2.1 0.87
9-155 91.55 7.71 2.11 123 4-340-44 189.90 1055 1.80. 0.91
9.2 103 93.53 7.79 2.30 1.14 5-130-34 19486  10.90 1.84 111
10-1 110 101.60 812 2.26 1.28 5-1 115-119 19568 1096 193 1.15
10-3 100 104.50 8.24 2.0% 1.14 5-1 135-138 195.85 1097 1.87 121
10-390 107.40 8.35 2.12 1.15 5-2 50-54 196,30 11.02 1.89 1.16
13-1 100 130.00 5.27 2497 111 5-3 4545 197.65 1112 2.00 1.36
11-3 306 133.06 9.39 2.08 129 5-3 115-118 198.65 1117 2.02 142
12-1 143 13993 9.67 176 890 5.3135-13¢ 198.85  1Li9 2.02 1.37
12-2 109 141.09 9.72 1.94 1.06 5-4 34-38 19934 1122 2.06 1.48
13119 14819 1000 2.0 106 54 110-134 200,30 1127 1.64 1.21
14-131 157.81 10.39 1.96 3.91 54 134-138 200.34 11.29 1.84 1.57
15-1 124 16824 1082 1.99 140 5.550-54 20100 1134 1.92 3.16
16-3 124 180.9¢ 1133 1.96 085 56130-34 2023¢ 1143 1.89 1.49
16-4 110 18230 11.38 1.94 886 5.6310-134 20316 1149 1.82 1.04
16-5 110 183.60 1144 1.83 0.88 5-6 138-142 203.38 i1.51 1.69 0.82
16-5 80 18480 1149 191 ¢.8¢ 5-7 36-34 203.8¢ 1154 1.59 1.03
16721 185.71 11.52 2.1 1.02 61 30-34 204.3¢ 11.57 171 052
17-1 136 187.3¢ 11.59 2.08 (.81 6-1 103-10¢ 203,08 11.61 1.76 0.89
317-1136 187.30 311.58 .00 G.82 -7 8054 20643 11,66 1.74 (.46
17-2 120 188.70 1164 1.97 0.54 6-3 34-38 20734 1173 1.6% 691
173110 190,310 1198 182 0,78 6-3 1103114 20836 1177 1.66 075
17413 19063 1172 2.06 0.53 -4 3G-34 20880 141 1.82 077
18-1133 19685 11.97 192 1.02 64 110-114 20960 11.86 1.91 095
18-2 83 19783 1201 1.88 0.56 67 17-21 21037 1189 179 1.00
19-1 118 206.18 1235 2.02 1.00 65 46-50 21046 1190 1.84 0.50
192114 20764 1241 1.98 1.18 §-6 30-34 211.80 1197 1.74 0.80
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TABLE 3. {conunued) TABRLE 3. {continued)

