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a b s t r a c t

We integrate micropaleontological and geochemical records (benthic stable isotopes, neodymium

isotopes, benthic foraminiferal abundances and XRF-scanner derived elemental data) from well-dated

Pacific Ocean successions (15–12.7 Ma) to monitor circulation changes during the middle Miocene

transition into a colder climate mode with permanent Antarctic ice cover. Together with previously

meridional overturning circulation following major ice expansion at �13.9 Ma. Neodymium isotope data

reveal, however, that the provenance of intermediate and deep water masses did not change markedly

between 15 and 12.7 Ma. We attribute the increased d13C gradient between Pacific deep and

intermediate water masses between �13.6 and 12.7 Ma to more vigorous entrainment of Pacific Central

Water into the wind-driven ocean circulation due to enhanced production of intermediate and deep

waters in the Southern Ocean. Prominent 100 kyr ventilation cycles after 13.9 Ma reveal that the deep

Pacific remained poorly ventilated during warmer intervals at high eccentricity, whereas colder periods

(low eccentricity) were characterized by a more vigorous meridional overturning circulation with

enhanced carbonate preservation. The long-term d13C decline in Pacific intermediate and deep water

sites between 13.5 and 12.7 Ma reflects a global trend, probably related to a re-adjustment response of

the global carbon cycle following the last 400 kyr carbon maximum (CM6) of the ‘‘Monterey Excursion’’.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The meridional overturning circulation (MOC) plays a key role
in regulating global climate, as it strongly influences CO2 storage
in the deep ocean, latitudinal heat transport and gas exchange
with the atmosphere. The ocean’s density structure and the
strength of the MOC are largely controlled by the source and rate
of deep and intermediate water production. Thus, reconstructing
past water mass distribution and changes in ocean circulation is
critical for understanding long-term climate development and the
processes driving climate change, as well as for predicting future
trends. Comparatively little is known about the evolution of
intermediate and deep water masses and the development of
ocean circulation during the middle Miocene, when Earth’s
climate transitioned from relatively warm conditions (‘‘Miocene
Climatic Optimum’’) into a colder mode, characterized by perma-
nent polar ice cover following Antarctic ice-sheet expansion.

Changes in the configuration of low latitude inter-oceanic
passages altering water exchange and heat fluxes between the
All rights reserved.
Pacific and Atlantic Oceans (Central American Seaway) and
between the Tethys, Indian and Southern Oceans (eastern portal
of Tethys Ocean) have been conjectured as the main drivers of
long-term Miocene climate and oceanographic evolution
(Woodruff and Savin, 1989; Wright et al., 1992; Heinze and
Crowley, 1997; Nisancioglu et al., 2003; Motoi et al., 2005; von
der Heydt and Dijkstra, 2006; Butzin et al., 2011). However, results
from modeling experiments appear somewhat contradictory, and
paleoceanographic reconstructions, based on paleontological and
geochemical proxy data, are often poorly constrained, thus providing
limited insights into the main processes controlling ocean circulation
during middle Miocene warmer and cooler phases. In particular, the
source of deep water formation and changing rates of the MOC on a
warmer Earth without a fully developed Antarctic ice sheet remain
matters of intense debate. These issues are specifically relevant to
constrain contrasting scenarios of future climate evolution. Thus, the
warmer middle Miocene period potentially provides a useful analog
to test predicted changes in ocean circulation associated with global
warming and melting of polar ice.

A major challenge for paleoceanographic and paleoclimate
reconstructions that extend beyond the Pleistocene and Pliocene
is that continuous, well-preserved marine sedimentary records
are sparse and age models have large uncertainties. Here, we
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compare ventilation and water mass proxy data (benthic d18O and
d13C, radiogenic Nd isotopes, benthic foraminiferal distribution
and XRF scanning Mn/Ca data) in well-dated, expanded sedimen-
tary sequences from Pacific sites sampling different intermediate
to deep water masses. We focus on the middle Miocene interval
from 15 to 12.7 Ma, which includes the major Antarctic ice sheet
expansion and global cooling step at �13.9 Ma (Shackleton and
Kennett, 1975; Savin et al., 1975; Woodruff and Savin, 1991;
Wright et al., 1992; Flower and Kennett, 1993, 1995; Abels et al.,
2005; Holbourn et al., 2005, 2007; Shevenell et al., 2004, 2008).
Integration of new and published data sets from Southeast Pacific
Ocean Drilling Program (ODP) Sites 1236 and 1237, western
Equatorial Pacific ODP Site 806, central Equatorial Pacific Deep
Sea Drilling Program (DSDP) Site 574, Southwest Pacific DSDP
Sites 588 and 590, and Southern Ocean ODP Site 1171 allows to
closely monitor water mass evolution and changes in the strength
of the Pacific MOC following the major Antarctic ice sheet
expansion marking the end of the middle Miocene warm period.
2. Pacific Ocean circulation

2.1. Modern oceanography

Today, the deep Pacific basin is mainly fed by Circumpolar Deep
Water (CPDW), a mixture of Antarctic Bottom Water (AABW) and
North Atlantic Deep Water (NADW) that originates from the
Antarctic Circumpolar Current (Reid, 1986, 1997; Talley, 1993;
Tsuchiya and Talley, 1996; Sigman et al., 2010). This deep water
Fig. 1. (a) Modern O2 distribution at 1000 m and 2500 m water depth in Pacific Ocean

masses in Pacific Ocean with locations of ODP Sites 1236 and 1237 and d13C (WOCE, T

