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Abstract
The shoaling and final closure of the Central American Seaway (CAS) resulted in a major
change of the global ocean circulation and has been suggested as an essential driver for
strengthening of Atlantic Meridional Overturning Circulation (AMOC). The exact timing of
CAS closure is key to interpreting its importance. Here we present a reconstruction of deep
and intermediate water Nd and Pb isotope compositions obtained from fossil fish teeth and
the authigenic coatings of planktonic foraminifera in the eastern equatorial Pacific (ODP Site
1241) and the Caribbean (ODP Sites 998, 999 and 1000) covering the final stages of CAS
closure between 5.6 and 2.2 Ma. The data for the Pacific site indicate no significant
Atlantic/Caribbean influence over this entire period. The Caribbean sites show a continuous
trend to less radiogenic Nd isotope compositions during the Pliocene, consistent with an
enhancement of Upper North Atlantic Deep Water (UNADW) inflow and a strengthening of
the AMOC. Superimposed onto this long-term trend, shorter-term changes of intermediate
Caribbean Nd isotope signatures approached more UNADW-like values during intervals
when published reconstructions of seawater salinity suggested complete closure of the CAS.
The data imply that significant deep water exchange with the Pacific essentially stopped by 7
Ma and that shallow exchange, which still occurred at least periodically until approximately
2.5 Ma, may have been linked to the strength of the AMOC but did not have any direct effect
on the intermediate and deep Caribbean Nd isotope signatures through mixing with Pacific
waters.
Key points


Seawater Nd and Pb isotope records for the Pliocene Caribbean and EEP



Caribbean Nd isotope composition became more UNADW-like during the Pliocene



Short term changes support link between CAS closure and strength of AMOC
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1. Introduction
The progressive closure of the Central American Seaway (CAS) resulted in a major
reorganization of ocean circulation, which has been controversially reported as both
promoting and hindering major intensification of Northern Hemisphere Glaciation (NHG) in
the late Pliocene [Berggren and Hollister, 1974; Berger and Wefer, 1996; Driscoll and Haug,
1998; Haug and Tiedemann, 1998; Molnar, 2008]. The most direct effect of CAS closure
was a reduced supply of low salinity Pacific water to the North Atlantic and an increase in
Caribbean sea-surface salinities [Keigwin, 1982; Keller et al., 1989; Haug et al., 2001; Steph
et al., 2006; Groeneveld et al., 2008]. Ocean Circulation Model (OCM) simulations indicate
that a decrease in surface water buoyancy in the North Atlantic promoted the production of
North Atlantic Deep Water (NADW) and a more vigorous Atlantic Meridional Overturning
Circulation (AMOC) [Maier-Reimer et al., 1990; Mikolajewicz and Crowley, 1997;
Schneider and Schmittner, 2006; Lunt et al., 2008; Zhang et al., 2012]. Benthic δ13C data
and the abundance of the carbonate sand fraction in the deep Caribbean suggest that the
AMOC reached peak strength at 3.6 Ma [Haug and Tiedemann, 1998]. Benthic δ13C data
from the intermediate depth Caribbean also support a strong AMOC between 4 and 3 Ma
[Steph et al., 2010]. Haug et al. [2001] interpreted differences between planktonic δ18O
records on either side of the CAS as a shoaling of the seaway to ~100 m water depth by 4.2
Ma, which is supported by an increase in the salinity contrast between surface waters in the
Eastern Equatorial Pacific (EEP) and the Caribbean from ~ 4.5 Ma onwards [Groeneveld,
2005; Groeneveld et al., 2006, 2008; Steph et al., 2006]. However, there is also land-based
geological evidence for a much earlier isolation of the Pacific from the Caribbean at ~ 15 Ma
[Kirby et al., 2008; Montes et al., 2012a,b], a discrepancy that remains to be resolved. The
strength of the AMOC in OCM reconstructions increases dramatically in response to the final
few hundred meters of CAS shoaling [Schneider and Schmittner, 2006; Lunt et al., 2008;
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Zhang et al., 2012]. Therefore it is critical to reconstruct not only the timing of final complete
CAS closure but also the restriction of the seaway to deep and intermediate waters in order to
test how CAS closure was linked to AMOC strength. Here we reconstruct seawater Nd and
Pb isotope compositions in the eastern equatorial Pacific and the deep and intermediate
Caribbean for a detailed investigation of the final stages of CAS closure, which may have
been interrupted by intermittent re-openings as a result of either tectonics or ice-volume
changes [Sarnthein et al., 2009; De Schepper et al., 2013].
The isotopic compositions of dissolved Nd and Pb in seawater are water mass tracers
that are independent of biological and thermodynamic modifications and have been
successfully applied in paleoceanographic studies on different timescales [e.g. Burton et al.,
1997; Abouchami et al., 1999; Rutberg et al., 2000; Piotrowski et al., 2004, 2005, 2009;
Gourlan et al., 2008; Gutjahr et al., 2007, 2008, 2009]. The Nd isotope signatures of water
masses reflect rock type and age of the continental landmasses adjacent to the regions of
water mass formation, whereas in the case of Pb isotopes the weathering regime also plays a
major role. The residence times of Nd [200-1000 years, Tachikawa et al., 1999; Arsouze et
al., 2009; Rempfer et al., 2011] and Pb [50-200 years, Schaule and Patterson, 1981; von
Blanckenburg and Igel, 1999] in seawater are similar to or shorter than the global ocean
mixing time of ~1500 years [e.g. Broecker and Peng, 1982], so that measurable differences
between basins, basin regions and, in the case of Nd isotopes, water masses are preserved
[e.g. Piepgras and Wasserburg, 1980].
On million-year time scales coarse resolution deep water Nd and Pb isotope
signatures have been extracted from ferromanganese crusts. Crust ‘Blake’ was recovered
from intermediate water depths of 800 meters within the pathway of the modern Gulf Stream
and revealed a pronounced trend towards less radiogenic isotope compositions between 8 and
5 Ma [Frank et al., 1999; Reynolds et al., 1999]. In particular, the change in the isotopic
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composition of Pb was interpreted as a decreased supply of Pacific deep and intermediate
waters to the Caribbean due to the shoaling CAS, rather than an increase in contributions
from the Southern Ocean [Reynolds et al., 1999]. At the same time, ferromanganese crust
records from the deep Pacific indicated no changes in the inflow of Atlantic or Caribbean
water masses [Ling et al., 1997; 2005; Frank et al., 1999]
Acid-reductive leaching of bulk sediment has been considered a reliable way to
extract the deep water Nd and Pb isotope composition from authigenic Fe-Mn coatings of
bulk sediments and to produce high-resolution records of past seawater [e.g. Rutberg et al.,
2000; Piotrowski et al., 2004, 2005; Gutjahr et al., 2007, 2008, 2009]. However, recent
studies have shown that at some locations this method may also release Nd from detrital
material, thus compromising the results [Roberts et al., 2010; Elmore et al., 2011; Piotrowski
et al., 2012; Wilson et al., 2013]. In contrast, authigenic coatings formed on handpicked
sedimentary planktonic foraminifera can be analyzed to minimize detrital contribution and
have been shown to reliably record the Nd isotope signature of bottom waters [Roberts et al.,
2010; 2012; Tachikawa et al., 2014]. Another alternative approach is to use fish teeth that
after deposition in the sediments rapidly incorporate bottom water Nd and are subsequently
unaffected by further diagenetic processes [Martin and Scher, 2004]. Fish teeth records from
the Miocene deep Caribbean show a major change away from Pacific Nd isotope
compositions starting at ~ 11 Ma, which continued into the early Pliocene [Newkirk and
Martin, 2009].
Although uncleaned planktonic foraminifera and fish teeth have been shown to
reliably record seawater Nd isotope signatures [Martin and Scher, 2004; Roberts et al.,
2010], they are not suitable archives for seawater Pb isotope signatures [Basak et al., 2011]
whereas the bulk sediment leachates are still considered reliable archives for seawater Pb
isotope compositions. We therefore measured down core and core top Nd isotope
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compositions of bulk sediment leachates, fish teeth and planktonic foraminifera, as well as of
the detrital fraction in order to determine the most reliable approach for each site to extract
deep water radiogenic Nd isotope signatures in the study area.
We present new Nd and Pb isotope records for the period between 5.6 and 2.2 Ma for
ODP sites in the Caribbean (998, 999, and 1000) and in the eastern equatorial Pacific (1241)
(Figure 1). Not only are these sites more proximal to the region of final CAS closure and
offer a higher time resolution than those of published ferromanganese crusts, they have also
been extensively studied for a range of other paleoceanographic parameters [Haug and
Tiedemann, 1998; Haug et al., 2001; Bickert et al., 2004; Steph et al., 2006, 2010;
Groeneveld et al., 2008; Newkirk and Martin, 2009; Seki et al., 2010, De Schepper et al.,
2013].