Sample Depih Age e Sample Depth Age e §i3¢C

Site 14-72 45-50 281.9¢ 2178 1.67 0.95
7.1 35-39 21383 12.09 703 14-3 141-145 284 41 2159 1.34 0.7¢
7.3 118-122 316,18 12.21 2.00 14-5 30-34 287.30 22.23 1.38 0.68
7-3 35-3¢ 716.85 12.25 204 i4-6 138-142 288.88 2237 1.69 1.0
7.3 110-114 217.60 1926 203 15-1 50-54 290.00 2246 1.18 0.92
7.4 30-34 21830 12.33 1.88 15-1 124-128 290.74 2252 1.33 1.3¢
T4 110-114 231010 12.37 231 15-245-4¢ 291.45 2258 1.20 1.09
7-530-34 2310.80 1241 2.03 15-351-35 283.01 22.78 1.46 1.10
76 306-34 221.3¢ 1248 1.80 15-3 126-124 293.7¢ 2287 1.60 1.3%
7-6 110-114 222.10 12.54 2.06 15-4 44-48 204,44 2286 1.45 142
7-7 30-34 222.8¢ 12.57 2.11 15-5331-35 265.81 23.11 1.51 1.36
§-1 34-38 223.34 12.60 1.98 156 23-27 297.23 23.2¢6 1.54 111
8-1126-124 22420 12.65 1.96 15-7 20-24 298.70 2342 1.38 071
§-2 40-44 224.90 12.68 1.97 16-130-34 299.3¢ 23.4¢% 1.39 0.81
8-340-44 226.40 12.77 1.5¢ 16-2 3741 300.87 23.66 1.66 1.32
8-3 120-124 227.20 12.81 1.48 16-3 35-39 302.35 23.84 2.03 1.32
8-4 30-34 227.8¢ 12.86 1.3¢ 164 38-42 302.88 2422 1.63 1.23
8-4 120-124 228.7C 12.94 1.5¢
8-525-29 22825 12.99 148 Site 608
8-6 28-32 230.78 13.13 1.81
8-6 114-118 231.64 13,21 1.5% 27-2 87-91 245.27% 1461 2.20 0.85
§-7 20-24 232.20 13.26 1.52 2774 86-90 248.26 1077 2.08 1.03
6.1 100-104 233.50 13.38 1.63 27-711-18 252.01 13.96 2.20 1.35
9.3 310-14 235.60 13.58 1.63 28-1 80.94 23240 11.03 2.19 (.83
9.4 25-29 23725  14.83 1.14 28-1 90-94 25340 11.03 2.22 0.81
9.5 3337 238.83 1499 1.3 28-2 17-21 254.17 11.07 2.16 1.1
9.6 33-37 246.33 15.15 1,17 28-323-27 255.73 11.15 2.23 0.69
9.7 33.37 241.83 15.30 1.03 28-5 17-21 258.67 11.29 2.13 0.61
10-1 3337 242.33 15.35 1.02 29-1127-131 26337 11.53 1.91 1.08
10-2 18-22 243.68 1548 1,01 28-3 64-68 265.74 11.67 207 .96
103-3 23-27 245,23 i5.64 1.04 26-5 30-54 268.60 11.84 1.95 1.05
10-4 23-27 246.73 15.7¢ 1.2¢ 30-1 128-132 27298 1208 2.06 1.13
10-3 16-20 248.16 15.94 1,28 30-3 15-18 274 85 12.20 2.00 112
106 13-17 24963 16.08 1.2% 30-522-26 27792 12.38 2.05 0.9%
10-7 17-21 251.27 1627 i.24 3i-1 85-8% 28215 12.63 2.22 0.96
11-1 17-21 251.67 16.3% 1.24 312 78-7¢ 283.55 1271 2.17 113
112 32-36 283,37 16.61 134 2314 21-25 286.01 12.88 1.75 1.17
11-3 1823 754 6% 16.84 0.72 31-6 52-56 280.32 13.06 1.48 1.23
114 25-29 255.25 16.93 0.81 1.32 32-1 80-84 261.90 13.31 1.7¢ 1.32
11-39-13 257.5¢ 17.25 1.27 118 32-5 8G-84 29770 1353 1.74 1.74
172-1 35-36¢ 96135 17.68 1.16 1.16 33.247-531 302.47 i3.88 1.43 1.38
12-1 113-117 262.13 17.76 113 1.18 33-328-33 303.7¢ 1397 1.18 142
12-2 23-27 262.73 17.80 6.55 1.26 33ce 304.30 1401 1.1% 1.67
12-33643 264.39 1795 1.52 101 34-2 105-113 313.60 14.66 0.98 168
124 12-4 4448 265.94 18.0% 1.31 1.05 34-4 105-109 315.65 14 .80 1.07 Li2
12-4 116-120 266,866 18,16 1.1 886 34-56110-114 131870 1501 0.86 1.23
12-5 3843 267,38 18.28 3 .45 1,18 35.1 116-114 320,80 15.16 1.18 1.09
12-6 30-34 26880 1846 146 0.9% 35-3 115-119 32385 1540 1.28 1.63
12-7 16-14 270,10 1860 1.27 ¢.85 33-597-101 32667 18.67 1.27 1.48
13-1121-128 271,71 1871 1.21 3.67 36-1 90-94 33820 1600 142 1.84
132 48-52 27248 1877 129 0.5% 36-2 60-64 33140 1602 1.46 1.99
13-3 79-53 273.89 18.87 1.29 .48 363 92-96 33322 16,30 105 1.92
134 23-23 275.21 18.9% 1.48 0.6% 364 33-37 334.13 16.40 1.20 142
13-4 100-104 236,00 2077 1.22 1.07 36-3 100-104 338,30 1664 (.93 1.57
135 4248 276.9Z2 2094 1.37 .83 36-6 34-38 337.14 16,73 0.84 142
14-1 §3-57 286.53 2161 1.67 1.06 37-3 113-115 343,01 17.05 0.81 1.23
14.1 126-131 281.26 2170 i.68 .89 37-1 §13-155 340,01 1705 (1.65 1.3
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TARLE 3. (continued) TABLE 3. (continued)
Sample Depth Age 818G 8§13C Sample Depth Age 8180 813C
37-2 89-93 34129 179 0.96 1.13 51-1130-134 46400 1771 1.42 1.02
37-3 100-104 34290  17.37 1.16 140 52-250-54 47420 1803 1.63 0.57
37-3 100-104 34290  17.37 0.92 117 52-450-54 47720 1815 1.23 0.58
37-4 70-74 344.10 1751 1.22 1.13 53-120-24 48190  18.36 1.38 0.79
375 110-114 346.00 1771 1.49 102 53-320-24 48490 1850 1.53 0.70
37-5110-114 346.00  17.71 1.31 1.04 54-1 140-144 492.60 1885 1.39 0.29
37-6 78-82 347.18  17.84 1.40 1.09 54-2 140-144 49410 1892 1.50 0.40
38-1 66-70 349.16  18.05 1.59 0.85 54-3 140-144 49560  18.99 1.12 0.21
38-1 66-70 340,16 18.05 1.52 0.96 54-5110-114 498.30 19.11 1.16 0.48
38-2 33-37 350.32 18.17 1.26 0.88 54-6 140-144 500.16 19.20 1.46 0.44
38-3 69-73 352.19 18.37 1.17 0.8% Sce 500.35 19.21 1.45 0.50
38-3 69-73 152.19 18.37 1.04 0.84 55-1 90-94 501.60 16.2¢6 1.21 0.87
384 60-64 353.60  18.52 1.25 0.87 55-190-94 501.60 19.26 1.25 0.96
38-573-77 35523 18.68 1.28 0.76 55-2 90-94 503.10 1933 1.53 1.07
39-170-74 358.80  19.00 1.43 0.87 55-290-94 503.10  19.33 1.54 1.15
39-317-21 361.27  19.22 1.17 0.54  55-390-94 504.60 1940 141 0.85
39-3 17-21 36127  19.22 1.03 045 5549094 506.10 1947 1.34 0.60
39¢c 364.27 19.48 1.24 0.86 55-5 90-94 507.60 19.54 1.61 0.66
40-2 85-89 370.05  19.99 1.25 041 3569094 509.10 1961 1.50 0.54
404 117-121 37337 2027 1.24 082 %€ 509.85  19.64 147 039
40ce 376.01 20.50 1.51 0.87 56-1 100-104 511.20 19.78 1.2¢ 0.72
41-292-96 379.82  21.78 1.53 087  56-2100-104 51276 19.93 1.28 0.46
414 107-112 382.87  22.00 1.30 058  56-3100-104 51420 20.09 147 053
41-6 86-90 385.26  22.18 1.14 052  56-4100-104 51570 2024 130 056
42-1 100-104 387.90 2237 1.06 099 5713741 52007 2039 156 092
42-3100-105 390.90  22.58 1.19 071 7€ 528.85  20.70 160 075
42-5 86-90 393.76 23 69 1.34 0.74 58-1 106-110 530.26 20.75 1.6% 0.61
43-1115-119 397.65  22.85 1.41 142 8-2106-110 531.76 2081 1.42 0.64
43.3 110-114 400.60 2297 1.13 1.12 58-2 106-110 331.76 20.81 1.46 0.76
43-3 110-114 400.60 2297 1.10 0.96 58-3106-110 533.26 20.86 1.72 0.82
43.5 10-14 402.60 2305 1.49 0.99 58-4 106-110 534.76 20.95 1.53 0.60
442 10-14 40770 2395 1.50 1.44 58-5 106-110 536.26 21.03 2.08 0.64
44-47-11 410.67 2347 1.46 1.17 58-6 106-110 537.76 21.12 1.59 0.76
4dec 41136 23.53 1.70 1.40 58c 539.05 2119 141 0.66
4dce 411.36 23.53 1.56 1.36 59-1 136-140 540.06 2125 1.38 0.85
45-1 38-42 416.08 2391 1.20 1.23 59-2 136-140 541.56 21.34 1.53 0.97
45-4 38-42 420.58 2428 1.07 0.83 59-3 136-140 543.06 2142 1.36 0.67
45-5 38-42 422.08 24 40 0.96 0.82 59-4 136-140 544.56 21.51 1.47 0.80
45-638-42 423.58  24.52 1.06 0.71 60-1 36-40 548.56  21L.74 1.4 0.97
46-138-42 425.68 24.70 0.97 0.73 60-6 36-40 556.06 2217 1.65 0.75
46-2 38-42 427.18 2482 1.09 0.80 61-190-94 55860 2235 1.30 0.66
46-324-28 42868  24.94 1.11 060  61-290-94 560.10 2246 1.40 0.67
464 21-25 43001 2505 1.51 0.78 62-1 100-104 568.20 2297 1.58 122
62-1 100-104 56820  23.05 1.31 1.17
Site 704 62-2 100-104 569.70  23.16 1.59 1.53
62-4 100-104 57270 23.37 1.48 1.31
47-3 44-48 43564  16.35 1.18 1.57  62-5100-104 57420 2348 1.42 0.90
47-5 44-48 43864 1672 6.93 126 62c 575.85  23.59 1.54 1.19
47-6 44-48 440.14  16.79 1.27 1.31 63-147-51 57717  23.68 1.44 1.36
47cc 44150  16.85 0.99 128  63-247-51 578.67  23.78 2.32 1.86
48-1 59-63 44229 1688 1.18 1.16  63-347-51 580.17  23.88 1.95 1.75
48-2 59-63 443.79 16.95 1.12 1.20 634 47-51 581.67 2401 1.82 1.29
48-3 59-63 445.2% 17.01 1.38 1.37 £3-547-51 584.17 24.23 1.46 1.15
48cc 446.20 17.05 1.41 1.51 63-6 15-1% 584.35 24.24 1.57 1.05
49-2 30-34 45300  17.36 1.09 125  64-150-54 58670 2445 135 0.85
494 30-34 45600 1746 1.09 1.19  64-250-54 58820  24.58 1.48 1.12
50-119-23 460.89 1761 1.18 0.74 64-3 50-54 589.70  24.71 1.68 1.07
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TABLE 3. {continued)