AAIW: Antarctic Intermediate Water, CPDW: Circumpolar Deep Water. Locations of sit
accumulates nutrients and loses oxygen as it transits northwards
into the North Pacific before returning as a nutrient enriched,
oxygen depleted southward flow (Pacific Central Water, PCW) at
1–3 km depth (Fig. 1). Deep water is not formed in the open North
Pacific Ocean presently due to low salinity surface waters inhibit-
ing convection (Warren, 1983; Emile-Geay et al., 2003; Kiefer,
2010). Pacific intermediate waters, which have their sources in the
Southern as well as the Northern Hemispheres, exhibit highly
contrasting properties (Fig. 1). The Antarctic Intermediate Water
(AAIW) is a nutrient depleted water mass with high oxygen
content and a high d13C signature that extends to �15–201S in
the South Pacific Ocean and is centered at water depths of
800–1000 m (Kroopnick, 1985; Tsuchiya and Talley, 1996; Talley,
1999). The North Pacific Intermediate Water (NPIW), which originates
in the northwest Pacific Ocean, spreads south to latitudes of 15–201N
in water depths of 400–700 m (Talley, 1993, 1997; You, 2003).
In contrast to the AAIW, the NPIW forms with relatively little contact
to the atmosphere and is thus characterized by abundant nutrients,
low oxygen content and low d13C values. Radiocarbon ages from the
North Pacific, Atlantic and Southern Oceans revealed that deep water
ventilation changed markedly over the last glacial cycle (Sikes et al.,
2000; Robinson et al., 2005; Galbraith et al., 2007; Marchitto et al.,
2007), although patterns are more equivocal in other regions of the
Pacific Ocean (Broecker et al., 2004, 2008). In the North Pacific and
Atlantic Oceans, there is evidence that the abyssal ocean remained
poorly ventilated during the Last Glacial Maximum and early
deglaciation until vigorous NADW formation resumed at �14.6 ka
(Galbraith et al., 2007). This led to the suggestion that enhanced
NADW formation near the start of the Bølling promoted an increased
(Talley, 2007) and (b) vertical profile showing present day distribution of water

alley, 2007). NPIW: North Pacific Intermediate Water, PCW: Pacific Central Water,

es discussed in text are shown.
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flux of deep waters from the South into the Pacific Ocean, stimulating
entrainment of deep waters into the wind-driven circulation and
leading to a rapid improvement in deep water ventilation (Galbraith
et al., 2007).
2.2. Middle Miocene paleoceanography

The composition and distribution of Pacific water masses and
inter-ocean circulation patterns during the Neogene are still
poorly known. Comparison of benthic carbon and oxygen isotope
data from the Atlantic, Indian, Pacific and Southern Oceans
initially provided evidence that the Southern Ocean was the
dominant source of deep water through the middle Miocene,
whereas NADW formation remained weak until �12.5 Ma
(Woodruff and Savin, 1989, 1991; Wright et al., 1992; Wright
and Miller, 1993). Inter-basin gradients also suggested that a low
latitude source of warm, saline deep water in the northern Indian
Ocean or Tethys Ocean terminated at �15 Ma due to closure of
the eastern portal of the Tethys Ocean (Woodruff and Savin, 1989;
Wright et al., 1992). Stable isotope data additionally indicated
maximum production of southern component intermediate
waters as well as increased influence of PCW in the Southwest
Pacific Ocean after 13.6 Ma following major ice expansion in East
Antarctica (Flower and Kennett, 1995).

The most recent benthic d13C compilations from multiple ocean
sites support relatively small inter-basin gradients until �12 Ma
(Poore et al., 2006) or �13 Ma (Cramer et al., 2009), pointing to a
common source for deep water formation in the Southern Ocean over
the early and middle Miocene. These findings were corroborated by
Nd isotope studies of ferromanganese crusts from Equatorial and
Southwest Pacific deep waters that indicated increasing export of
Southern Ocean deep water to the Pacific Ocean over the Neogene
(van de Flierdt et al., 2004a). Modeling experiments additionally
suggested that North Atlantic deep water formation did not occur or
remained relatively weak until the late Miocene (Butzin et al., 2011),
in agreement with Nd isotope data indicating onset of NADW
formation between 10.6 and 7.3 Ma (Thomas and Via, 2007). How-
ever, these results contrast with interpretations of Nd isotope time
series from the Atlantic Ocean suggesting that continuous export of
NADW may have started as early as 14 Ma (Frank et al., 2002). Recent
studies, based on Nd isotopes and inter-ocean d13C gradients,
provided evidence for an even earlier beginning of NADW export in
Table 1
Summary of ODP/DSDP locations and data sets discussed in text.

DSDP/ODP
Site

Latitude Longitude Water
depth

Location D

(m)

1236 21121.5390S 81126.1650W 1323 Nazca Ridge B

Southeast Pacific N

1237 1610.4210S 76122.6850W 3212 Nazca Ridge B

Southeast Pacific N

B

X

1171 48129.99710S 14916.70510E 2150 South Tasman Rise B

Southern Ocean N

806 0119.110N 159121.690E 2520 Ontong Java Plateau B

Western Equatorial Pacific N

761 16144.230S 115132.100E 2189 Wombat Plateau N

Eastern Indian Ocean

574 4112.520N 133119.810W 4561 Central Equatorial Pacific B

588 26106.70S 161113.610E 1533 Lord How Rise B

Southwest Pacific

590 31110.020S 163121.510E 1299 Lord How Rise B

Southwest Pacific
the early Oligocene (Via and Thomas, 2006; Scher and Martin, 2008;
Katz et al., 2011).
3. Site locations