2. Materials and Methods
2.1. Sample sites and hydrological setting
Pliocene to early Pleistocene Nd isotope records were obtained from ODP Sites 998, 999 and
1000 in the Caribbean and ODP Site 1241 in the eastern equatorial Pacific (Figure 1). Core
top samples from nearby locations were measured for calibration purposes (Table S1, Figure
S1). ODP Site 999 (12º45’N, 78º44’W, 2828 m water depth) is located on Kogi Rise in the
deep Colombian Basin [Sigurdsson et al., 1997] and ODP Site 998 (19º39’N, 82º56’W, 3180
m water depth) was drilled on the Cayman Rise between the Yucatan Basin and the Cayman
Trough. Deep waters entering the Caribbean from the Atlantic must pass across the relatively
shallow sills of the Antilles Island Arc, which reach a maximum depth of ~ 1900 m [Johns et
al., 2002] and thus only allow inflow of Upper North Atlantic Deep Water (UNADW) today.
Shallower ODP Site 1000 (16º33’N, 79º52’W, 916 m water depth) is well placed for
recording changes at intermediate water depths in the Caribbean and is at present under the
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influence of Antarctic Intermediate Water (AAIW) [Wüst, 1964]. Pacific ODP Site 1241 is
located on the northern slope of the Cocos Ridge in the Guatemala Basin (5º51’N, 86º24’W,
2027 m, [Mix et al., 2003]), bathed today in relatively oxygen-depleted waters characterized
by low δ13C signatures originating from mid-depths in the north Pacific [Tsuchiya and Talley,
1998].
2.2. Age Models
We present data for the time interval 5.6 to 2.2 Ma, with a resolution of between 50 and 100
kyr, using age models established by Haug and Tiedemann [1998], Tiedemann et al. [2007],
Steph et al. [2006, 2010] and Kameo and Bralower [2000]. The benthic foraminifer isotope
records of Caribbean Sites 999 and 1000 have previously been correlated to Atlantic Site
925/926 and to the 1241 age model, thus allowing direct comparisons of paleoceanographic
changes between these three sites [Steph et al., 2006].
2.3. Sample preparation and isotope analysis
Fossil fish teeth from Site 1000 were ultrasonicated in de-ionized water to remove any
particles and inspected under the microscope to check that the cleaning was successful. Fish
teeth from Site 998 and 999 were not cleaned prior to dissolution [Martin et al., 2010]. Fish
teeth from the three sites were dissolved in a 1:1 or 1:3 mixture of concentrated HNO3 and
concentrated HCl.
Mixed planktonic foraminifera weighing 25 to 50 mg were crushed between two glass
plates and ultrasonicated repeatedly in de-ionized water and once with methanol to remove
clays. After a final rinse in de-ionized water, samples were examined under the microscope
and any remaining detrital particles were removed with a single paintbrush bristle. Samples
were left to dissolve overnight in 0.3 M HNO3.
Bulk sediment samples were leached following the procedure described by Gutjahr et
al. [2007], modified by Stumpf et al. [2010]. In brief, 3 g of dried and powdered sediment