Samgle Depth Age E18G §13C
Sdce 30015 2478 .15 0.87
65-175-79 59645 2530 136 102
65-2 75-7% $87.95 25473 1.24 $5.98
&5-372-77 599.43 25.56 132 0.75

northern North Atiantic; or (2) the Greenland-Scotland Ridge
was an effective barrier to dense water overflowing into the
North Atlantic [Vogt, 1972; Schaitker, 1980; Blanc et al,
1980}, In either case, the North Atlantic was relegated t0 &
passive vole in the earliest Miocene. This situation is
sirikingly different from the modem ocsan but analogous to
the early Paleogene oceans when the highest 8'3C values were
recorded in the Southern CGcean [Miller et al., 1987], The
Pacific and Indian reconstructions have too few daia 0
interpres, and the role of WSDW from the Tethys cannot be
evainaied.

373

The early Miocene (Zone Milb, 18.3 Ma). The high 83C
signature of NCW was evident at 8.3 Ma (Figure 12), in
comntrast to the earliest Miocene (23.6 Ma). In addition to the
North Ailantic, high 8'3C values were recorded in the southern
hemisphere intermediate waters, while the lowest 8'3C values
were recorded in the North Pacific (Figure 12). The deepwater
813C patterns indicate that the Norih Atlantic was a source for
deep water and the North Pacific was the "end-of-the-line" for
deepwater chrculation,

An intermediate water mass with 2 high 83C signal was
prominent in the southern hemisphere of the Indian and Pacific
oceans {Figure 12). Coverage of the South Atlaniic is
insufficient 1o record this 813C signal. {However, intervals
with better coverage show g high §'3C signal in the South
Atlantic as well) Two possible sources for a high 813C
intermediate water mass follow:

1. Woodruff and Savin [1989] proposed that the high 8}3C
values at intermediate 1o upper deep water depths originated in
the northern Indian QOcean with the production of a warm,
saline water mass, This water mass may have flowed into the
Southern Gcean, where it was redistributed into the Pacific and
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Fig. 8. Early Miocene 8313C vime series records from Sites 563 (North Atlantic, sofid circles), 289 (intermediate Pacific, plises), and
704 {Southern Ocean, boxes). Note the periodic separation between all three 81°C records from ~20 to 16 Ma, when the North
Atlantic recorded the highest vatues and the Pacific recorded the lowest values. Intervals during which Southern Ocean S8¥3C valpes
were higher than those in the Pacific must represent the contribution of another water mass with 2 high 813C signal 10 elevaie the
Southern Ocean over the Pacific valve. From 20 to 16 Ma, high North Atentic 89°C values identify the North Atantic as at least