ODP Sites 1236 (21121.5390S, 81126.1650W; 1323 m water
depth) and 1237 (1610.4210S, 76122.6850W; 3212 m water depth)
on the Nazca Ridge are ideally located to document past varia-
tions of intermediate and deep water masses in the subtropical
Southeast Pacific Ocean (Fig. 1). Tectonic backtracking to shal-
lower depths suggests that deeper Site 1237 was bathed in PCW
(or its paleoequivalent), whereas the shallower Site 1236 was also
influenced by AAIW (or its paleoequivalent) during the Miocene
(Mix et al., 2003). The backtracking paths move Sites 1236 and
1237 �201 westward relative to South America over the last
25 Myr (Mix et al., 2003). During the middle Miocene, both sites
were located �101 westward of their present positions in an
oligotrophic region of the subtropical gyre still relatively far from
the productive upwelling systems of Peru (Mix et al., 2003).
Middle Miocene sediments recovered with the Advanced Piston
Corer system consist of unlithified, white to pale brown nanno-
fossil oozes with an average of 95 wt% calcium carbonate (Mix
et al., 2003). Average sedimentation rates over the middle
Miocene at these two sites are �1 cm/kyr.

To better understand the distribution of water masses in the
Pacific Ocean during the middle Miocene, we integrated the 1236
and 1237 records with new and published benthic isotope and
radiogenic Nd isotope data from DSDP Sites 574, 588, 590 and
ODP Sites 761, 806, 1171 (a summary of site locations and data
sets discussed in this work is provided in Table 1). ODP Site 806
(0119.110N, 159121.690E; 2520 m water depth) was selected to
monitor changes in the properties of western Equatorial Pacific
deep water. Middle Miocene sediments at this relatively deep
location consist of foraminifer nannofossil chalks with a carbo-
nate content of 90–95 wt% (Kroenke et al., 1991). ODP Site 574
(041 12.520N, 1331 19.810W; 4561 m water depth) recovered a
sequence of middle Miocene calcareous ooze chalks with a
carbonate content of 90–95 wt% from the abyssal central Equa-
torial Pacific Ocean (Mayer et al., 1985). Sediments are unusually
well preserved at this location, which remained above the
lysocline during the middle Miocene and did not become deeply
buried subsequently. DSDP Site 588 (26106.70S, 161113.610E;
ata sets Reference

enthic foraminiferal stable isotopes This work

d isotopes This work

enthic foraminiferal stable isotopes Holbourn et al. (2005, 2007)

d isotopes This work

enthic foraminiferal census counts This work

RF log(Mn/Ca) Holbourn et al. (2005, 2007) and this work

enthic foraminiferal stable isotopes Shevenell et al. (2004, 2008)

d isotopes This work

enthic foraminiferal stable isotopes This work

d isotopes This work

d isotopes This work

enthic foraminiferal stable isotopes Pisias et al. (1985)

enthic foraminiferal stable isotopes Flower and Kennett (1995)

enthic foraminiferal stable isotopes Flower and Kennett (1995)
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1533 m water depth), Site 590 (31110.020S, 163121.510E; 1299 m
water depth), and Site 591 (31135.060S, 164126.920E; 2131 m
water depth) form a depth transect on the Lord Howe Rise in
the Southwest Pacific Ocean, allowing reconstruction of vertical
water mass structure and circulation development. These sites
were situated �41 South of their present location and in compar-
able water depths during the middle Miocene (Flower and
Kennett, 1995). ODP Site 1171 (48129.99710S, 14916.70510E;
2150 m water depth), located at paleolatitudes of 551S and in
paleodepths of �1600 m during the middle Miocene, provides
insights into the properties of CPDW or ‘‘Southern Component
Water’’ (Shevenell et al., 2008). ODP Site 761 (16144.230S,
115132.100E; 2189 m water depth), located on the Wombat
Plateau off northwestern Australia, is included for comparison
with the eastern subtropical Indian Ocean.
4. Methods

4.1. Stable isotope analysis (ODP Sites 806 and 1236)

Nannofossil chalks in Hole 806B were sampled at �20 cm
intervals (�5–6 kyr resolution, 20 cm3 sample size) between
455.95 and 498.85 mbsf. Nannofossil oozes in Site 1236 were
sampled at �4 cm intervals (�7 kyr resolution, 20 cm3 sample
size) from a composite sequence (the so-called splice) in Holes
1236B and C (77.66–96.73 m composite depth). All samples were
oven dried at 40 1C and weighed before washing over a 63 mm
sieve. Residues were oven dried at 40 1C on a sheet of filter paper,
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Fig. 2. (a) Benthic foraminiferal d18O profile plotted against composite depth in ODP

(Holbourn et al., 2005, 2007). Red crosses indicate tie points used to derive new age m

legend, the reader is referred to the web version of this article.)
then weighed and sieved into different size fractions. We mea-
sured d18O and d13C in epifaunal benthic foraminifers 4250 mm
(Cibicidoides wuellerstorfi or/and Cibicidoides mundulus). Paired
measurements in middle Miocene samples from ODP Sites 1146
and 1237 previously indicated no significant offset in d18O and
d13C between C. wuellerstorfi and C. mundulus (Holbourn et al.,
2007). Four to seven well-preserved tests were broken into large
fragments, cleaned in alcohol in an ultrasonic bath, and were then
dried at 40 1C. In a few samples with low foraminiferal abun-
dances, only 1–3 specimens were analyzed. Measurements were
made with the Finnigan MAT 251 mass spectrometer at the
Leibniz Laboratory, Kiel University. The instrument is coupled
on-line to a Carbo-Kiel Device (Type I). Samples were reacted by
individual acid addition (99% H3PO4 at 73 1C). Standard external
error is better than 70.07% and 70.05% for d18O and d13C,
respectively. Results were calibrated using the National Institute
of Standards and Technology (Gaithersburg, Maryland) carbonate
isotope standard NBS 20 and NBS 19 and 18, and are reported on
the PeeDee belemnite (PDB) scale. A plot of the 1236 d18O record
versus depth is shown in Fig. 2. Data sets are archived at WDC-
MARE (http://www.pangaea.de).
4.2. Radiogenic Nd isotope analysis (ODP Sites 761, 806, 1171, 1236

and 1237)

