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Abstract

The oceanic meridional overturning circulation (MOC) is a crucial component of the climate
system, impacting heat and nutrient transport, and global carbon cycling. Past greenhouse climate intervals
present a paradox because their weak equator-to-pole temperature gradients imply a weaker MOC, yet
increased poleward oceanic heat transport appears to be required to maintain these weak gradients. To
investigate the mode of MOC that operated during the early Cenozoic, we compare new Nd isotope data with
Nd tracer-enabled numerical ocean circulation and coupled climate model simulations. Assimilation of new Nd
isotope data from South Paciﬁc Deep Sea Drilling Project and Ocean Drilling Program Sites 323, 463, 596, 865,
and 869 with previously published data conﬁrm the hypothesized MOC characterized by vigorous sinking in
the South and North Paciﬁc ~70 to 30 Ma. Compilation of all Paciﬁc Nd isotope data indicates vigorous, distinct,
and separate overturning circulations in each basin until ~40 Ma. Simulations consistently reproduce South
Paciﬁc and North Paciﬁc deep convection over a broad range of conditions, but cases using strong deep ocean
vertical mixing produced the best data-model match. Strong mixing, potentially resulting from enhanced
abyssal tidal dissipation, greater interaction of wind-driven internal wave activity with submarine plateaus, or
higher than modern values of the geothermal heat ﬂux enable models to achieve enhanced MOC circulation
rates with resulting Nd isotope distributions consistent with the proxy data. The consequent poleward heat
transport may resolve the paradox of warmer worlds with reduced temperature gradients.

1. Introduction
The oceanic meridional overturning circulation (MOC) is responsible for a signiﬁcant contribution of
poleward heat transport in the modern climate system. Changes in the pattern and strength of the MOC are
considered to have played a large role in past climate variations. However, the role of the MOC in greenhouse
climate states presents a paradox. Classical theories [Saenko, 2006] predict that the MOC was weaker
during greenhouse intervals that were characterized by reduced equator-to-pole temperature gradients
[Sluijs et al., 2006; Zachos et al., 2008; Hollis et al., 2009] since simple arguments suggest that MOC strength is
proportional to density gradients [Lyle, 1997; Huber and Sloan, 2001; Saenko, 2006]. This implies a reduced
contribution to the poleward oceanic heat transport during past greenhouse intervals, which is difﬁcult to
reconcile with overall polar warmth [e.g., Sluijs et al., 2006; Hollis et al., 2009].
Equally paradoxical is the role of MOC in global carbon cycling during warm intervals. Mechanisms proposed
to explain periods of high organic carbon burial during the Late Cretaceous invoke either a sluggish [e.g.,
Arthur et al., 1987] or a rapid MOC [e.g., Martin et al., 2012]. However, organic carbon burial during the equally
warm early Eocene was anomalously low [Olivarez Lyle and Lyle, 2006], perhaps implying a more rapid MOC
[Lyle, 1997; Hague et al., 2012]. Data that constrain the pattern and strength of the MOC are required to
resolve these conﬂicting hypotheses.
Neodymium isotopes are one of the most robust tracers of ancient water mass composition, widely applied to
timescales spanning the past ~400 Ma [e.g., Frank, 2002]. In this study, we pair new seawater and ﬁne-grained
detrital Nd isotope analyses with numerical simulations using general circulation models. Compilation of
new Nd isotope data from South Paciﬁc Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP)
Sites 323, 463, 596, 865, and 869 with previously published data conﬁrms strong convection in the South Paciﬁc
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as well as the North Paciﬁc during the latest Cretaceous through early Paleogene (~70 to 30 Ma). Numerical
simulations indicate deep water formation in both the South Paciﬁc and North Paciﬁc across a range of
boundary conditions, though the strength and structure of the circulations vary with the imposed verticalmixing proﬁle.

2. Methods
2.1. Stratigraphic Recovery and Age Models for Drill Sites Investigated
DSDP Site 323 was cored in the central part of Bellingshausen abyssal plain in the eastern portion of the
Paciﬁc sector of the Southern Ocean (63°40.84′S, 97°59.69′W) at a water depth of 4993 m. The paleolatitude
for Site 323 at ~ 63 Ma was 67°S, and the paleodepth evolved from ~2000 m during the Late Cretaceous
and early Paleocene to nearly 4000 m (~35 Ma) [Hollister et al., 1976]. The stratigraphic section investigated
was recovered in Cores 14 through 18 (638.00–699.35 mbsf). The sediments recovered consist of red
clays mostly barren of any microfossils [Rogl, 1976]. Accumulation rates for this sedimentary section were
very low, ~15 m/Myr [Hollister et al., 1976]. Shipboard investigation identiﬁed a hiatus spanning most of the
Eocene in Cores 14 through 15 with the hiatus identiﬁed at 638.10 mbsf [Hollister et al., 1976].
Biostratigraphically useful microfossils are rare throughout this section. Thus, we applied the closest
biostratigraphic datums bounding the clay interval spanning our study section (Table S1 in the supporting
information). Shipboard biostratigraphy assigned an age of 15 Ma to Core 7 core catcher sample (362.77 mbsf)
based on the identiﬁcation of the diatom Denticula nicobarica [Hollister et al., 1976], and we apply this as the
youngest age model tie point. In the absence of other age control, it might be reasonable to estimate ages
based on typical accumulation rates for Paciﬁc red clay sequences. However, a prominent hiatus punctuates the
steady accumulation; therefore, we applied average accumulation rates for the intervals above and below
the hiatus separately. The shipboard party assigned an age of 33.35 Ma to the sediment interval directly
overlying the hiatus and assigned an age of 70 Ma to the sediment layer immediately overlying basement.