©2014 American Geophysical Union. All rights reserved.

were rinsed twice in de-ionized water, then shaken with 15%-acetic acid/1 M Na acetate
buffer (hereafter referred to as ‘buffered acetic acid solution’) for 2.5 h, and then centrifuged
and shaken again overnight after addition of fresh buffered acetic acid solution to remove
carbonate. The samples were then triple rinsed in de-ionized water and shaken with NaOHbuffered 0.05 M hydroxylamine hydrochloride/ 15% acetic acid solution (hereafter referred to
as ‘HH leach solution’) for 1 h. The supernatant containing the seawater derived Nd and Pb
fractions of the ferromanganese coatings of the particles was collected and prepared for ion
exchange chemistry. In addition, selected samples were leached in the HH leach solution for
a further 12 h to ensure complete removal of the oxides, triple-rinsed in de-ionized water and
then dried down. Fifty mg of this residual detrital fraction was completely dissolved in a
mixture of HF and HNO3.
Samples were processed through ion exchange columns following standard
procedures to separate and purify Pb, Sr and Nd (see supporting material for further details).
Isotope measurements were performed on Nu Plasma MC-ICPMS at GEOMAR and
at the University of Florida (UF). Analyses at UF were performed using a time-resolved
analysis (TRA) technique (Kamenov et al., 2008). The
corrected to a

146

143

Nd/144Nd results were mass-bias

Nd/144Nd ratio of 0.7219 and normalized to the accepted

143

Nd/144Nd of

0.512115 for the JNdi-1 standard [Tanaka et al., 2000]. The Nd isotopic signature is reported
as εNd, which corresponds to the deviation of a measured

143

Nd/144Nd of a sample from the

Chondritic Uniform Reservoir value of 0.512638 [Jacobsen and Wasserburg, 1980] (εNd
={(143Nd/144Nd)sample/(143Nd/144Nd)CHUR -1}*10,000). External reproducibility (2ζ) at
GEOMAR was between 0.16 and 0.71 εNd units; the 2ζ error at UF was 0.27 εNd units.
Procedural Nd blanks at GEOMAR were ≤ 250 pg Nd for leachates, ≤ 50 pg Nd for total
dissolutions, ≤ 20 pg Nd for foraminifera and ≤ 120 pg Nd for fish teeth, equivalent to ≤ 1 %
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, ≤ 0.1 %, ≤0.08 % and ≤ 0.6 % of total amount of samples, respectively. The total blank for
fish teeth samples measured at UF was 14 pg Nd.
The Pb isotope ratios were measured at GEOMAR by a standard-sample bracketing
method [Albarede et al., 2004] using the NIST SRM981 standard and its widely accepted
isotopic composition [Abouchami et al., 1999]: 208Pb/204Pb = 36.7219; 207Pb/204Pb=15.4963;
206

Pb/204Pb=16.9405; 208Pb/206Pb=2.1677; 207Pb/206Pb=0.9147. External reproducibility was

monitored using a SPEX Pb standard solution and gave the following 2ζ error, expressed in
ppm: 208Pb/204Pb= 188 to 591; 207Pb/204Pb= 159 to 447; 206Pb/204Pb= 163 to 279; 208Pb/206Pb=
73 to 303; 207Pb/206Pb = 38 to 163. Procedural Pb blanks were always ≤ 500 pg, equivalent to
9 % of the total sample for a few samples with very low Pb concentrations. However, for the
vast majority, the Pb blank represented ≤ 4% of the total sample. Moreover, those samples
with potentially higher blank influence are not shifted towards Pb isotope compositions
typical for European anthropogenic sources (17.82, 15.62 and 37.72 for 206Pb/204Pb,
207

Pb/204Pb and 208Pb/204Pb, respectively [Veron and Church, 1997]).
The Sr isotope ratios were also measured at GEOMAR and were mass-bias corrected

to a 86Sr/88Sr ratio of 0.1194, after correction for Kr and Rb interferences. The samples were
normalized to the widely accepted value of NIST SRM987 standard with an