The Nd isotope composition of past deep waters was extracted
from bulk sediment samples by leaching of the ferromanganese
coatings (Rutberg et al., 2000; Bayon et al., 2002; Piotrowski et al.,
2005; Gutjahr et al., 2007). We applied the slightly modified
Site 1237

0.515.410.41
 (Ma)

 (mcd) 
5909

Site 1236

Site 1236; (b) Orbitally-tuned benthic foraminiferal d18O series in ODP Site 1237

odel for ODP Site 1236. (For interpretation of the references to color in this figure

http://www.pangaea.de
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method of Gutjahr et al. (2007), omitting the MgCl2 leaching step
to remove adsorbed metals before leaching of the coatings, as this
step proved unnecessary. There is an ongoing discussion as to the
reliability of these methods to extract a pure seawater Nd isotope
signature (e.g. Roberts et al., 2009; Martin et al., 2010; Elmore
et al., 2011). Martin et al. (2010) have demonstrated for several
sites that the leached Nd isotope signatures agree well with fish
teeth data, which provide robust records of seawater Nd (Martin
and Scher, 2004). In addition, the Sr isotope composition of the
leaches (after carbonate removal) matches the expected seawater
data perfectly, which together suggests that our data reliably
represent past seawater compositions.

For this study the dry and coarsely ground bulk sediments (1–2 g)
were rinsed twice with de-ionized water (from a Milli-Q system).
The carbonate fraction was dissolved and removed using a 15%-acetic
acid/1 M-Na acetate buffer followed by a triple rinse with de-ionized
water. The Fe–Mn oxide coatings were leached for 1 h in an ultrasonic
bath and for 2 h in a shaker using a 0.05 M-hydroxylamine
hydrochloride/15%-acetic acid solution buffered to pH 3.6 with
NaOH. Separation and purification of Nd in the leachates and the
dissolved detritus followed previously published standard proce-
dures (Cohen et al., 1988; Barrat et al., 1996; Le F�evre and Pin,
2005). Having separated Pb for a different study on anion exchange
columns (50 ml AG1-X8 resin, mesh 100–200), the alkaline ele-
ments were separated from the rare earth elements on cation
exchange columns (0.8 ml AG50W-X12 resin, mesh 200–400).
Finally, Nd was separated from the other REEs on columns
containing 2 ml Ln Spec resin (mesh 50–100).

The Nd isotope compositions were measured on a TIMS Triton
at GEOMAR, Kiel. All 143Nd/144Nd ratios were mass bias corrected
to 146Nd/144Nd¼0.7219 and normalized to the accepted value
of the JNdi-1 standard of 0.512115 (Tanaka et al., 2000). The
143Nd/144Nd data are expressed as eNd values, which corresponds
to the deviation of the measured 143Nd/144Nd of the samples from
CHUR (Chondritic Uniform Reservoir with 143Nd/144Nd¼0.512638,
Jacobsen and Wasserburg, 1980) in parts per 10,000: eNd¼

[(143Nd/144Ndsample/143Nd/144NdCHUR)�1]�10.000. Repeated mea-
surements of the JNdi-1 standard over a period of several months
gave a long-term reproducibility of 70.35 eNd (2s). Procedural Nd
blanks were r25 pg.

4.3. XRF scanning (ODP Site 1237)

We performed x-ray fluorescence measurements with 1 cm
resolution on the archive halves of the Site 1237 splice using the
Cortex XRF-Scanner at the Bremen IODP Core Repository (X-ray
voltage: 20 kV, 30 s count time, X-ray current: 0.087 mA). Over-
lapping measurements (50–100 cm) were made at correlation
points between adjacent holes to verify the accuracy and com-
pleteness of the splice. We interpreted Mn maxima as intervals of
increased carbonate dissolution caused by poor deep water
ventilation and not as intervals of increased terrigenous dust flux
or river runoff, based on co-variance of Fe and Mn, and the lack of
co-variance of Fe and Mn with Ti (Holbourn et al., 2005, 2007).

4.4. Benthic foraminifers (ODP Site 1237)

Benthic foraminifers were picked and counted in the size
fraction 4250 mm from 282 samples (10 or 20 cm intervals) in
Site 1237. Numbers of benthic foraminifers picked per sample
generally vary between 50 and 250 (average of 93), except in rare
samples in the lower part of the succession, where foraminiferal
abundance was low and fewer specimens were picked. We used
the total number of specimens and the number of Cibicidoides spp.
per gram of dry sediment to monitor organic export fluxes and
ventilation changes at the seafloor.
4.5. Chronologies

An orbitally-tuned chronology is available for the middle Miocene
interval of Site 1237 (Holbourn et al., 2005, 2007) based on correla-
tion of benthic d18O and XRF-derived Fe concentration data to
computed variations of the Earth’s orbit and solar insolation (obli-
quity and eccentricity in Laskar et al. (2004)). The Site 1236 shipboard
age model had originally been constrained by eight biostratigraphic
and five magnetostratigraphic datums over the middle Miocene
interval (Mix et al., 2003). The shipboard age models for Sites 574
and 806 had initially been based on biostratigraphic datums (Mayer
et al., 1985; Pisias et al., 1985; Kroenke et al., 1991). Chronologies
over the middle Miocene interval had been previously developed for
Sites 588 and 590 using biostratigraphic and isotopic datums as well
as sedimentological information (Flower and Kennett, 1995).