One Source.
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Fig. 10. Early Miocens 83C time series records from Sites 563 (North Atlantic, sofid circles), 237 (intermediate equatorial Indian,
pluses; data from Woodraff and Savin {1991}, and 704 {Scuthern Ocean, boxes). Note the similarity beiween the North Atantic and

Indiar Ocean records from ~20 to 16 Ma. As in Figare 9, high §3¢C vaiues in the Indian Ocean indicate that it was near 2 source of

fiigh 83C water 10 the Southern Ocean,
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Fig. 11, Barliest Miocene (Zone Mil - 23.7 Ma) time slice reconstroction showing a south 1o sorth 83C gradient in the Atlantic
Ocean. The South Atlantic recorded the highest 813C values with a Jow 8'3C water mass in the intermediate North Atlentic. This
patiern can only represent & single source deepwater circulation system. The low 813C values recorded on the Rockall Plateau (Site
553) indicate the lack of NCW production. Daia for this reconstruction are in Table 2a

Atlantic oceans. The high 8'3C valve recorded at indian Ocean
Site 237 is consistent with productior of a Tethyan water
mass (Figure 12}. In suppori of this argument, the eastern
Tethys produced evaporitive sequences diring the late early and
middie Miocens, which may be indicative of reswricied or
semirestricted basing [Richardson and Arthur, 1988].
{However, the most exiensive cvaporile sequences were
deposiied in the middle and late Miocene [Richardson and
Arthur, 19881, after the lowest $'3C values were recorded.)
Warm, salty water masses may have formed in these hasins
and flowed into the Indian Ocean o form WSDW [Woodraff
and Savin, 19891, However, it is more difficult to account for
the high values in the intermediate South Atlantic and South
Pacific oceans with this mechanism. Nevertheless, we concur
with Woodenff and Savin [198%] that the production of 2
Tethyan water mass may have besn tied to the destruction of
the Tethys. Therefore the 5 to 10 m.y. pericd immediately
preceding 1S Ma may have been the most conducive for
WSDW production in this region, given this rough estimate
for the ermination of the castern Tethys.

2. ‘The Southern Ocean is a ogical source for the high
&1C values observed at intermediate depths because they are
recorded in the Atlantic and Pacific oceans as well as in the
Indian Ocean. This water mass would be analogous to AAIW,
but with 2 more distinct 813C signature. We term this
intermediate water mass as Southern Component Intermediate
Water (SCIW), which may have originated in the Southern
Gcean.

It is not unexpecied for upper CPW to have 2 high 813C
signature. Charles and Fairbanks {19901 demonstrated that afr-
sea interactions enrich the 83C value of Antarctic Intermediate
Water {(AATW) source waters by approximately 1%o over the
expected valus, The high nuirient levels and the
remineralization of organic matter associated with the high
productvity in inday's Sonthern Ocean obscured detection of
the signal in the modern ocean until recently [Charles and
Fairbanks, 19921, This effect may have been accentusted at
times when mean ocean nutricnt levels were low, such as
during the early and middie Miocene [Delaney, 1990] or when
the residence time of water at the surface was lengthensd. In
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Fig. 12. Early Miocene (Zone Milh - 18.3 Ma) time stice reconstruction showing & moderate nornth to south 8°°C gradicnt in the
Atlantic Ocean which is i conirast io the earliest Miocene gradient (Figure 11). The North Atlantic and intermediate Indian Ocean
recorded the highest 81°C vaines with the Jowest $'3C water mass in the intermediate North Pacific. This patiern represents a three-
component ocean where SCW production was supplemented by the production of twoe water masses with a "young” o high 813¢C
signal. There is evidence In this figure that 2 high 8'3C water mass originated in the Southers Ocean and spread o the north at

intermediate dopths. Data for this reconswraction ars in Table 25,

support of low mean oceanic nutient levels, Delaney {1990]
used Cd/Ca ratios from Sie 289 and South Asantic Site 523
so conciude that the Cd tnventory, and hence the phosphorous
inveniory was approximately 80% of the modern fevel during
the early and middle Miocene, Wright et al. [1991] speculated
that middie and early late Miocene nutrient levels were only
one half o two thicds of the modern level based on fower
surface 1o desp 8130 differsnces. Thersfore the §13C
anrichment of AAIW through air-ses exchange may have fean
bester exprossed In the early end middie Mioccene than in the
modern oceans, because of lower mean ooean puirient kevels
(Figure 12}

The intermediaw water signal in the Indian Goean s sl
problematic.  As documented in the South Adantic and
Pacific, the &§9C signature of SCIW is very pronounced and
may acconnt for the high mtermediate Indian Ocean valugs.
However, the penctration of this signal to the eguasorial
regions in the Indian Ocean may requirs 8 compensating fow
to the somb ab grester depths, This siuation wopld be
analogous 1o the modern South Adantic where AATW is drawn

o the north across the eguatorial regions as part of the water
returndng ¥ the North Adantic 10 replace NADW [Gordon and
Piola, 1583; Broecker et al,, 1988]. Alternatively, the high
813¢C values in the eguatorial Indian Ocean in the early
Miccene may represent the Tethyan water signal, which is
indistinguishable from SCIW. In either case, the high 1°C
valugs &t Site 237 may reflect the production of & desp to
intenmediate water mass in the novthesn Indian Goean, whether
as & direcs measure of Tethyan watey or as a conseguence of
Teshyan owfiow,