We applied the shipboard estimated sedimentation rates of 15 m/Myr to the sequence above the hiatus
and 5 m/Myr to the sequence between the hiatus and basement [Hollister et al., 1976]. As it was not
possible to convert the shipboard ages to the Geologic Time Scale (GTS 2004) [Gradstein et al., 2005], we only
treat these ages as broad estimates.
DSDP Site 463 was cored in the northwest Mid-Paciﬁc Mountains (21°21.01′N; 174°40.07′E) in 2525 m of
water. Its paleodepth was ~2000 m (~50 Ma) and paleolatitude was ~10°N. The investigated stratigraphic
interval (41.41–47.84 mbsf ) consists of foraminiferal and nannofossil chalk recovered in Cores 6 through 8.
A ~17 Ma hiatus exists between the Oligocene and middle Eocene sections at ~41.00 to ~43.00 mbsf
[Thiede et al., 1981]. There is also a short hiatus in Core 7, section 3 (~46.80 mbsf ) that encompasses most
of the lower Eocene, and the entire Paleogene stratigraphic sections of the study interval [Thiede
et al., 1981].
Although sediments recovered at Site 463 contain abundant carbonate microfossils, little biostratigraphic
information exists. Shipboard lithologic description and biostratigraphy identiﬁed a hiatus in Core 7 section 3
(46.8 mbsf) spanning the middle Eocene to Maastrichtian [Thiede et al., 1981]. Shipboard nannofossil report
for Paleogene ages above the unconformity [Thiede et al., 1981]. The report only provides an estimate of the
nannofossil zone of the recovered sections; therefore, we estimated the top and base of the respective zones
from the shipboard report and applied the numeric ages of the NP zones from GTS 2004 [Gradstein et al.,
2005]. Below the unconformity we converted the Sr isotope values from Barrera et al. [1997] to GTS 2004 ages
using the [McArthur et al., 2001] Look-Up Table Version 4:08/04. All datums are detailed in the supporting
information Table S1.
DSDP Site 596 is located in the southwest Paciﬁc Ocean (23°51.20′S, 165°39.27′W) at a water depth of 5614 m.
This site paleodepth was ~5000 m at 38°S in the South Paciﬁc during the Paleocene (~54–62 Ma). The study
interval was recovered in Cores 2 to 3 (12.0–23.83 mbsf) and consists of brown, zeolitic clay lacking
biostratigraphically useful microfossils [Winfrey et al., 1987]. We used constant Co accumulation age model
[Zhou and Kyte, 1992] to assign numeric ages to the sediment intervals. The age model is tied to the Ir peak
at the K/T boundary, so we updated the numeric ages to the GTS 2004 by adjusting the K/T age (Table S1 in
the supporting information). This resulted in a constant offset of 0.9 Myr in the revised ages.
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ODP Hole 865B was cored on Allison Guyot (18°26.41′N, 179°33.34′W), in the Mid-Paciﬁc Mountains at a water
depth of 1530 m. This site was located at or near the equator, ~5°N throughout the Paleocene and Eocene
(~62–36 Ma) and at a paleodepth of 1500 m [Sager et al., 1993]. The study interval spans the upper Paleocene
to upper Eocene, between 18.15 and 134.32 mbsf and was recovered in Cores 3 through 15. The Paleogene
sedimentary section consists of foraminiferal nannofossil ooze [Sager et al., 1993], with nearly complete
recovery of the Paleogene [Bralower et al., 1995]. A detailed Paleogene nannofossil biostratigraphy exists for
Hole 865B [Bralower et al., 1995], and we converted the numeric ages to the GTS 2004 (Table S1 in the
supporting information).
ODP Hole 869A was cored at Wodejebato Guyot in the equatorial Paciﬁc Ocean (11°0.091′N, 164°44.969′E) at
a water depth of 4826.7 m. Site 869 was situated at the equator at a paleodepth of 3600 m during the Eocene
(~45 Ma) [Sager et al., 1993]. The sampling interval for this investigation spans the upper Eocene to middle
Eocene from 87.65 to 139.41 mbsf recovered from Cores 10 through 15. The primary lithology of the
investigated sediments is clayey nannofossil and radiolarian ooze. Calcareous nannofossil biostratigraphy of
Hole 869A indicates a hiatus in the upper middle Eocene and possibly also in the lower Oligocene [Firth,
1995]. We used the nannofossil datums [Firth, 1995] and applied the ages from the GTS 2004 for the Site 869
age model (Table S1 in the supporting information).
2.2. Nd Isotope Structure of the Modern Oceans
The Nd isotopic composition of seawater, expressed as εNd, (the 143Nd/144Nd value of a geologic sample
normalized to the bulk earth [DePaolo and Wasserburg, 1976]) varies on a basin scale as well as within
individual ocean basins [Piepgras and Wasserburg, 1982, 1987; Piepgras and Jacobsen, 1988; Jeandel, 1993;
Jeandel et al., 1998; Amakawa et al., 2000]. Surface seawater εNd variations result from differences in
weathering of subaerially exposed rocks that drain into a given ocean basin [Goldstein et al., 1984; Goldstein
and Jacobsen, 1987, 1988]. Intermediate and deep water masses acquire the isotopic composition of the
surface waters in the region of subduction or downwelling [Goldstein et al., 1984; Goldstein and Jacobsen,
1987, 1988; Elderﬁeld et al., 1990; Halliday et al., 1992; Sholkovitz, 1993]. Subsequently, the initial εNd of a
particular water mass may be altered through mixing with other water masses or particle exchange processes
[Lacan and Jeandel, 2001; Siddall et al., 2008]; however, provenance information typically is retained because
of the short oceanic residence time of Nd (~200–1000 years [e.g., Tachikawa et al., 1999]) relative to
overall oceanic mixing rates. Nonetheless, it is important to consider the effects of boundary exchange [e.g.,
Lacan and Jeandel, 2005; Arzouse et al., 2007] and other contributions of dissolved Nd to seawater at
depth when interpreting paleo-Nd isotope records in terms of water mass composition and overturning
circulation patterns.