We developed new chronologies by correlating the benthic d18O
profiles in Sites 806 and 1236 and the published d18O data from Site
574 (Pisias et al., 1985) and Site 590 (Flower and Kennett, 1995) to
the orbitally-tuned d18O series in Site 1237 (Fig. 2). Following this
tuning procedure, we noted that the d13C records in Sites 574, 590,
806 and 1236 also showed a reasonably good match with the 1237
d13C profile, thus supporting the new age models derived from
correlation of benthic d18O records (Figs. 3 and 4). For Sites 588,
761 and 1171, we used revised chronologies from Holbourn et al.
(2004, 2007).
5. Nd isotopic composition of Pacific water masses

Our middle Miocene deep water Nd isotope data from multiple
sites (Fig. 5) indicate that the signatures of Pacific end member water
masses did not differ markedly from the present day in agreement
with published data for the modern Pacific Ocean (Piepgras and
Jacobsen, 1988; Lacan and Jeandel, 2001; Amakawa et al., 2009;
Grasse et al., 2012) and Southern Ocean seawater (Stichel et al., 2012;
Carter et al., 2012), fish teeth in surface sediments (Horikawa et al.,
2011), and Fe–Mn crust surfaces (Albar�ede and Goldstein, 1992;
Albar�ede et al., 1997; Frank, 2002), as well as Miocene Fe–Mn crusts
and fish teeth (Ling et al., 1997, 2005; Frank et al., 1999, 2002; van de
Flierdt et al., 2004a,b; see also Table DR1 in Newkirk and Martin
(2009)). CPDW (Southern Component Water, Site 1171) has an eNd

value of �8 to �9, which is comparable to the modern and Miocene
signatures of AAIW and CPDW in the Pacific and Atlantic sectors of
the Southern Ocean. Further north in the subtropical Southeast Pacific
Ocean, eNd values of �3.5 to �5 for shallower Site 1236 and of �3 to
�4 for the deeper Site 1237 are within the range of contemporary
and Miocene PCW. In the western Equatorial Pacific Ocean (Site 806),
the Nd isotopic composition varied mainly between eNd¼�4.5 and
�3, which is also compatible with that of modern and Miocene PCW.
Miocene eNd signatures of �8 to �7 at Site 761 in the eastern
subtropical Indian Ocean are close to present day values.

Thus, middle Miocene deep water Nd isotope signatures became
progressively more radiogenic northward in the Pacific Ocean, mainly
reflecting, as today, mixing of southern sourced waters with more
radiogenic waters of northern origin. An influence by continental
contributions in the western Pacific cannot be excluded (Horikawa
et al., 2011) but was most likely small given the internal consistency
of the data and the good correspondence with the present day
distributions. The higher resolution records of Sites 1236 and 1237
located in different water depths (1323 m versus 3212 m, respec-
tively) in the subtropical Southeast Pacific Ocean reveal no funda-
mental or persistent change in the mixtures of intermediate and deep
subtropical water masses over the interval 15–12.7 Ma, encompass-
ing the middle Miocene glacial expansion in Antarctica. Advection of
AAIW can explain the overall less radiogenic Nd isotope composition
at the shallower Site 1236, whereas the deeper Site 1237 remained
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more influenced by the return flow of PCW. Between 14.3 and
13.6 Ma, Nd values in Sites 1236, 1237 and 806 are almost identical,
implying that a homogenous water mass prevailed through the
subtropical Southwest and Southeast Pacific (Fig. 5).
6. Southeast Pacific circulation

6.1. Intermediate water d18O and d13C (Site 1236)

The benthic d18O record from Site 1236 indicates recovery of a
complete middle Miocene succession over the interval 15–12.7 Ma.
The d18O time series displays characteristic features of high resolution
middle Miocene d18O curves over this time interval (Shevenell and
Kennett, 2004; Shevenell et al., 2004, 2008; Holbourn et al., 2005,
2007), including the major increase after 13.9 Ma (�0.8%) associated
with Antarctic ice sheet expansion (Fig. 3). Between �14.1 and
13.9 Ma, the distinctive d18O minima preceding the major d18O shift
are also clearly identifiable. The amplitude of d18O variations in Site
1236 is overall comparable or slightly lower (by o0.1%) than at
substantially deeper Site 1237, indicating that deep and intermediate
water temperatures closely co-varied (Figs. 3 and 4). However, at
shallower Site 1236 the d18O values are lower by 0.2–0.3% reflecting
higher temperatures and/or lower salinity of intermediate waters.
The 1236 benthic d13C record is characterized by high-frequency
variations (41 and 100 kyr periods), superimposed on lower fre-
quency (400 kyr period) oscillations that exhibit a high degree of
coherence with the d13C signal of the deeper Site 1237 (Fig. 3). Most
prominent are the successive �400 kyr cycles between 15 and
13.5 Ma with d13C maxima reaching �1.7–2%. These long-term
d13C fluctuations represent the last four main cycles of the ‘‘Monterey
Excursion’’. The last of the d13C maxima (CM6) shows the highest rate
of increase within the ‘‘Monterey Excursion’’ and its onset coincides
with the prominent d18O increase, associated with Antarctic glacial
expansion after 13.9 Ma. A distinctive feature, when comparing the
long-term evolution of the 1236 and 1237 curves, is the progressive
offset that developed between the d13C signals after 13.6 Ma (Figs. 4–
6). The intermediate (Site 1236) to deep (Site 1237) d13C gradient
reached �0.5% at 12.7 Ma, as d13C became increasingly more
depleted at Site 1237, indicating either an improvement in inter-
mediate water ventilation or changes in the preformed d13C signature
of intermediate or/and deep water masses.