87

Sr/86Sr of

0.710245. External reproducibility was monitored using an Alfa Aesar (AA) Sr standard
solution as an internal standard and was between 21 and 67 ppm (2ζ) for leachates and 115
ppm (2ζ) for total dissolution. Procedural Sr blanks were ≤2.18 ppb for leachates and ≤
0.03ppb for total dissolution, equivalent to ≤ 2.72% and ≤ 0.06 %, respectively.
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3. Results and Discussion
3.1. Reliable extraction of the seawater signal
Prior to interpreting down core data an evaluation of the different extraction methods
for each site is crucial given that significant offsets have previously been observed between
different methods applied to the same samples depending on the type of sediment, in
particular when volcanic material is involved [Roberts et al., 2010; Elmore et al., 2011], or in
shelf settings supplied with river-borne detrital particles that carry preformed ferromanganese
coatings [Kraft et al., 2013]. Indeed, all of the core top samples from the regions of Sites 999,
1000 and 1241 show more radiogenic εNd signatures of the leachates than of the uncleaned
planktonic foraminifera (from now on referred to as ‘foraminifera’) (Table S1a, Figure 2a).
The average foraminiferal Nd isotope composition of core top samples from the
region of ODP Site 1241 (εNd = -0.35) is within the expected range for modern Pacific
Intermediate Water (PIW) [0 ± 0.5 to -3 ± 0.5, Piepgras and Wasserburg, 1982; Piepgras
and Jacobsen, 1988] and is therefore considered a reliable archive of bottom water εNd. The
average leachate value (εNd = 1.1), however, is offset towards the signature of the detrital
fraction (εNd

= 2.9) and suggests that the leaching procedure partially dissolved the

volcanogenic detrital material present. Consequently only the foraminiferal record is applied
for interpretation.
The foraminifera in the region of ODP Site 1000 (916 m) should have recorded the
εNd signature of AAIW, which is the deepest water mass present at this location [Wüst, 1964].
The average value of core top leachate samples in the region of ODP Site 1000 (εNd = -9.0) is
1.7 εNd units more radiogenic than the average foraminiferal composition (εNd = -10.7).
Additional samples were taken from the subsurface sediment close to Site 1000 at 18 to 20
cm and 30 to 32 cm below the sediment surface (Table S1a, Figure 2a). The average leachate
value (εNd = -9.2) for these subsurface samples is also more radiogenic than the average
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foraminiferal composition (εNd = -10), although the difference between the two archives is
smaller than at the surface. The detrital composition in the region of ODP Site 1000 is
relatively unradiogenic (-9.8 εNd), implying that a minor, radiogenic component, most likely
of volcanic origin, was attacked during the leaching procedure, analogous to the findings of
Wilson et al. [2013] for sediments from the western Indian Ocean. An alternative source of
Nd may be preformed ferromanganese coatings acquired in local rivers, which would be
expected to affect bulk leachate isotope compositions but not those of the foraminifera [Kraft
et al., 2013]. One possible candidate is the Magdalena, which is the largest river draining
directly into the Caribbean and delivers approximately 150 MT/yr of sediment to the basin
[Restrepo et al., 2006]. This sediment is characterized by an εNd of -8.3 [Goldstein et al.,
1984]. However, the distance between the mouth of the Magdalena river and the region of
Site 1000 is more than 900 km and further work to characterize the origin of detrital particles
and the composition of other local rivers is necessary before firm conclusions can be drawn
about the probable cause of offset between bulk leachate and foraminiferal εNd signatures.
There are no published seawater εNd data for the Caribbean to date, but profiles in the western
equatorial Atlantic [Piepgras and Wasserburg, 1987] and at Demerara Rise [Huang et al.,
2014] show that the core of AAIW today has an εNd signature between -11.2 and -10.1 prior
to entering the Caribbean. A hydrogenetic ferromanganese crust layer from a water depth
between 600 and 950 m water depth in the eastern Caribbean gave an εNd value of -10.5
[Frank et al., 2006]. It is noted that these signatures are significantly less radiogenic than the
composition of AAIW close to its source region in the Southern Ocean (εNd between -8 and 9 εNd) [Rickli et al., 2009; Stichel et al., 2012] due to mixing and dilution of AAIW with less
radiogenic Atlantic water masses prior to entering the Caribbean basin. Near Site 1000, the
average core top foraminiferal composition (εNd = -10.7) not only falls within the range of
AAIW compositions expected at Caribbean latitudes, it is also within error of the seawater
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εNd signature at 1000 m at the Demerara Rise [εNd = -10.6, Huang et al. 2014] and we thus
conclude that the foraminifera reliably recorded ambient seawater with an Atlantic εNd
signature.
The Caribbean Basin at deeper ODP Site 999 is today dominated by UNADW. The
average value of bulk leachate εNd for core top samples in the region of Site 999 (εNd = -7.3)
is 1.6 εNd units more radiogenic than the average foraminiferal value (εNd = -8.9). The detrital
fraction is relatively unradiogenic (εNd = -9.5), suggesting again that a minor, easily leachable
component (such as volcanic ash) caused the radiogenic offset of the leachate data.
Preformed ferromanganese coatings from the Magdalena river could not fully account for
leachate εNd values more radiogenic than -8.3 [Goldstein et al., 1984]. The composition of
western tropical Atlantic seawater at depths comparable to the deepest sills connecting the
Atlantic and the Caribbean [~1900 m, Johns et al., 2002], is between -13.1 and -12.1 εNd
[Piepgras and Wasserburg, 1987, Huang et al., 2014]. Therefore, it is clear that the seawater
signal as recorded by foraminifera at Site 999 (εNd = -8.9) is at least 3 εNd units more
radiogenic than expected if Nd isotopes in the deep Caribbean were a strictly conservative
Atlantic water mass tracer. We have no reason to expect that the foraminiferal isotope signal
is offset from the bottom water εNd signature, and the good agreement between foraminiferal
and fish teeth εNd signatures in the down core samples (next section) support this conclusion
and the reliability of both archives.
One of the main factors contributing to the 3 εNd unit shift compared to incoming
Atlantic water is most likely the sluggish and discontinuous deep water replenishment in the
Caribbean [Parr, 1937; Dietrich, 1939; Wüst, 1963, 1964; Gordon, 1967; MacCready et al.,
1999; Johns et al., 2002]. This led to extreme and unrealistically radiogenic Nd isotope data
for Caribbean deep waters in a recent modeling study [Sepulchre et al., 2014]. A location
with an analogous setting is the Angola Basin, where there is a ~2 εNd unit offset of the Nd