The earlyimiddle Miocene boundary {Lone MiZ - 16.2 Mg},
Northern Component Water continged © be an imporiant
gecpwater somrce Bwough the end of the earliest middie
Miooems €16.2 Ma). I we focus on the desp vcean, & clear
paviesn emerges. The bighost 3¢ values wers in the North
Avlanic, the lowest valuss were in the North Pacific, and
intermediate values in the Southers Opean (Figure 13). This
paltern is simdlar (o the present sxcept that the absolute vaives
Giffered. This differance is accounted fos by differences in the
mean oosan 313C value, Intermediate water from the sonther
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Fig. 13. Early/middle Miocene (Zone Mi2 - 16.2 Ma) boundary time slice reconstruction shows a north to south §!°C gradient in the
Atlantic Ocean. The North Atlantic recorded the highest 813C values, with the lowest 81*C water mass in the intermediate North
Pacific. A high 8°C water mass apparently originated in the Southern Qcean and spread to the norih at intermediate depihs. High
SI3C values at Site 237 in the Indian Ocean are atiributed to WSDW. Data for this reconstruction are in Table 2¢.

hemisphere recorded high 8'C values, indicating either the
production of Tethyan water or SCIW with 2 high 8'3C value.
As mentioned above, this signal was most prominent in the
South Atlantic (Figure 13}.

Middie Miocene Time Series

There are no deep Southern Ucean isoiope records with
adequate resoiution for the middle Miocene time sexies
seconstructions, limiting our interpretation of deepwater
history for this interval. We can use the basin-basin §1°C
differences between the deep Norih Atlantic and Pacific for the
middle Miocene time serigs. Miller and Fairbanks [1985]
demonsirated that Atlantic-Pacific 83C differences provide a
first-order proxy for NCW fiscmations. Carbon-isotope values
in the North Adantic and Pacific converged in the early middie
Miocene (15.5 Ma) (Figure 14}, This convergence signaled
the shutdown of NCW production. As in the earliest Miocens,
only SCW filled the Adlantic basing during the early middle
Miccene, resulting in similer Atantic and Pacific 833C values

Rasin-bagin 813 differences developed betwesn 13 and 12 Ma,

indicating that NCW production resumed (Figure 145, The
magnitade of this difference reached only 0.5 %o, one half of
the modern difference. Lower Atlantic-Pacific §3C differences
in the middie Miocene may partially reflect lower oceanic
nutrient levels [Delaney, 1990; Wright et al., 1991} rather
than lower fluxes of NCW. However, without a high-
resolution Southern Ocean record, it is difficult to distnguish
berween lower NCW production or lower mean nutrient levels
as the cause of these low interbasingl differences in &13C
values.

Middie Mivcene Time Slives

The eariy middle Miocene {(Zone Mi3 - 136
sectional view of the carly middie Mitteng s
uniform $13C values in the Adantic Ocean (Figare 1
small south (o north gradient may have been present, but the
difference between the Southern Ocean and the northern North
Atlantic was only 0.2 % {Figure 15). This scuth o norih
gradient reflecis 2 weak or absent NOW flux. The oross-
sectional view of the Pacific Ocean shows z larger south o
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Fig. 14, Basin-bavin §3C differences betwaen the deep Noxth Atlantic and the Pacific. Thess differences are used (0 estimaie limes

north 83 gradieat (0.7%¢) than was recorded in the Atantic.
Deepwater aging s is the dominant process in the Pacific
boossse s Jarger size and longer residence Ume of deep wales,
fndian Ocean 813C data show little Iatitudingl variation (Figure
15). The B data indicats that the SCW was the only source
of deep water ventilating the oceans during the sarly middle
Miocene,

The latest middle Miccene (Zone ME - 113 Maj, The
Lross sectional view of the ocean in the Iatest middie Miocens
£11.3 Mg} shows a different mode of deepwater circnlation, as
predicted by the Atlantic-Pacific $3C differences (Figure 16).
As in the lalest early Miocene, two high 813C water masses
sese produced in the late middle Miocere, NCW and SCIW,
The deepwater 8130 gradient within the Adantic Ocean wag
From sorth to south Figure 16), reversed fram the south o
north gradient earhier in the middie Miocene (Figure 15) The
fowest &1°C values in the deep ocean were fgwd in the
northern Indian and Pacific oceans {Pigzzr" 16}, The 8”(:‘
valges in the intermediaie northern Indian Ocean were s
{Figare §18). This indivates shat zhere way ad WSDW sourve
in the Tetfiys &t thie tme, aad that STIW was the source of
high 81°C in e ntermediate waters, SCIW displayed high
813C values, presumably in responsg ¢ air-sea exchangs
prouesses [Charles and Falbanks, 19908

Note that the largest hasin-basin diffesences pocarred berwees 19 and 16 Ma and later than 12.5 Ma.

(74-20 Ma) and the early middle Miocene (15-12.5 Ma)
(Figares 9, 11, and 15), A second mode occurred when SCW
was supplomented by warmer, saltier water masses, NCW and
Tethyan wates during the lais early biocene (20-16 Ma), and
NCW during the Iste middie Miccear {32.3-10 Ma) (Figures %,
14, 12, 13, and 16} .

Sedimercation Fatterns ix ihe Savly and Middie Miocene
Large-scale changes in deepwaler circulation {ie., the
middie Miocene shuidown of MCW) shonld effect changes in
sedimentation paiterns.  Several studies have documented the
develppment of drift deposits in the North Adantic during the
early Mincene {see Showe and Poore {1979], Miller and
Tuchotke {1983] snd DSDP Log 04 for summaries). Large-
scale drift depagidon followed the crosion of Reflector R2,
indicating an erosional puiss of deepwater followed by Current
consrolled deposition {Miller and Tucholke, 19831 The
distribution of bicgenic components (carbomnaic versus
siticecus} can be affecied as well by changing deepwater
cireniztion patierng {Berger, 1970 Theee factors contral the
dismibution of siiceons and carbonste sediments in e open
cczan: (1) swface water productivity; (2} deepwater
preservation; and (3) terrigencus dilution. In the absence of
(EITIGERUGE éiﬁaiia , Bergar {19701 proposed thal basin-basin
&2 S ffbmaas &E‘u smcaoﬁs s‘*ézmsms can

2 %m h§" a gagamm wpe czméﬁaum w\surface inflow wa&:
outflow a8 e{;ih ie., r,bc me&em Aﬂanﬁs}. in an estuarine

S0 s@d;mf;awio mss be favorsd, Thisisan
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are in Table 24,

pversimplification of the sysiem; however, we might expoct ©
see some reiationship between the genesal sedimentation
patterns within the Atlantic and Pacific basins ang the Mioceng
deepwater chrenlation patterns outlined above.