6.2. Deep water ventilation (Site 1237)

At the deeper Site 1237, located at a paleodepth close to the
lysocline, the XRF Log(Mn/Ca) data, a proxy record for carbonate
dissolution and deep water ventilation (Holbourn et al., 2005,
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2007), show a prominent 100 kyr eccentricity rhythm. This is
particularly evident between 15 and 14.7 Ma and between 14 and
12.7 Ma, when d18O and Log(Mn/Ca) varied in anti-phase, indicat-
ing that eccentricity-paced carbonate dissolution cycles occurred
during warmer intervals (Fig. 6). In contrast, d18O and Log(Mn/Ca)
exhibit only a broad anti-phase variability without any distinct
eccentricity beat between 14.7 and 14 Ma, which corresponds to a
period of low 100 kyr eccentricity forcing and high amplitude
variability in the 41 kyr obliquity cycle (Laskar et al., 2004). The
100 kyr beat is also imprinted on the benthic d13C records
(Figs. 3 and 6), supporting that deep water ventilation deterio-
rated (d13C decreases) during warmer periods (d18O decreases) at
high eccentricity (Holbourn et al., 2005, 2007). Other salient
features of the Log(Mn/Ca) record are the marked increase in
amplitude variations and the shift to substantially lower values
during colder intervals (d18O maxima) between 13.9 and 12.7 Ma,
following the major pulse of Antarctic ice expansion and global
cooling at �13.9 Ma (Fig. 6).

The total number of benthic foraminifers and the number of
Cibicidoides spp. show marked increases in numbers after 13.9 Ma,
following an initial transient increase at 14.3–14.2 Ma that coin-
cided with a d18O increase (Fig. 6). As sedimentation rates
approximately doubled after 13.9 Ma (Holbourn et al., 2007),
benthic foraminiferal accumulation rates (not shown) exhibit even
more pronounced increases between �13.9 and 12.7 Ma. After
13.9 Ma, foraminiferal abundances display a marked 100 kyr beat,
varying in phase with d18O and in antiphase with Log(Mn/Ca),
which is consistent with increased bottom water ventilation and
an intensified biological pump during colder intervals. The ratios
between benthic and planktic foraminifers do not vary markedly
after 13.9 Ma, supporting that foraminiferal abundances were
primarily controlled by organic export fluxes to the seafloor rather
than by changes in carbonate preservation. The higher abundances
of Cibicidoides spp. during glacials provide an additional useful
ventilation proxy, given that this taxon is known to consist mainly
of suspension feeders that prefer well ventilated bottom water
conditions (Mackensen et al., 1995).
7. Intensification of Pacific MOC following Antarctic
glaciation at �13.9 Ma

Comparison of d13C profiles at Southeast Pacific Sites 1236 and
1237, equatorial Pacific Sites 806, 574 and Southwest Pacific Sites
588 and 590 reveals a major change in Pacific intermediate and
deep water circulation following the glacial expansion at
�13.9 Ma (Fig. 4, Supplementary Fig. S1). The d13C values exhibit
an increasing offset between shallower and deeper locations, as
d13C becomes more depleted at the deeper Sites 1237 (Southeast
Pacific Ocean), 806 and 574 (Equatorial Pacific Ocean) and 588
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Fig. 6. Deep water ventilation proxy records (XRF Log(Mn/Ca) and benthic foraminiferal d13C) in ODP Site 1237 display a strong 100 kyr beat at 15–14.6 Ma and at
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prominent d13C maximum of the ‘‘Monterey Excursion’’; (d) Comparison of (3 pt) smoothed d18O profiles in ODP Sites 1236 (blue) and 1237 (black).
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(Southwest Pacific Ocean) during CM6, implying that this change
represents an ocean-wide feature. The divergence in d13C
between deeper and shallower sites appears to have started
somewhat earlier at �13.8 Ma in the Southwest Pacific Ocean,
in contrast to �13.6 Ma in the Southeast and Equatorial Pacific
Ocean, possibly reflecting asymmetric northward spreading of
AAIW. However, the relative timing of the change is difficult to
ascertain in the Southwest Pacific Ocean due to the low temporal
resolution of the Site 590 isotope record. In contrast, the 1236 and
1237 Nd and d13C data indicate a vertically more homogeneous
water mass structure in the Southeast tropical Pacific between
14.3 and 13.6 Ma (Fig. 5).
We attribute the intensified d13C gradient between Pacific
intermediate and deep waters to an enhancement of the MOC
following the onset of permanent Antarctic glaciation and global
cooling after 13.9 Ma (Fig. 7). As a result, the deeper Equatorial and
Southeast Pacific sites became increasingly affected by the return
southward PCW flow (more depleted d13C), whereas the shallower
Southeast Pacific Site 1236 remained in the mixing zone of AAIW
and PCW (enriched d13C). Although the Site 1236 Nd isotope data
do not provide clear evidence for increased advection of AAIW into
the subtropical Southeast Pacific Ocean (�201S), most likely
because the difference between the Nd isotope end member
signatures was too small, northward expansion of AAIW into the
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Southwest Pacific Ocean is supported by the marked d13C diver-
gence in Sites 588, 590 and 591 (�30–351S) after 13.8 Ma (Fig. 4;
Flower and Kennett, 1995). The gradual increase in the d18O
gradient (from 0.9% to 1.2% between �13.8 and 13.1 Ma)
between the shallow Site 590, mainly bathed in AAIW, and the
deep Site 1237 bathed in PCW further indicates increasing density
(cooling) of PCW after 13.8 Ma (Fig. 4).