Modern North Atlantic Deep Water (NADW) has a εNd signature of ~ 12 to 13, imparted by mixing of
waters from the Nordic Seas (εNd ~ 9) and the Labrador Sea with a surface εNd value as low as ~ 26
[Piepgras and Wasserburg, 1987]. Modern Southern Ocean waters (both Antarctic Intermediate Water and
Antarctic Bottom Water) have a more radiogenic signature of ~ 8 to 9, derived from the mixing of NADW
with Paciﬁc waters ﬂowing eastward through the Drake Passage within the Circumpolar Current [Piepgras and
Wasserburg, 1982]. Surface waters of the modern North and South Paciﬁc have the most radiogenic εNd
values of ~0 to 4 [Piepgras and Jacobsen, 1988], and this reﬂects the average ﬂuvial input to the Paciﬁc of
2.9 to 3.7 [Goldstein et al., 1984; Goldstein and Jacobsen, 1987, 1988].
Depth proﬁles of Nd isotopic composition indicate considerable stratiﬁcation of South Paciﬁc waters
compared to the North Paciﬁc. Analyses from the South Paciﬁc indicate very radiogenic surface waters
of εNd ~0 underlain by lower εNd values of ~ 8 at 4500 m water depth [Piepgras and Jacobsen, 1988].
The more negative bottom water signature reﬂects the northward ﬂow of Antarctic bottom waters
into the Paciﬁc [Piepgras and Wasserburg, 1982; Amakawa et al., 2009; Tazoe et al., 2011; Carter et al.,
2012; Stichel et al., 2012]. Much less stratiﬁcation of εNd values is evident in North Paciﬁc proﬁles despite
the existence of distinct intermediate, deep, and bottom water masses [Talley, 1993; Tomczak and
Godfrey, 1994]. Overall slow deep water renewal in the North Paciﬁc enables vertical exchange of Nd
from Paciﬁc surface waters to overprint the northward advecting Circumpolar Deep Water signal
[Piepgras and Wasserburg, 1982], resulting in relatively radiogenic deep waters in spite of the absence of
large-scale convection in the North Paciﬁc.
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2.3. Analytical Methods
The Nd isotopic composition of the water mass bathing a particular location is recorded and preserved by the
teeth and bones of fossil ﬁsh [Wright et al., 1984; Shaw and Wasserburg, 1985; Staudigel et al., 1985; Reynard
et al., 1999; Martin and Haley, 2000; Martin and Scher, 2004; Thomas, 2005; Thomas and Via, 2007] as well as the
disseminated authigenic oxide minerals [Martin et al., 2010]. We analyzed both ﬁsh debris and leached oxide
minerals in this study. To isolate ﬁsh debris, we disaggregated bulk sediment samples in a dilute solution of
sodium metaphospate solution and washed through a >63 μm sieve. Then we handpicked teeth and
fragments of ﬁsh debris, using ~20–30 fragments per sample depending on availability and size. Replicate
samples were also picked from several sites. A signiﬁcant body of work indicates that the rigorous reductive/
oxidative cleaning protocol is not necessary, as oxide coatings record the same Nd isotopic signal as the
biogenic apatite [Martin et al., 2010; Roberts et al., 2010; Hague et al., 2012]. Therefore, prior to dissolution, we
rinsed the samples twice in ethanol followed by two rinses in ultrapure water (Milli-Q).
To extract the disseminated oxide minerals, we decarbonated bulk, homogenized samples using 50 mL of
2.7% acetic acid buffered with Na acetate (pH 5) for 2 h on a shaker table. After carbonate digestion, samples
were centrifuged and the supernatant discarded. The leaching procedure was repeated until all carbonate
was digested. Following complete digestion, we rinsed samples 3 times in Milli-Q water. To leach the oxide
fraction, we added 14 mL of buffered and chelated 0.02M Hydroxylamine Hydrochloride (HH) solutions and
allowed the samples to react for 1.5 h on a shaker table. After centrifuging, the supernatant was retained and
40 mL of fresh HH solution was added to the samples for a long (24 h) extraction. Following the long
extraction, samples were centrifuged; the supernatant was discarded and rinsed 3 times in Milli-Q water. The
residual samples were dried and powdered for detrital silicate analysis of targeted samples.
Fish debris samples were dissolved in 2N HNO3 for RE Spec chemistry. We dissolved the leachate samples in
several milliliters of concentrated HNO3 and dried down, then dissolved the samples in 2N HNO3. Detrital
silicate dissolution required the lengthy HF/HNO3 dissolution followed by an HCl dissolution step. After
drying down, we dissolved the detrital samples in several milliliters of concentrated HNO3 and dried down,
then dissolved the samples in 2N HNO3. The rare earth elements from all fractions were isolated using RE
Spec cation exchange column chemistry followed by Nd isolation from the bulk rare earth elements via
methyllactic acid column chemistry.
All samples were loaded using 1 μL of 2N HCl onto a rhenium (Re) ﬁlament and analyzed on the Thermo
Triton thermal ionization mass spectrometer as Nd+. External precision was 15 ppm (2σ) with a value
0.512104 based upon replicate analysis of JNdi standard (n = 40) over the course of this study. Using the
numerical ages determined with the age models detailed above, εNd(t) values were calculated. For ﬁsh debris,
we applied a typical 147Sm/144Nd value of 0.131 [e.g., Thomas, 2004]. We adopted the 147Sm/144Nd value of
0.109 for determination of the silicate εNd(t) values based on upper crustal average concentrations of Sm and
Nd [Taylor and McLennan, 1995] and a 147Sm/144Nd value of 0.115 for the oxide fraction based on values
reported for Fe-Mn crusts [Ling et al., 1997].