Keller and Barron {19837 atiempied io relate biogesic
sedimentation to deepwater circuiation pauierns.  They
porrayed the sedimentation patterns as a "silica switch” from
the Atlantic 1o the Pacific around 15 Ma. This idea of a "silica
switch” has propagated throngh the literature as evidence for
NCW inigation in middic Miccene {e.g., Woodnff and Savis,
1089; Barvon and Bauldauf, 1990; Maler-Relmer &t al., 19501,
This genesal piciure supports many of ihe deepwater

circulation scenarios concerning the middie and late Miocsne,
in =B scenarios, including Schaitker's [1980%, Miller and
Feirbanks’ {19851, Woodraff and Savin's {18891, and this
siudy’s, one wonld expect basin-to-baszin fractionation in
carbonate and sitica deposition 1 develop batween the Adaniic
snd Pacific opeans during the late middle aud late Micoene
according 1o Serger's {19707 model.

A potential problem with the "silica swiich” Ues in the a0t
that Keller and Barron {19831 did 50t separate the biosilicenns
components thay are susceptible to dissolution {distoms and

silicofiagellates) from those that are resistant o dissoiution
(radiolarians and sponge spicules). Distoms make up the bulk
of siliceous productivity {85 10 98%), but are often not well
prescrved in the sedirments. The presence of diatoms ontside of
upwelling regions is indicative of betier silica preservation.
The abundance of radivlarians and sponge spicules may or may
not be diagnostic of presgrvation. These species are very
resistant 16 dissolution and thercfore are not necessarily
indicative of sifica preservation [Herd and Theyer, 1875,
1977%

A reexamination of the original cores vsed by Kelier and
Barron {19837 shows that the early Miccene North Atlantic
was not & siliceous bagin (Figure 7). Previous inferences that
biosificecns accumuiation in the Morih Adantic was much
Gigher during the sarly Miccens than Suring he misddie and late
Miccese are unsubstantated. The Adantic siies used in the
origing! Xeller and Barron [1983] study are bust characierized as
calcareous nannofossit and foraminiferal ocozes with some
intervals of clay accumulation (Figure 17} The biositiceous
component in mogt of thess sites way minimal with gpongs
spicules and radiolaris as the primarntly consiituenis,

Daom preservaiion in the northern MNorth Atlantic may
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Fig. 16. Late middle Miocene {11.3 Ma} §'3C reconstruction which again recorded 2 north to south 313C gradient in the Atlantic
Crean. The North Atlantic recorded the highest §13C values, with the lowest 813 values in the intermediate North Pacific. A high
$13C water mass apparently originated in the Southern Ocean and spread (o the north at inlermediate depths. Low 813C values at
indian Ocean Site 714 indicaie that no WSDW originated in the Indian Gcean. Daia for this reconstruction are in Table 2.

provide the most appropriate assessment of the relationship
between silica preservaton and NCW production during the
early Miocene. Bauldauf [1987] assessed diatom proservation
at Sites 406 and 610, both locaied in the northeasiern Atlantic
near the Rockall Plateau (Figure 2). On the basis of an
integrated magnetobiosiratigraphic age model, intervals of
good 0 moderate preservation at Site 610 ocourred from 21 10
15 Ma and 16 10 13 Ma, while poor preservation occurved from
19 1o 16 Ma (Figure 17). Diatom assemblages at Site 40¢
recorded a similar cvole (Figure 17). Barliest Miccene (~24 ©
23 Wia) distom preservation was good at this siie [Banidauf,
19871, A hiatus separsies the earliest Miccene from the latest
carly Miocene, when diatom sssemblages were poorly
preserved (~17 to 16 Ma). This brief interval was followed by
% second interval of good preservation from ~16 0 15 Ma
{Figure 17},

The preservation of diatoms in the northesst Adantic is
consistent with owr despwater circulation patterns identified
using 813C distributions. In the earliest Miocene (24 w0 20
Ma), distoms assemblages were well preserved during the

e

tnserval of littie to no NCW prodaction (Figures 9 and 10},
Diatom preservation changed from moderate 10 poor at 19 Ma
at Site 610 and remained poor into the middie Miocene
{Bauidauf, 1987]. This interval of poor preservation coincided
with an interval of vigorous NCW production, Diatom
preservation improved from poor to moderate at Sites 406 and
§10 above the carly/middie Miocene boundary {~16 Ma}
[Rauldauf, 1987}, Again, the change in diatom preservation
coincided with the shutdown of NCW production, This
assessment of diatom preservation should be verified in other
paris of the North Atlsngic,

Climate Changes and Deepwater Circulation
in the Early and Middie Migicene

Qur scenario invokes poleward heat ranspost o warm the
deep oceans during the early and middle Mioccene through the
production of relatively warm, deep water masses (NCW and/or
Tethyan outflow water), This idea is similar io previous
hypotheses [e.g,, Shackleton and Keanett, 1975; Savin &t al,,
1975; Kennett, 1985; Prentice and Maithews, 1988; Woodruff
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and Savin, 19897, and it is comsistent with consequences
associated with late Pleistocene climate chanmges. For
example, NADW is 1.5 to 2°C warmer than AABW at present;
i is considered an imporiant source of heat and galt to the deep
ocean and high southern latimdes {Worthingtan, 1970; Gordon
and Piola, 1983; Jacobs et al., 19851, Deepwater temperatures
were cooler by ~1.5°C during the last glacial when NADW
production was redoced [Chappel! and Shackleton, 1986]. We
investigate below the relationship between easly 1o middie
Miocene deepwater circulation changes and climate changes
secorded in benthic foraminiferal 8180 records.