©2014 American Geophysical Union. All rights reserved.

isotope composition of the deep and intermediate waters compared to that expected for
NADW [Rickli et al., 2009], which was attributed to the remineralization of particulate
organic matter of the Congo River and boundary exchange with the sediments of the West
African margin.

For that location, it was further postulated that the weak density

stratification at depth and the long residence time of the deep waters enabled diffusive mixing
of the low εNd signal from deep waters into the overlying intermediate and shallow waters
[Rickli et al., 2009]. The Caribbean is even more limited by the maximum sill depth of
~1900 m for inflowing deep waters [Johns et al., 2002]. Furthermore, the water mass
structure below 2000 m in the modern Caribbean is essentially homogenous [Gordon, 1967]
and there is evidence for a deep cyclonic flow [Joyce et al., 2001]. Interaction with volcanic
sediments in the southern and eastern parts of the Caribbean is thus expected to modify the
Nd isotope composition of the incoming UNADW towards more radiogenic values. The
combined effects of diffusion and cyclonic flow will homogenize the more radiogenic εNd
signature throughout the basin below 2000 m.
It is noted that the leachate

87

Sr/86Sr compositions of all core top samples are very

close to seawater [McArthur et al., 2001] and are markedly different from that of the detrital
fraction in each region (Table S1b, Figure 2b, see also supporting material). The observation
that core top leachate εNd is most likely not a pure seawater signature corroborates the
conclusion that the 87Sr/86Sr composition alone is not sufficient to determine the presence or
absence of non-seawater contributions to leachate εNd signatures [Gutjahr et al., 2007].
In summary, the offset towards more radiogenic εNd signatures of core-top bulk
leachate samples indicates contributions from easily leachable or dissolvable detrital phases
or contributions from preformed ferromanganese coatings. The downcore bulk leachate
records that we produced for these sites are thus not used for paleoceanographic
interpretations, despite the fact that they show very similar patterns in many cases, but are
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presented and compared with the foraminifera data in the supporting material (Figure S2). In
contrast, fish teeth and foraminiferal εNd values are considered reliable and we will therefore
base our interpretations only on these data.

3.2. Pliocene Pb isotope evolution of the Eastern Equatorial Pacific and the
Caribbean.
The Pliocene seawater Pb isotope signatures obtained from the bulk sediment
leachates at Site 1241 are more radiogenic than the deep Pacific as recorded by
ferromanganese crust GMAT 14D [Frank et al., 1999] (Table S3a, Figure 4). Variations in
the seawater Pb composition at Site 1241 were small (between 18.79 and 18.88 for
206

Pb/204Pb, between 15.62 and 15.64 for

207

Pb/204Pb, and between 38.66 and 38.78 for

208

Pb/204Pb) but show an overall decrease from 4.17 to 2.45 Ma. The Pb isotope composition

of the detrital fraction varied little during the Pliocene and shows somewhat higher
206

Pb/204Pb (between 18.90 and 18.93) and

208

Pb/204Pb (between 38.76 and 38.80) than

seawater as well as 207Pb/204Pb ratios (between 15.63 and 15.64) similar to seawater.
Dissolved Pb has a residence time of less than 200 years in the Pacific [Schaule and
Patterson, 1981] and is useful as a tracer of regional weathering inputs and water mass
changes in the eastern equatorial Pacific. Given there is good agreement between the Nd
isotope signatures of the leachates and those in fish teeth or foraminifera (Sites 1241 and
999), we conclude that the Pb isotope composition of the leachates also recorded bottom
water signatures, which, however, was strongly controlled by regional weathering
contributions. The short term variability in the leachate Pb and Nd isotope signatures at Site
1241 is weakly correlated (R2 = 0.39 for εNd and