The 1237 XRF Log(Mn/Ca) and benthic foraminiferal data
additionally provide evidence that southern hemisphere cooling
after 13.9 Ma promoted an amelioration in Pacific deep water
ventilation (Fig. 6). The Log(Mn/Ca) curve exhibits a shift toward
more negative values, indicating improved carbonate preserva-
tion and deepening of the lysocline after 13.9 Ma, in particular
during colder climate phases. Benthic foraminifers, in particular
suspension feeders (Cibicidoides spp.), increase markedly in this
deep site after 13.9 Ma, supporting more vigorous bottom cur-
rents and improved deep water ventilation. Our results suggest
that strengthening of the MOC occurred as a direct response to
Antarctic glacial expansion after 13.9 Ma, fostering a general
improvement in Pacific ventilation with development of a steeper
d13C gradient between Pacific intermediate and deep waters
during CM6 (Figs. 4 and 6). A plausible scenario is that southern
hemisphere cooling after 13.9 Ma led to a steeper latitudinal
temperature gradient with stronger westerlies promoting inten-
sification of the Antarctic Circumpolar Current. Increased upwel-
ling in the Southern Ocean in turn stimulated formation of deep
and intermediate waters, thus strengthening overturning and
encouraging a more vigorous ‘‘estuarine’’ circulation in the Pacific
Ocean (Fig. 7). Seasonal formation of sea ice and local develop-
ment of ice shelves along the Antarctic margin following ice
expansion would have additionally amplified production of cold,
dense deep and intermediate waters.

A decreasing trend in d13C is evident in Pacific Sites 574, 588,
590, 806, 1236 and 1237 between 13.5 and 12.7 Ma following the
last carbon maximum (CM6) of the ‘‘Monterey Excursion’’ (Figs. 3,
4 and 6). This long-lasting trend is also present at Site 1171, located
close to the source area of South Pacific intermediate and deep
waters (Shevenell et al., 2004, 2008), implying that it cannot be
attributed to a long-term decrease in Pacific ventilation or
increased advection of d13C depleted water masses originating
from the North Pacific Ocean. In fact, the long-term d13C decline in
Pacific benthic isotope records at the end of CM6 after 13.5 Ma is
also characteristic of intermediate and deep water records from the
Indian, Atlantic and Pacific Oceans (Woodruff and Savin, 1989;
Wright et al., 1992; Wright and Miller, 1993), thus representing a
global feature probably related to a re-adjustment of the global
carbon cycle after the end of the ‘‘Monterey Excursion’’. The small
variability in the 1236 and 1237 Nd isotope signatures between 15
and 12.7 Ma further supports that the decreasing d13C trend does
not represent a gradual shift in the provenance of Pacific water
masses after 13.5 Ma.
8. Eccentricity-paced ventilation cycles

A striking feature of the 1237d18O, d13C, XRF Log(Mn/Ca) and
benthic foraminiferal abundance records is the prominent 100 kyr
cyclicity that is superimposed on long-term circulation trends
(Fig. 6). This is particularly evident between 13.9 and 12.7 Ma,
when ventilation proxy records (d13C, XRF Log(Mn/Ca) and
benthic foraminiferal abundances) indicate that deep water
ventilation deteriorated and carbonate dissolution increased dur-
ing warm climate modes at high eccentricity, whereas carbonate
preservation improved during colder phases (low eccentricity).
Coarse fraction data in Site 1237 additionally provide evidence for
enhanced carbonate preservation during colder periods corre-
sponding to low eccentricity after 13.9 Ma (Holbourn et al., 2005,
2007). However, middle Miocene circulation differed markedly
from the late Pleistocene scenario, when enhanced NADW pro-
duction drove a more vigorous overturning and the deep Atlantic
and Southern Oceans (and possibly the Pacific Ocean) became
better ventilated during interglacials, whereas ventilation wea-
kened during glacials due to a decline in NADW and increased
contribution of Glacial North Atlantic Intermediate Water
(Galbraith et al., 2007; Anderson et al., 2009; Sigman et al.,
2010). Furthermore, the mechanisms controlling deep water
formation and overturning rates probably varied significantly
before and after the onset of permanent ice cover in Antarctica
after 13.9 Ma, due to changing boundary conditions.

Firstly, NADW formation was probably not the main driver of
the global thermohaline circulation during the middle Miocene,
as the northern hemisphere was relatively warm with a more
reduced ice cover than in the late Pleistocene. Recent modeling
simulations (Butzin et al., 2011) additionally indicated that a
relatively deep (40.5 km) Central American Seaway during the
middle Miocene would have favored net export of water from the
Pacific to the Atlantic, thereby reducing the salinity contrast
between the two oceans and inhibiting NADW formation.
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Secondly, the middle Miocene ice cover over East and West
Antarctica was probably less extensive than during the late
Pleistocene, and fluctuated considerably between warmer and
colder phases, even following the 13.9 Ma glacial expansion
(Lewis et al., 2006; Haywood et al., 2008). It is therefore unlikely
that extensive ice shelves, which inhibited downwelling and deep
water production during the last glacial maximum (Anderson
et al., 2009; Sigman et al., 2010), developed around Antarctica
following middle Miocene ice growth. However, sinking of colder,
denser water probably intensified along the margins of Antarctica
during intervals of glacial expansion, as the westerlies increased
in strength due to the steeper latitudinal temperature gradient,
promoting more vigorous upwelling in the Southern Ocean. The
Pacific Ocean became better ventilated during colder episodes of
glacial expansion, when deep water formation increased and
northward export of southern-sourced waters intensified. There-
fore, our proxy data suggest that eccentricity-paced variations of
a more extended Antarctic ice cover after 13.9 Ma led to enhanced
variability in intermediate and deep water production in the
Southern Ocean, thus exerting a major control on the strength
of the Pacific MOC.
9. Comparison with modeling predictions