2.4. MITgcm Simulations and Boundary Conditions
To run the MIT general circulation model (MITgcm) as an ocean model [Marshall et al., 1997], boundary
conditions for the surface were taken from two sets of previously coupled experiments [Lunt et al., 2012]
computed with the National Center for Atmospheric Research (NCAR) Community Climate System Model
version 3 (CCSM3). Those experiments were forced with carbon dioxide (CO2) levels of 2240 ppmv (hereafter
“warm”) and 4480 ppmv (hereafter “very warm”), which produced temperature proﬁles that compared
favorably to proxy reconstructions from the middle and late Eocene and Paleocene and from the warmer
early Eocene, respectively. As noted previously [Huber and Caballero, 2011], using radiative forcing this strong
does not imply that CO2 during the Paleogene must have been this high; rather, these are the levels necessary to
achieve warmth consistent with proxy levels in a model whose climate sensitivity to doubling CO2 is low. In both
experiments, the solar constant was set to 1365 W/m2, aerosol radiative effects were set to zero, and orbital
parameters and other trace gas concentrations from preindustrial era conditions were used [Liu et al., 2009].
Thus, the variations in CO2 are solely responsible for the radiative changes leading to increasing surface
temperatures, and they yield mean annual sea surface temperatures exceeding 35°C in the warmest
equatorial regions, while high-latitude temperatures are ~10°C. The pattern of freshwater forcing shows
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excess freshwater input from precipitation in tropical convection and middle-latitude storm tracks; in the
subtropics, evaporation dominates.
We used seasonally varying climatologies of the surface temperature, wind, and salinity ﬁelds from both the
2240 ppmv (warm) and 4480 ppmv (very warm) simulations to force our own ocean simulations in the
MITgcm. We used Paleogene continental conﬁguration with 4° by 4° horizontal resolution and 18 vertical
levels; the Gent-McWilliams and K-proﬁle parameterizations were used. The simulations restore boundary
conditions to the monthly varying temperature and salinity ﬁelds using a 30 day relaxation timescale; this
tethers the surface conditions to those from the coupled model.
We used the passive tracer code within the MITgcm to estimate the Nd distribution implied for each case.
Values are restored at the surface to a prescribed value, and then interior points are determined following
advection and mixing by the interior ﬂow. We restore values to 6 epsilon units in the South Paciﬁc, +5 in the
North Paciﬁc, and 10 everywhere else. Data constraining the absolute surface water values do not exist;
thus, these values are estimated based on existing deep water and detrital εNd(t). The 10 value is based on the
range of early Paleogene εNd(t) values recorded by ﬁne-grained detrital (eolian) inputs (~  8 to 12) to the
tropical and subtropical Paciﬁc [Woodard and Thomas, 2009; this study]. We apply 6 as the end-member value
for the South Paciﬁc based on the range of seawater values recorded at Sites 596 and Site 323 (~  5.0 to 5.6)
once the seaﬂoor had deepened between ~62 and 57 Ma (this study; please refer to section 3 for the
details of this interpretation). This is a reasonable estimate given the southerly location of Site 323, as well as the
values recorded at Site 596 to the north, reﬂecting mixing of Antarctic Peninsula weathering inputs with other
source(s) of more unradiogenic surface water Nd in the Ross Sea region. The North Paciﬁc end-member was
estimated from the composition of radiogenic detrital εNd(t) values recorded at North Paciﬁc Sites 192 and 883
[Hague et al., 2012].
2.5. Construction of the Global Compilation Ocean “Section”
The proxy data were placed on to a regular latitude-depth grid based on their reconstructed depths and
paleolocations (Table S2 in the supporting information) and the natural regridding routines from the NCAR
Command Language were used to create interpolated, gridded values. Extrapolation beyond the convex hull
of the kernel was not used. The ocean model Nd ﬁelds were resampled at the same paleodepths and
paleolocations to enable a point-wise model-data comparison.
2.6. Reconstruction of the Meridional Temperature Gradient From Published Proxy Data
We compared model-generated meridional temperature gradients to a proxy compilation modiﬁed from Hollis
et al. [2009] based on updated calibrations and reﬁned estimates of seawater Mg/Ca values (Table S3 in the
supporting information). The proxy data span a target age of 49–55 Ma (excluding the Paleocene-Eocene
Thermal Maximum) to capture the very warm interval of the early Eocene.

3. Results and Discussion
3.1. Nd Isotope Data
The dissolved Nd isotopic composition recorded at Site 323 decreased from 3.6 at ~70 Ma to 5.3 by
~62 Ma (Figure 1 and Table S4 in the supporting information). This overall decrease coincides with the gradual
deepening of the seaﬂoor from ~2000 m to ~3000 m by ~62 Ma [Hollister et al., 1976]. After ~62 Ma, the
average seawater εNd(t) value at Site 323 was 5.4, similar to the range of values recorded by Site 596 to the
north (Figure 1). The convergence of the seawater εNd(t) values between Sites 323 and 596, as well as
the deep water and southerly locations of the two sites, suggests that both were inﬂuenced by the same deep
water mass from at least ~62 to ~57 Ma (and likely to at least ~33 Ma; however, a hiatus at Site 323 limits
the long-term correlation to Site 596). The relatively constant values recorded at Site 596 (situated at or
below 4000 m depth throughout the study interval) suggest this water mass composition was a long-term
feature of the southern Paciﬁc. The average deep water εNd(t) values recorded at Sites 869, 865, and 463
were 4.7, 4.1, and 4.3, respectively, indicating a general geographic trend of increasing isotopic values
from south to north (after Site 323 had subsided to deep water depths) (Figure 1 and Table S4 in the
supporting information).