206

Pb/204Pb). Similarities between the

evolutions of Pb isotopes and εNd in ferromanganese crusts in the equatorial Pacific have
previously been reported and have been attributed to terrigenous inputs and exchange with
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the South American continental margin [Frank et al., 1999]. There is also evidence for
continuous supply of eolian material to the region of Site 1241 from South America
throughout the late Neogene, transported by the Southeast trade winds [Hovan, 1995]. The
similarity of the weak trends suggests that both the Pb and Nd isotope records of deep waters
at Site 1241 were mainly controlled by regional weathering inputs. Comparison with the
composition of rocks from the Pacific margins places Site 1241 seawater and detrital fraction
Pb isotope compositions within the overlapping fields of the Andean Arc, the Galapagos and
the Central American Arc (Figure S4), consistent with the probable transport of eolian
material from South America.
For the Caribbean we assume that the residence time of dissolved Pb is about 50
years, similar to that in the Atlantic [Schaule and Patterson, 1981; von Blanckenburg and
Igel, 1999; Frank, 2002]. The Pb isotope composition of seawater at Site 999 should be
sensitive to changes of regional weathering inputs into the Caribbean. Seawater
(19.06 to 19.16),

207

Pb/204Pb (15.70 to 15.71), and

206

Pb/204Pb

208

Pb/204Pb (39.04 to 39.10) ratios from

Site 999 exhibited very little change between 5.23 and 2.57 Ma and were significantly more
radiogenic than ferromanganese crusts from intermediate depths in the western Atlantic
(Reynolds et al 1999) (Table S3b, Figure 4). The Pb isotope composition of the detrital
fraction was even more radiogenic than that of the leachates (between 19.28 and 19.45 for
206

Pb/204Pb, between 15.73 and 15.74 for

207

Pb/204Pb, and between 39.23 and 39.36 for

208

Pb/204Pb) but also does not display any significant trends. The detrital Pb isotope

composition at Site 999 can be explained by a mixture of inputs from the Antilles and the
Orinoco River, whereas the seawater Pb isotope composition was similar to the North-West
Atlantic but also was constantly influenced by weathering contributions from the above
sources (Figure S4). The combined seawater and detrital Pb isotope records thus document
that there were no major changes in weathering inputs during the investigated period of time.
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3.3. Pliocene seawater Nd isotope evolution of the Eastern Equatorial Pacific
The range of seawater εNd compositions at Site 1241 was remarkably small and
essentially invariant during the Pliocene (-0.32 to 1.67) (Figure 3a). Fish teeth records from
the same core showed a similar composition during the Miocene [Newkirk and Martin, 2009]
(Figure 5). Although there is evidence for regional contributions to the seawater Pb and Nd
budget in the eastern equatorial Pacific (section 3.2), it is unlikely that interaction with
volcanogenic sediments in the CAS completely overprinted or masked any significant inflow
from the Caribbean, given that the εNd signature of Site 1241 remained constant even during
times of most pronounced changes in εNd recorded at Sites 998 and 999 between 12 and 10
million years ago [Newkirk and Martin, 2009] (Figure 5). Any significant contribution from
Caribbean waters, which were ~ 7 εNd units more negative than Site 1241 from ~ 7 Ma
onwards [Newkirk and Martin, 2009] would most likely have perturbed the εNd signature of
the eastern equatorial Pacific to a measureable degree, even at 2000 m water depth due to
vertical transport processes such as observed by Grasse et al. [2012]. Taking into account the
movement of Site 1241 away from the equator and the Galapagos hot spot since the Late
Miocene as well as deepening of the site location by several hundred meters to the present
depth of 2027 m [Mix et al., 2003], we can confidently conclude that by the start of the Site
1241 record at 11.2 Ma the CAS had shoaled to at least ~ 1800 m and thus prevented
advection of unradiogenic Caribbean/Atlantic seawater at the paleo-depth levels of Site 1241.
In fact, given that vertical transport processes to greater depths cannot be ruled out [Grasse et
al., 2012], and modeling simulations suggest that any significant westward transport of deep
water from the Atlantic only occurred when a sill depth greater than 1000 m existed
[Nisancioglu et al., 2003; Schneider and Schmittner, 2006], the Site 1241 εNd record [Newkirk
and Martin, 2009, and this work] would also be consistent with shoaling to at least 1000 m
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by 11.2 Ma, in agreement with diverging benthic foraminiferal assemblages in the Atrato
basin from ~ 12 Ma onwards [Duque-Caro, 1990].