A general interpretation of Miccene benthic foraminiferal
§18¢) records indicates that deepwaters warmed from the earliest
Miocene {~24 Ma), recording maimum temporatres near hie
carty/middie Miccene boundary {17 and 13 Ma} {Figere 18}
[Shackleton and Kenneit, 1975; Savin et al., 1975, 1981,
Prentice and Mathews, 19881, Benthic foraminiferal §'5Q
values increased between 1S and 12 Ma as the result of
Antarctic jce growth and a decrease in deepwater femperaiures
{Shackleton and Kenneit, 1975; Savin ¢t al., 19751, Thizs

long-term trend of deepwater warming and subsequent cooling
coincided with early Miocene production of NCW and Tethyan
outflow water and the subsequent veduction of both around 15
Mza. However, the relative contributions from temperature and
ice volume during the middle Miocene 810 increase can only
be resoived by considering planktonic foraminiferal 880
records from western equatorial locations [Shackieton and
Opdyke, 19731

fee Volwme Changes in the Miocene

Low-iatitude plankicnic-benthic foraminiferal 550
covariance provides the best estimate of ice volume changes
[Shackielon and Opdyke, 19731 Miller ot al. {19912, alsc
manuscript in preparation, 19927 compared the plapkionic

foraminiferal 3180 record 2

from Sites 237 and 737 {wesiern
equatorial Indian Ccean) and 2 benthic foraminiferal 815G record
from Site 563 for the middle Miccene 8130 increase.
Covariance between thess records shows 880 amplitndes of
0.5 to 2 0.8 %o for this interval. In g similar fashion, we note
that low-latitede plankionic foraminiferal 8150 values from



Wright ot al.: Mincene Deepwater Circulation and Climate

383

B0

RN Site 563
seep N Adanic

-4

.
e
<

Age (Ma)

Fig. 18. Benthic 3180 records from Sites 563 and 289, “Mi" events are identified on each curve [Miller et al,, 1991a; Wright and
Miller, 19922]. The long-erm wend in the Miocene was & decrease in 8'%0 values from the earliest Miocene to the sarly middie

Mioccene and 3 incroase in 80 values beginning around 15 Ma.

other sites recorded 0.8 %o increase on average during the
middie Miocene 8130 increase (Fones Mi3 and ML 1530
12.5 Ma) (Sites 214, 218, 237, 289, 386, and 707) (Figure
19). The average benthic foraminiferal 8130 increase over the
same interval was 1.3 %o. The excess giohal &30 change in
the beathic foraminifera (0.5 %o} must reficet deepwater
cooling. A similar temperature change might be expected for
high-latitude surface waters. Planktonic foraminiferat S0
secords from the middle and high latitades vecorded 3G
increases that were greater than shose in the equatorial segions.
Subtropical surface waters recorded an increase of ~1.0 %e
{Sites 563 and 390), while the high latitudes recor@ed 2 1.3 %e
increase {(Site 7SY) (Figere 19). This dncrease in the
meridional surface water 3180 pradient reflecis 2 high-lasitude
cooling of 2.5°C, which was reourded in deep waters as well
The plankionic-benthic foraminiferal 3¥C covariance
associated with ather "ME" evenis ranged fom (.5 10 (L8 %
{Table 4), This suggests thay Antwete ioe sheews wared and
waned throughout the early and middle Miocene, resulting &
million year scale glaciabinterginciaf cycles. The magninde
of these ice volume changes can be compared to the modem
Antarcte ice shest. Shackleton and Kenneit {19757 estimated
that the ¥Cuer change gssociated with the melting of he
present Antarcic ice shost 1o be ~0.9 Fe. Therelore estimated

Miccene ice voloms induced $'80 changes ranged from 60 w0
90 % of the modern Antarctic ice sheet,

The ice volume/S 30 yuer changes can be translated into
sea Jevel equivalents by appiying 2 %Oy gesfsea level
calibration. Fairbanks and Matthews [1978] measured this ©
be .11 %10 m sex icvel change for the laie Pleistocene
oceans.  The calibration may have been different undes
conditions warmer than the Pleistocene. Miller et al. {1987]
noted that ihe extreme limil for the pre-Pleisiocene sea level
calibration is 0.055 %010 m sea lovel change for the older
oceans. Therefore sea level changes of 30 o 80 m {modemn
calibration} are suggested by the plankionic-besthic
foraminiferal 818G covartance, These sea lovel changes should
Be recorded by sedimentary sequences on passive contnental
arging, Miller ot ol {19912, alse manuscript in prepasation,

mmarg
19927 have documenied 3 good cobereace between the “Mi”
increases and the Type  sequence boundaries identified by Hag
et al. {19871 This provides independent evidence hat the
“RE" zones reprosent separate ice volume svents.

Deepwater Temperanre Reconsiruction

Deepwater temperaturs changes can be estimated for the
sasty o middie Miocene becapse the timing is well constrained
and magnitudes of ice volumeS1®0 yarer changes can be
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increase was recorded in the high latimdes.

estimated. The decpwaier {emperature estimates presented
below represent long-term changes. We are cognizant of
higher-frequency changes {orbital) that were superimposed on
the million vear records [Pisias et al., 1985]. However, we are
concernad with portraying the deepwatsr temperature history
with & resolution similar 10 that in our carbon isoiope-based

3G difference recorded during the %chsz

¢ increase. The largest §150

deepwater ciroudation raconsiructions, which is of the order of
one million years.