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Previous work from northern Paciﬁc sites also
identiﬁed a general increase in intermediate
and deep water Nd isotope values from south
35
to north (Figure 2) [Hague et al., 2012]. North
Paciﬁc Nd isotope data combined with
40
coupled model simulations indicate
convection of a water mass with radiogenic
Nd isotope values in the North Paciﬁc and
45
circulation of this water mass southward
[Thomas, 2004; Hague et al., 2012]. The
50
systematic decrease in the deep water Nd
isotope composition indicated by the data
compilation could have resulted from a
55
combination of (1) boundary exchange along
the western margin of the Paciﬁc with less
60
radiogenic seaﬂoor sediments and (2) mixing
with a water mass of lower isotopic
composition that convected in the southern
65
Paciﬁc. Although ﬁne-grained detrital
sediments in the tropical and subtropical
70
Paciﬁc record relatively low Nd isotope values,
-10
-12
-8
-6
-4
we rule out signiﬁcant inﬂuence of dust
Nd (t)
dissolution on the deep water Nd isotope
signature based on the overall low ﬂuxes of
323 Seawater
323 Detrital
463
dust to the region [Woodard et al., 2011] and
865
463 Seawater
the negligible exchange of Nd between
869
463 Detrital
silicate dust and seawater [Jones et al., 1994].
596 Seawater
596
596 Detrital
Boundary exchange, deﬁned as exchange of
865 Seawater
Nd between seaﬂoor sediments and the
323
869 Seawater
advecting water mass [Lacan and Jeandel,
869 Detrital
2005], may have contributed to the overall
Figure 1. Paciﬁc Ocean Nd isotope data from DSDP and ODP Sites decrease in the isotopic composition of North
323, 463, 596, 865, and 869. Error bars for individual samples are
Paciﬁc Deep Waters. However, much of the
smaller than the symbol size, and external precision is indicated by
western margin of the North Paciﬁc during
black bar. Paleolocations shown are for 50 Ma (generated with
the
Late Cretaceous and Paleogene was
GPlates software).
characterized by subduction [e.g., Seton et al.,
2012], and thus, detrital sediments deposited
along the margin likely recorded relatively high Nd isotope values. Boundary exchange alone cannot explain
the geographic pattern of decreasing isotopic composition to the south.
Age (Ma)

2σ

ε

To constrain the source(s) of Nd to the tropical and South Paciﬁc and test the hypothesis that a water mass of
relatively low Nd isotopic composition convected in the region, we analyzed the Nd isotopic composition of
targeted detrital sediments (Figure 1 and Table S4 in the supporting information). Fluvial inputs of weathered
rock are the dominant source of dissolved Nd to the oceans, and ﬁne-grained detrital sediments transported
by rivers bear the same Nd isotopic composition as the dissolved inventory [Goldstein et al., 1984; Goldstein and
Jacobsen, 1987, 1988]. However, the only source of detrital sediments to sites located far from land (>2000 km)
is windblown dust and ash [Rea, 1994]. Sites 463, 596, and 869 were all located toward the center of the basin
(Figure 1), and the range of detrital εNd(t) values recorded at those sites (6.1 to 12.4) is consistent with
contributions from continental dust and volcanic ash. Furthermore, the detrital εNd(t) values at Sites 463, 596,
and 869 are all lower than the seawater values recorded at those sites (Figure 1), indicating that the sources
of the detrital sediments were different than those of the water masses at Sites 463, 596, and 869. Site 323,
situated near the Antarctic Peninsula, recorded the most radiogenic detrital silicate εNd(t) values (3.4 to 4.0;
Figure 1). Subduction of the proto-Paciﬁc plates during the Mesozoic and Cenozoic produced the peninsula
[Barker, 1982], and εNd(t) values of the exposed terranes ranges from ~ 6 to ~ +5 [Wareham et al., 1997;
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Figure 2. Compilation of new (Sites 323, 463, 596, 865, and 869) with representative published data from the North and
tropical Paciﬁc. Crusts CD 29–2, D11-1, VA13/2 [Ling et al., 1997]; Sites 1209 and 1211 [Thomas, 2004]; Crust D137-09 [van
de Flierdt et al., 2004]; Crusts CB01, CJ01, and CLD01 [Ling et al., 2005]; and Sites 192, 464, 465, 883, and 1208 [Hague et al.,
2012]. Paleolocations shown are for 60 and 40 Ma (from GPlates).

Riley et al., 2001]. The Site 323 detrital silicate εNd(t) values are consistent with a mixture of Antarctic
Peninsula weathering inputs with the above range of εNd(t) values. Given the proximity of Site 323 to the
continental margin, the dissolved ﬂuvial inputs (and hence sea surface composition) would have been
similar to the detrital composition.
The key features in the compilation of data shown in Figure 2 are (1) the convergence of seawater εNd(t) values
at Sites 323 and 596 coincident with deepening at Site 323, (2) the general northerly increase in the seawater
εNd(t) values post deepening at Site 323, (3) the consistency of Site 596 deep water εNd(t) values, and (4) the
decoupling of dissolved and detrital values at Sites 463, 596, and 869. These features exhibited by the data are
best explained by convection of deep waters in the Paciﬁc sector of the Southern Ocean that ﬂowed northward
and mixed with radiogenic deep waters that convected in the North Paciﬁc. Boundary exchange with a
northward ﬂowing South Paciﬁc water mass cannot account for the systematic increase in the deep water Nd
isotope composition because the likely composition of detrital sediments along the western margin of the
South Paciﬁc was relatively low based on tectonic considerations. Initiation of subduction in the subtropical and
tropical regions of the west Paciﬁc did not occur until ~50 Ma [e.g., Seton et al., 2012], and prior to the
weathering of the subduction-related terranes the marginal sediments in the region would have had a
relatively low Nd isotopic composition.