3.4. Pliocene evolution of the deep and intermediate water Nd isotope composition of
the Caribbean basin.
The seawater εNd signature at Site 999 obtained from the foraminifera underwent
relatively large short term fluctuations ranging from -5.8 to -8.3 εNd throughout the Pliocene.
Overall, there was a trend towards less radiogenic compositions during that time reflected by
average signatures that were 0.8 εNd units less radiogenic after 4 Ma (Figures 3 and 5). The
trend is also clearly seen in the fish teeth record. The least radiogenic foraminifera-derived
seawater εNd compositions of Site 999 (-8.3 at 5.18 Ma and -8.2 at 3.15 Ma) fall within the
range of the deep Caribbean core top compositions (-8.10 to -9.27). The fish teeth record of
Site 998, which ranges from -6.7 to -9.2 εNd, also shows a trend towards less radiogenic
values during the Pliocene, but is consistently 0.5 to 2 εNd units less radiogenic than that of
Site 999. The intermediate depth εNd signature at Site 1000 generally falls between the two
deep Caribbean sites, again with relatively large fluctuations (between -5.9 and -9.5 εNd)
within a general trend towards less radiogenic Nd isotope signatures. Past seawater εNd at
Site 1000 approached, but did not reach, the range of the unradiogenic intermediate depth
core top compositions (-9.7 to -12.4 εNd).
The Miocene-Pliocene record (Figure 5) shows that the majority of the change in deep
Caribbean εNd away from Pacific-like compositions had already taken place prior to about 7
Ma [Newkirk and Martin, 2009] but that the trend towards less radiogenic εNd signatures
continued throughout the Pliocene. Leachate and detrital Pb isotope compositions (Figure 4)
do not indicate that any significant change in weathering inputs during the Pliocene
contributed to a change in the deep Caribbean seawater εNd signal. The key question is
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therefore whether the εNd records reflect the continued but decreasing influence of Pacific
waters entering through the closing CAS, changes in ocean circulation within the Atlantic
basin, or variations in the intensity of exchange with the boundary sediments of the
Caribbean.
3.4.1. Northern versus southern sources of deep and intermediate waters
Haug and Tiedemann [1998] argued that a continuous increase in the percentage of sand
in the total carbonate of Site 999 after 4.6 Ma was caused by a decrease of the advection of
corrosive AAIW into the Caribbean and that this resulted from increased UNADW
production in the North Atlantic. They did not consider Pacific waters contributing directly
to the deep Caribbean. In order to test this hypothesis based on our Caribbean seawater εNd
records, we need to consider the Nd isotopic composition of AAIW and UNADW during the
Pliocene and whether changes in the proportions of these water masses may have produced
the measured εNd, without the need for admixture of radiogenic εNd from the Pacific. In the
modern Atlantic Ocean adjacent to the Caribbean, the salinity and potential temperature of
waters at 1800 m is consistent with a mixture of 85 % UNADW, 10 % AAIW and 5 %
Mediterranean Outflow Water (MOW) [Kawase and Sarmiento, 1986; deMenocal et al.,
1992]. Taking the endmember εNd values of each of these water masses in their source
regions (Table 1), the εNd at this water depth is expected to be ~ -12.8, a value which is in
good agreement with nearby seawater εNd profiles [Piepgras and Wasserburg, 1987; Huang
et al., 2014].
The εNd signature of NADW recorded by ferromanganese crusts in the deep NW
Atlantic showed values near -11 prior to 4 Ma and became gradually less radiogenic towards
the end of the Pliocene (~ -12) [Burton et al., 1999]. To date there is no published εNd record
of Pliocene AAIW upstream of the Caribbean in the Atlantic. Available Pliocene
ferromanganese crust data from the tropical Atlantic and the Southern Ocean do
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unfortunately not reflect intermediate waters and crust TR079 from the Antilles slope at a
water depth of 2000 m most likely recorded a mixed signature of northern and southern
component waters [Reynolds et al., 1999]. For the following calculations, we will use the
composition of modern AAIW εNd close to its source area in the Southern Ocean (-8 and -9)
[Rickli et al., 2009; Stichel et al., 2012] but will discuss how changes of this end-member
composition affected the Caribbean seawater composition. The composition of MOW at the
end of the Miocene was -8.2 to -8.9 εNd [Ivanovic et al., 2013], consistent with a
ferromanganese crust record from about 700 m depth in the eastern Atlantic close to Gibraltar
[Muinos et al., 2008] and thus was at the most 1.2 εNd units more radiogenic than it is today [9.4, Tachikawa et al., 2004]. It is not possible to distinguish between MOW and AAIW
based on εNd alone given that a decrease of the intermediate depth Caribbean εNd signature
may represent a decrease in the admixture of either or both of these water masses. However,
it is noted that there were significant differences in the geometry of the Mediterranean –
Atlantic connection in the Late Miocene and early Pliocene compared to today [e.g. Hsu et
al., 1977; Ivanovic et al., 2013] and it is therefore very difficult to estimate the proportion of
MOW that would have reached the Caribbean. Given that, similar to today, the fraction of
MOW was very small, we assume the MOW contribution to have been constant during the
Pliocene [Muinos et al., 2008].
Our core top record near Site 999 shows that the deep Caribbean εNd today is about 3
εNd units more radiogenic than the incoming Atlantic seawater due to exchange with the
Caribbean boundary sediments. We assume that there was also an offset of 3 εNd units during
the Pliocene and a potential change in this offset will be considered separately. If the deep
Caribbean was 100 % UNADW, we would consequently expect a composition of ~ -8 εNd at
the start of the Pliocene, decreasing to ~ -9 at the end of the Pliocene (3 εNd units more
radiogenic than -11 to -12 as recorded recorded by ferromanganese crusts that grew within
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UNADW in the deep NW Atlantic, Burton et al., 1999). Similarly, if the deep Caribbean was
100 % AAIW, we would expect a composition of between -5 and -6 εNd (3 εNd units more
radiogenic than -8 to -9, Rickli et al., 2009; Stichel et al., 2012). Clearly our deep Caribbean