Modeling studies of Miocene ocean circulation have mainly
focused on the response of the MOC to gateway restriction or
closure (e.g. Heinze and Crowley, 1997; Nisancioglu et al., 2003;
Motoi et al., 2005; von der Heydt and Dijkstra, 2006; Butzin et al.,
2011). Experiments have investigated, in particular, how changes
in the depth of the Central American Seaway and its eventual
closure may have impacted inter-ocean exchange and rates of
overturning. Predicted outcomes, however, vary considerably in
terms of the flow direction and depth, repercussion on deep water
production and inter-ocean heat and salt exchange. Although
most studies (except for that of Nisancioglu et al. (2003)) support
a net deep water export from the Pacific Ocean into the Atlantic
Ocean through a relatively deep Central American Seaway, there
is considerable divergence concerning the rates of inter-ocean
flow and the main locations of deep water formation. Especially
controversial are the timing for the onset of NADW production
and the role that NADW may have played within the global
circulation system during the Miocene.

The model sensitivity study of Butzin et al. (2011), which
investigated the evolution of ocean circulation with various sea-
way configurations, concluded that the Central American Seaway
played a crucial role during the Miocene. Simulations with a
seaway depth 40.5 km, a realistic scenario for the middle
Miocene (Duque-Caro, 1990; Coates et al., 2003), indicated
increased production of deep and intermediate waters in the
South Pacific, linked to cooling of Antarctica during the middle
Miocene (Fig. 3 in Butzin et al. (2011)). Modeling experiments
showed that a relatively deep (40.5 km) and narrow Central
American Seaway favored water export from the Pacific to the
Atlantic Oceans, and inhibited substantial production of NADW.
This in turn led to the establishment of a deep southward return
flow along the South American Atlantic coast, eventually merging
into the Antarctic Circumpolar Current (Fig. 7 in Butzin et al.
(2011)). In contrast, the export flow from the Pacific Ocean into
the Atlantic Ocean and the southward return branch from the
tropical Atlantic to the Southern Ocean weakened substantially
when the Antarctic continent was warmer.

Our data do not support that deep water production in the
North Pacific (von der Heydt and Dijkstra, 2006) or westward
transport of NADW through the Central American Seaway
(Nisancioglu et al., 2003) had a major impact on the Pacific
MOC during the middle Miocene. In contrast, our results suggest
that Pacific deep and intermediate waters predominantly origi-
nated from the Southern Ocean and that the MOC strengthened
substantially following high latitude cooling and Antarctic ice-
sheet expansion. This interpretation is overall more consistent
with modeling outcomes of Miocene Pacific MOC in Butzin et al.
(2011). Increased NADW production and enhanced export to the
Southern Ocean may have accompanied middle Miocene global
cooling. However, such changes are not readily detectable in our
data sets, as the deep water originating from the North Atlantic
would have lost its original Nd and d13C signatures during the long
southward transit and through mixing with Southern Ocean waters.
10. Conclusion

We used a range of proxies including d13C, Nd isotopes,
benthic foraminiferal abundances and XRF-scanner derived ele-
mental data in well dated sedimentary successions to monitor
changes in Pacific water masses and MOC strength during the
middle Miocene transition into a colder climate mode following
Antarctic ice-sheet expansion. Nd isotopes reveal that Pacific
water masses became progressively more radiogenic northward,
much as today, and that the provenance of intermediate and deep
water masses did not change markedly in the subtropical South-
east Pacific Ocean between 15 and 12.7 Ma. Both Dd13C and Nd
isotope data document a vertically better mixed water column in
the Southeast Pacific Ocean between 14.3 and 13.6 Ma. Benthic
foraminifers and Log(Mn/Ca) data indicate an ocean-wide
improvement in deep water ventilation and strengthening of
the MOC following major ice-sheet expansion at �13.9 Ma.
We attribute the sharper d13C contrast between Pacific deep
and intermediate water masses between �13.6 and 12.7 Ma to
increased advection of d13C depleted deep waters into the
equatorial and South Pacific Ocean, due to more vigorous entrain-
ment of PCW into the wind-driven circulation and strengthening
of the MOC. In contrast, the shallower South Pacific sites remained
within the mixing zone of AAIW and PCW or became increasingly
affected by northward incursion of AAIW. Eccentricity-paced varia-
tions of an expanded Antarctic ice sheet after 13.9 Ma drove marked
changes in intermediate and deep water production during warmer
and colder climate phases. The deep Pacific Ocean remained poorly
ventilated during warmer intervals (high eccentricity), whereas
increased intermediate and deep water formation during colder
periods (low eccentricity) resulted in a more vigorous MOC,
improved ventilation and enhanced carbonate preservation. The
long-term d13C decline in Pacific intermediate and deep water sites
between 13.5 and 12.7 Ma reflects a global trend, probably related
to a re-adjustment response of the global carbon cycle following the
‘‘Monterey Excursion’’. Increases in the preformed nutrient
content at sites of intermediate and deep water formation in the
Southern Ocean may have additionally accentuated this long-
term trend.
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