The relatively radiogenic signature of the Southern Ocean source is unique to the Paciﬁc sector, because the
Atlantic and Indian sectors recorded signiﬁcantly lower εNd(t) values during the Late Cretaceous and early
Paleogene [Thomas et al., 2003; Robinson et al., 2010; Murphy and Thomas, 2012]. We adopt the name “South
Paciﬁc Deep Water” (SPDW) to distinguish the Paciﬁc sector source from the other Southern Ocean sectors and
“North Paciﬁc Deep Water” (NPDW) to identify the water mass from the north. The vertical εNd(t) section based
on a compilation of available data (Figure 3) reveals deep penetration of the NPDW and SPDW signals and the
creation of a broad intermediate water mass between them. Furthermore, the available data delineate a
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Figure 3. Compilation of εNd(t) records for the Paciﬁc for 67–53 Ma feature indicating that this water was
interpolated using natural neighbor interpolation (Please refer to the
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equator indicating that three-dimensional aspects of the circulation are important and potentially a key
diagnostic feature.
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We propose that SPDW convection occurred in the Ross Sea, which extended further south than other
portions of the Southern Ocean, and is supported by evidence of Paleocene age sediment drifts in the
Amundsen Sea [Uenzelmann-Neben and Gohl, 2012]. The end-member SPDW composition represented by
the convergence of Sites 323 and 596 values between ~ 5.0 and 5.6 indicates mixing of Antarctic
Peninsula weathering inputs with other source(s) of more unradiogenic surface water Nd in the Ross Sea
region prior to convection, either through weathering of older Antarctic terranes [Roy et al., 2007] and/or
surface water transport of unradiogenic Nd from the proto-Indian region [Murphy and Thomas, 2012].
The εNd(t) compilation also indicates distinct Paciﬁc and Atlantic overturning circulations that remained
separate until at least ~40 Ma, when SPDW values converged with those recorded in the Atlantic sector of the
Southern Ocean [Scher and Martin, 2004]. The separation of the deep Atlantic and Paciﬁc during the early
Cenozoic has important implications for carbon cycling: multiple sources of deep convection would have
produced a distribution of younger water mass ages in each basin and overall faster rates of ventilation.
Higher ventilation rates promote enhanced recycling of organic carbon, returning the ﬁxed carbon back to
the ocean/atmosphere system as CO2 [Olivarez Lyle and Lyle, 2006; Hague et al., 2012]. Equally important, the
segregation at depth of the relatively small Atlantic from the much larger Paciﬁc explains the differential
responses to increased levels of atmospheric CO2 during the Paleogene hyperthermals [Zeebe and Zachos,
2007], since a ﬁnite mass of CO2 equilibrated in the small Atlantic would cause more dissolution than in the
Paciﬁc. The global compilation also demonstrates a lack of a tropical east-west εNd(t) gradient, indicating that
deep water exchange through the open Caribbean and Tethys was insigniﬁcant [Thomas et al., 2008].
3.2. Model Simulations
To evaluate the proxy interpretations in a physical oceanographic context, we performed a suite of Nd tracerenabled simulations with the MIT general circulation model (MITgcm) using early Paleogene continental
conﬁguration, surface boundary conditions appropriate to the period, and a variety of vertical-mixing proﬁles
(Figure 4). Boundary conditions were taken from two sets of previously coupled experiments whose resulting
surface temperatures compare favorably with proxy reconstructions from the middle and late Eocene and
Paleocene [Liu et al., 2009; Hollis et al., 2009, 2012; Ali and Huber, 2010; Huber, 2009] in one case and the warmer
early Eocene in the other [Huber and Caballero, 2011; Lunt et al., 2012]. The boundary conditions are taken
from the set of fully coupled experiments described in Liu et al. [2009] and Huber and Caballero [2011] using
version 3 of the Community Climate System Model (CCSM3) and forced with elevated CO2, lower than presentday aerosol concentrations, and paleogeography of Sewell et al. [2000]. The warm boundary conditions are from
the coupled experiments using 8 times preindustrial era CO2 (2240 ppm) while the very warm ones come
from the experiments with 16 times preindustrial levels (4480 ppm). These levels ought not be treated
literally: note that CCSM3 has a lower climate sensitivity to elevated CO2 than the ensemble mean of general
circulation models considered by the Intergovernmental Panel on Climate Change, which means that the same
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Iterations of the very warm coupled
experiments were repeated using three
different ocean mixing proﬁles shown in
Figure 5. These feature normal (i.e., present
day), moderate (higher), and strong (much
higher) vertical diffusivity. The vertical
diffusivity used “normal mixing” cases
follows a Bryan-Lewis type proﬁle [Bryan
and Lewis, 1979] that transitions from
0.1 cm2/s in the upper ocean to higher
values in the abyss (1.0 cm2/s) beginning
around a depth of 1 km; this is similar to
estimates of diffusivity values for the
modern ocean. Two proﬁles with values
0.5 cm2/s and 4.7 cm2/s larger at all depths
(“moderate mixing” and “strong mixing,”
respectively) were also tested with the very
warm conditions. These three coupled
runs, combined with the warm case using
normal mixing, yield four unique sets of
boundary conditions; we applied them to
the MITgcm in ocean-only mode [Marshall
et al., 1997], which generated the Nd tracer
distributions presented here.

To further explore the effects of mixing
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E.
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Figure 4. The global meridional overturning stream function for the northward ocean heat transport was similar
Paciﬁc reconstructions plotted (Sv), with negative values indicating
to the one with moderate mixing, so we
counterclockwise ﬂow. (a) Results of normal mixing applied to the
adopted the surface boundary conditions
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lation. (c) Moderate mixing in the very warm simulation. (d) Strong
abyssal mixing in the very warm simulation. (e) Strong mixing for the strong abyssal mixing case as well. It is
very warm simulation.
important to note that we explored the
parameter space using other combinations
of boundary conditions and proﬁles, and the resulting Nd tracer distributions in these cases were qualitatively
similar to those we report here.