As noted previously, sarly Miocene benthic foraminiferal
$38G valyes increased from a maximum at the Oligocene/
Miocene boundary ¢ 2 minimum around the early/riddle

Miocene boundary (Figure 18), Miller et al. [19912] and
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TABLE 4. Oxyges Isotope Increase Associated With Eack "Mi" Event

Event AgeMa Benthic  Plankionic  Covariance Sies

il 23.7 3.8 Goo 0.8 % 0.8 % Genthic - Sites $63, 608, 747

Miia 217 0.5 %o Benthic - Sites 563, 608, 747

Milaa  Z00 0.5 %o Bemine - Sites, 286, 747

Milk 182 0.5 %o 0.7 s 0.5 %e Reathic - Sites 563, 608, 747
Plankionic ~ Site 707

WiZ 8.2 0.8 %o 8.7 e 0.7 %o Renihic - Sites 563, 608, 747
Pisnkionic - Sites 237, 289, 366, 707

M2 136 (.8 %0 Q.78 %e 475 %o Benthic - Sites 563, 608, 747
Piarkionic ~ 237, 289, 707

i 12,6 .8 %o 8.7 %o 8.7 %o Benthic - Sites 563, 608, 747
Piankionic - Sites 237, 289

Mis 113 0.6 %o 8.6 %o 8.6 %o Benshic - Sizes 563, 608, 747

Plankionic - Sites 289, 707

Wright ang Miller {18924} identified four glacial/intesglacial
cycles which were superimposed on this fong-term wend (M3,
Mita, Milb, Mi2). We note that an additional 8780
maximum (equal to inferred glacial maximum) occurred at
approximately 20 Ma [Wright and Miller, 1952a]. Because
B0 uer values varied with ice volume changes during the
carly Miocene, relative deepwaer temperature changes must be
estimated for tmes when the ice volumes/S¥ 0y aper were
similar, We speculate that the ice volumes were similar for
each of the glacial/8'¥0 maxima as well as for each of the
Y0 minima. This assumption allows us o evaluaie the
semperature component of the benthic foraminiferal changes
hetween the 8180 maxima and minima. Therefore the
differences in absolute values (A8Y3C) among the "Mi" 815G
maxima, as well as the 8120 minims, reflect deepwater
wraperature changes.

in the early Miocene, the %0 values for the "Mil%,
“Miia”, “Milb", and Mi2" maxima were 2.3, 175, 1.5, and
1.4 %o, respectively (Figure 18). If these were times of
roughly equivalent ice volumes/8 3G waer, then the deepwater
§130 change of 0.7 %o comesponds to 3 ~3°C warming
(Figures 18, 20). Simiixcly, the 3150 minima recorded a
decrease from 14 o 0.8 %o botween 23 and 17 Ma (Figures
18 and 20}, which corresponds o & 2.5°C warming (Figures
18, 20). Thus temperature estimaes derived from camparison
of the 8150 maxims and minima vield similar despwater
sernperative changes.

if we apply this method to the middie Miocene (Figure
we ses that (1) & minor deepwater cooling of 1°
occurred from 17 10 15 Ma prior to the middle Miocene 880
increase; (2) fusther deepwater cooling of 2.5°C occurved during
the 813G shift; and (3} Morth Adlantic temperatures remained
consiant from 12,8 to 10 Ma while Pacific deep waters
continned o cowl by as much as 2°C. We noic that this
method and the plankionic-benthic foraminiferal covariance
method vield the same resulis conceming the middle Miocene

1

{
{
§

8130 increass: an ice volsme effect of 0.8 % wih &
temperature dooreass of 2° 10 2.5°C.

CONCLUSIONS

Carbon isolope patterns indicate that two modes of
deepwater circulation operaed during the early and middle
Miocene. The deep oceans were ventilated by only SCW
during the intervals from 24 to 20 Ma and 16 10 12.5 Ma. In
conirast, multiple deepwater sources operated during the other
intervals of the early wo middie Miocene. Relatively warm
MOW and Tethyan water masses supplemented SCW
produciion from 20 o 16 Ma, while NCW and SCW were
produced from 12.5 o 10 Mz,

The combination of NCW and Tethyan water masses from
26 1o 16 Ma produced a significant meridional heat flux that
warmed the deep ocean by 3 o 4 °C. Despwater iemperatures
cooled after ihe fluxes of NCW and Tethyan water weze reduced
around 16 Ma, The deep oceans have remained relatively cold
since. However, renewed production of NCW during the late
middle and iate Miocene appears 1o have warmed the North
Adtlantic by ~2°C relative 10 the Pacific and Southern ooeans.

Miocene imermediate waters were vemtilated by Southern
Component Intermedizie Water (SCIW) originating in the
Routhern Ocean. This water mass was present in the sonthern
hemisphere of Atlantie, Pacific, and Indian oceans, SCIW
recorded high 893C values during the Miocene as a result of
isotopic fractionation in the SCIW source regioms of CO;
through either air-ses exchange processes andfor 2 biglogical
stripping of nwirients.

The middie Miocene 8180 increase resulted from &
combination of jncreasing ice volume and despwater cooling.
Qur dutz saggest that ihis 380 increase was part of two ©
three glacial-interglacial cycies during the middie Miccens
{Miller et al., 1991a; Wright and Miller, 1992a] and not the
wransition from an ice-free 1o an ice houss world, These
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Kite 289 was selected as the reference

point to determine AS'C values for the early 1o middie Miocene "Mi™ events because s stie is the best representative of meas
deepwater conditions. The "MiS" glacial and interglacial datums (2.45 and 1.93 %o, respectively) were set arbitrarily as zero.
Relative teraperature changes were obtained by assaming that joo volomes wors similar for each "Mt interglacial® and for each "Mi”

even.

million year glacial-interglacial cycles do not correlate i
deepwater circulation changes, in contrast to deepwater
wemperatures that show a good comespondence (o deepwaier
circulation changes.
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