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Deep water forms at both the northern and southern end of the Paciﬁc in all of the cases we examined, but
the strength and structure of the Paciﬁc meridional overturning circulation differ with the vertical-mixing
proﬁle. Using the normal mixing (i.e., present-day proﬁles) with either warm boundary conditions (Figure 4a)
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Figure 5. Vertical diffusivity proﬁles for the four simulated mixcirculation vary with the strength of the mixing
ing cases (normal, moderate, strong, and strong abyssal).
imposed, which has implications for the
expected distribution of tracers in the tropical Paciﬁc. Below we describe the responses to various verticalmixing proﬁles.
Increasing mixing by 0.5 cm2/s to the levels in the moderate mixing case (and applying the set of boundary
conditions from the corresponding fully coupled run) yields a stronger overturning and more dominant
Southern Hemisphere source (Figure 4c). Further amplifying mixing values to levels of the strong abyssal
mixing (Figure 4d) or strong mixing cases (Figure 4e) strengthens the overturning further while maintaining a
bimodal structure of sinking at both the northern and southern end of the Paciﬁc. The elevated mixing
proﬁles affect the ocean heat transport, passive tracer distribution, surface temperature gradient, and energy
consumed by mixing.
The best match with the reconstructed proxy distribution occurs in the cases using mixing values stronger
than those of present day. The moderate mixing case (which adds 0.5 cm2/s to the normal mixing proﬁle), the
strong mixing case (which adds an additional 4.2 cm2/s to the moderate proﬁle), and the strong abyssal
mixing (which marries the strong mixing values below 1 km depth to weaker surface ones) produce a
gradient across the tropical Paciﬁc between water with Southern Hemispheric imprints and Northern
Hemispheric origins (Figure 6). The best match with the proxy data (Figure 3 and shown again in Figure 6f)
occurs in cases using the strongest abyssal mixing (Figures 6d and 6e), although the moderate mixing
(Figure 6c) also shows some qualitative improvements to the proxy comparison over the normal mixing cases
(Figures 6a and 6b), which simulate strong vertical gradients in Nd values through the tropical Paciﬁc. Note
that both the strong mixing and strong abyssal mixing, whose diffusivity values differ principally only in the
upper ocean, compare favorably with the proxy data, indicating a lack of sensitivity to upper ocean
mixing values.
While the match between proxy and model Nd tracer distributions was unaffected by upper ocean
diffusivities, the ocean heat transport and surface temperatures were strongly affected by the strength of
mixing in the thermocline. Figure 7a shows the ocean heat transport in the MITgcm using normal (black),
moderate (blue), and strong (red) mixing proﬁles. Elevated mixing increases the poleward heat transport
carried by the ocean, with the highest sensitivity to mixing occurring in the tropical thermocline [e.g., Bugnion
et al., 2006]. We found further evidence of this localized sensitivity in that the ocean heat transport in
simulations using strong abyssal mixing proﬁle were similar to those using moderate mixing rather than
strong mixing. The strong abyssal mixing proﬁle is similar to that of the moderate cases only in the upper
most 700 m of the ocean. These mixing proﬁles change the meridional sea surface temperature distribution
simulated in the coupled model, as shown in Figure 7b. The case using strong mixing produces the weakest
gradient and best match with high-latitude proxies.
Given that the best match between proxy and model-derived Nd cross sections occurred in simulations using
elevated mixing, we examine here how much energy would be required to maintain these stronger proﬁles.
Following Wunsch and Ferrari [2004], we calculated the amount of energy required by mixing processes by
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Figure 6. (a) Results of normal mixing applied to the warm simulation. (b) Normal mixing applied to the very warm simulation. (c) Moderate mixing in the very warm simulation. (d) Strong abyssal mixing in the very warm simulation. (e) Strong mixing
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4
been multiplied by 1x10 for clarity.
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Figure 7. (a) The zonal mean meridional heat transport in PW produced by CCSM3 for the normal (black line), moderate
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median, 95 and 5% conﬁdence intervals, and maximum and minimum values for TEX86 (red), Mg/Ca (green), and glassy
18
foraminiferal δ O (blue) annual mean surface temperature estimates (Table S3).

integrating the product of the vertical diffusivity Kv and the square of the Brunt-Väisälä frequency N over the
volume of the model ocean:
ε ¼ Γ∫K v N2 ρ dV
The integral is the fraction of the dissipation available to actually mix the ﬂuid; it is related to the total viscous
dissipation ε by a so-called mixing efﬁciency Γ, which is estimated to be about 0.2 in the modern ocean [e.g.,
Wunsch and Ferrari, 2004]. Absent knowledge of how such a parameter might differ over geologic time, we
use the value 0.2 in all of our calculations.
Under these assumptions, the normal mixing case would require a source of 1.41 TW, while the moderate
mixing case requires a larger one of 4.32 TW. The strong abyssal mixing case requires 5.49 TW and the strong
mixing case requires 20.93 TW. It is important to note that the estimate of the energy required is most
sensitive to elevated mixing in the upper kilometer, while the Nd proﬁles are not. The closest matches
between data and proxies are achieved with elevated mixing in the abyss, regardless of whether values in the
upper ocean are elevated to high values. On the other hand, the best match with surface temperature proxies
occurs when mixing is elevated in the upper ocean, but achieving this requires an implied source of energy
nearly an order of magnitude larger than that input to the oceans today.
The estimated size of the energy source required for moderate mixing and strong abyssal mixing simulations
is within a factor of 2 to 3 of that available today. One potential source for such an increase is (for abyssal
mixing) tidal dissipation. Though much of the present-day tide is dissipated on shelves, Green and Huber
[2013] argued that an increase in dissipation in the deep paleo-Paciﬁc during the Eocene would result from
the changes in continental geography. They found that 94% of the Paciﬁc tidal energy is lost in the deep part
of the basin using Eocene geography and conditions, while only 45% is with present geography and
conditions. Even while the global dissipation was lower in the Eocene simulations compared to today, the
absolute amount dissipated in the abyssal Paciﬁc increased from ~0.9 to ~1.2 TW (note that this is an actual
amount of dissipated energy, not an estimate of energy available for mixing processes; global amounts of the
former are assumed to be related to global amounts of the latter by the mixing efﬁciency factor Γ ~ 0.2).
While substantially elevated mixing in the upper ocean (strong mixing case) does not appear necessary for
good agreement between model and proxy Nd cross sections, it does improve agreement with other proxies
of surface temperatures. Yet raising the diffusivity this high in the upper kilometer presents a new problem in
that the source of energy would have to rise substantially beyond that available today (unless some other
mechanisms favored a larger value for the mixing efﬁciency parameter in the Paleogene). One potential
source of energy for mixing at these depths, particularly in low latitudes where poleward heat transport is
most sensitive to mixing [Bugnion et al., 2006], is strong surface winds from severe storms. Increases in
tropical cyclone wind forcing could result in additional mixing at these depths in hot climates [Korty et al.,
2008], and mixing from transient wind bursts has been documented to have a strong effect [Wijesekera and
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Gregg, 1996]. While several models of storm activity in a warmer climate predict an increase in high-intensity
storms and of the cumulative power put into the upper ocean by these strong tropical cyclone winds [e.g.,
Fedorov et al., 2009; Bender et al., 2010], the way these storms respond to climate differences as large as those
of the early Cenozoic is unclear.
3.3. Potential Implications
The model-data synthesis conﬁrms the qualitative interpretation of the proxy records that bipolar convection
operated in the Paciﬁc during the latest Cretaceous and early Paleogene, and permits us to quantitatively
explore the implications of the MOC reconstruction. One important feature that emerges from the proxy data
and simulations is that the mode of overturning circulation did not respond to major transitions in early
Cenozoic climate. Bipolar Paciﬁc convection dominated by SPDW characterized both the warm (2240 ppm
atmospheric CO2 forcing) and very warm (4480 ppm CO2 forcing) simulations. The proxy compilation
(Figure 2) and simulations with normal background vertical diffusivity (Figures 6b and 6c) suggest a weak
feedback between ocean circulation and climate. The sensitivity of climate state to MOC increases
dramatically with increased simulated vertical mixing. Enhanced abyssal mixing requires approximately 1 TW
of energy for moderate and strong abyssal mixing cases and could have occurred in the past because of
enhanced abyssal tidal dissipation [Kagan and Sündermann, 1996; St. Laurent et al., 2002; Green and Huber,
2013], greater interaction of wind-driven internal wave activity with submarine plateaus, or higher than
modern values of the geothermal heat ﬂux [Emile-Geay and Madec, 2009]. It is likely that some combination of
all of these processes contributed to enhanced abyssal mixing given that each would have been promoted
by the tectonic boundary conditions speciﬁc to the Late Cretaceous and early Paleogene. The widespread
emplacement of large igneous provinces and high rates of oceanic crust production contributed to
signiﬁcantly higher ﬂuxes of heat through enhanced water/rock interaction. At the same time, high rates of
crustal emplacement via mid-ocean ridge or plume volcanism produced signiﬁcant regions of relatively
young and buoyant (shallower) seaﬂoor. Alternatively, this mixing may arise in the absence of stronger
mechanical forcing as a consequence of a static stability dependence of mixing rates [Nilsson et al., 2003].
Stronger vertical mixing within the oceans potentially reconciles several long-standing greenhouse
paleoclimate problems. Stronger vertical mixing invigorates the MOC by an order of magnitude (Figures 4c–4e
compared with Figures 4a and 4b), increases ocean heat transport by 50–100% (Figure 7a), reduces the zonal
mean equator-to-pole temperature gradients by up to 6°C (Figure 7b), lowers tropical peak terrestrial
temperatures by up to 6°C, and warms high-latitude oceans by up to 10°C (Figure 7b). These features are all
consistent with the recent proxy temperature reconstructions [Hollis et al., 2009]. The redistribution of heat is
rectiﬁed by the positive high-latitude water vapor and albedo feedbacks in the model [Abbot et al., 2009] to
produce signiﬁcant increases (~2°C) in global mean temperature, comparable to a doubling of CO2. This
rectiﬁcation may be an important process rendering past greenhouse climates warmer than predicted based
on consideration of greenhouse gases alone [Pagani et al., 2006; Liu et al., 2009; Hollis et al., 2012].

4. Conclusions
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Nd isotope data from South Paciﬁc Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) Sites
323, 463, 596, 865, and 869 provide new evidence for deep convection in the South Paciﬁc during the latest
Cretaceous through early Paleogene (~70 to 30 Ma). Compilation with previously published data conﬁrms a
bipolar mode of convection in the Paciﬁc that was separated from Atlantic meridional overturning circulation
until at least ~40 Ma. Numerical simulations independently conﬁrm the existence of a vigorously circulating
ocean with multiple deep convection sites. The best data-model match is achieved with strong oceanic
vertical mixing, particularly in the abyssal ocean. Strong abyssal mixing likely was a consequence of tidal
mixing, internal wave interactions, and heat ﬂow associated with Late Cretaceous and early Paleogene
tectonic processes that produced signiﬁcant regions of relatively young and buoyant (shallower) seaﬂoor.
The simulated and proxy-reconstructed MOC is consistent with geologic evidence for well-ventilated
Paleogene oceans, low meridional temperature gradients, and high global mean temperatures.
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