seawater εNd records from Sites 999 and 998 are within this range of -5 to -9 εNd for the entire
Pliocene, and the overall trend towards less radiogenic εNd is consistent with an increase in
the admixture of UNADW, most likely at the expense of AAIW [Haug and Tiedemann,
1998].
In contrast to deep Site 999, based on the core-top results (Section 3.1), we would not
expect the foraminifera εNd record at shallow Site 1000 to be offset from Atlantic values at
the same depth. The most radiogenic compositions (up to -5.9 εNd) are more radiogenic than
modern AAIW [Rickli et al., 2009; Stichel et al., 2012]. The composition of AAIW in its
source region in the Southern Ocean is a mixture of Pacific and North Atlantic inputs and has
been shown to be significantly more radiogenic (-6.4 ± 0.4 εNd) during Heinrich event 1,
when the strength of AMOC was likely much reduced [Robinson and van de Flierdt, 2009].
Based on the Site 1000 record alone, it is not possible to determine whether there was a direct
input of Pacific water into the intermediate Caribbean via an open CAS or whether the εNd
composition reflects a more radiogenic AAIW composition. However, similarities in the
trend (Figure 5) in both the intermediate and deep Caribbean εNd records support a common
mechanism, which is most likely an increase in the proportion of UNADW relative to AAIW
given that the deep Caribbean already exhibited a major departure from Pacific compositions
by 7 Ma [Newkirk and Martin, 2009],
If AAIW was indeed more radiogenic in the Pliocene than it is today, then the amount
of AAIW relative to UNADW would be proportionally lower for a given deep Caribbean εNd.
If AAIW was less radiogenic than -10 εNd, then the majority of the record prior to 4 Ma
cannot be explained by changes in the relative proportions of AAIW and UNADW alone.
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Until the composition of AAIW during the Pliocene can be reconstructed, this will remain an
open question. However, based on the similarity of Late Eocene and modern intermediate
water εNd compositions in the Atlantic sector of the Southern Ocean [Scher and Martin, 2004;
Rickli et al., 2009; Stichel et al., 2012] we argue that it is unlikely that the εNd signature of
AAIW was significantly less radiogenic than -9 at its source and that there is consequently no
need to invoke any volumetrically important admixture of Pacific water to the deep
Caribbean.
3.4.2. Residence time of Nd and exchange with the margin sediments
A change in the offset between incoming Atlantic seawater εNd and the composition of
seawater in the deep Caribbean is another potential factor contributing to the Pliocene εNd
trend. Despite the relatively long residence time of waters in the deep Caribbean [~ 150 years
below 1800 m, Joyce et al., 2001], the present day deep water Nd isotope composition
obtained from the core-top foraminifera [Figure 2a] is much less radiogenic than that of the
surrounding margins [e.g. Jeandel et al., 2007; Sepulchre et al., 2014]. If the magnitude of
the offset has been linked to the length of time that a unit of water was in contact with the
margins, then an increase in the rate of deep water renewal may be expected to shift deep
Caribbean compositions towards less radiogenic, more Atlantic-like εNd signatures.
With the exception of the apparent 2 εNd unit step to less radiogenic signatures at 4 Ma
in the lower resolution Site 999 fish teeth record, our Caribbean εNd records (Fig. 5) show no
major step change, but rather a general, continuous trend towards less radiogenic εNd
throughout the Pliocene. This pattern is consistent with a gradual increase in the strength of
AMOC [Haug and Tiedemann, 1998; Steph et al., 2010], which would be expected to both
increase the proportion of UNADW relative to AAIW and to decrease the residence time of
deep water in the Caribbean.
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3.4.3. Short term Nd isotope variability of Caribbean intermediate and deep
waters
Finally, the Pliocene Caribbean εNd records also show variability on shorter time scales
(Figure 4). Planktonic δ18O records [Haug et al. 2001] and sea surface salinity
reconstructions [Groeneveld, 2005; Groeneveld et al., 2006, 2008; Steph et al., 2006] indicate
that the CAS had shoaled to ~ 100 m by ~ 4.2 Ma. The intermediate water εNd record from
uncleaned planktonic foraminifera for Site 1000 is plotted together with the ice volumecorrected δ18O gradient between the Caribbean (Site 999) and the EEP (Site 1241) (Figure 6)
[Groeneveld, 2005]. A difference of 1 ‰ between Sites 999 and 1241 developed during the
Pliocene, interrupted by episodes of reduced δ18O gradients, which have been attributed to
reconnection across the CAS either as a result of local tectonics/volcanics or of ice-volume
related changes in sea-level [Sarnthein et al., 2009; De Schepper et al., 2013]. Ocean
circulation models consistently show an intensification of the AMOC with a closed CAS (see
Zhang et al. [2012] for a multi-model comparison). A closed CAS prevented relatively fresh
Pacific surface and subsurface waters from reaching the North Atlantic and consequently
promoted NADW formation and enhancement of the AMOC [Schneider and Schmittner,
2006]. Although our seawater εNd record of Site 1000 has a much lower time resolution than
the δ18O records of Groeneveld [2005], larger δ18O gradients and thus closed CAS conditions
were generally associated with less radiogenic εNd signatures, in particular during the early
and mid-Pliocene (Figure 6). A higher resolution Nd isotope record would be required to test
whether this relationship is robust. Nevertheless, our εNd record presented here supports the
idea of a close link between periodic CAS closure and enhanced NADW formation and
advection into the Caribbean. In contrast, during periods of a periodically open shallow CAS
the intermediate water εNd signatures became more radiogenic, consistent with a decrease in
the amount of UNADW relative to AAIW.
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4. Conclusions
The deep water εNd signature recorded by Site 1241 was highly radiogenic and essentially
invariable during the Late Miocene and Pliocene (this work and Newkirk and Martin [2009]).
This is consistent with little or no advection of Atlantic waters into the deep eastern
equatorial Pacific over this entire period of time in agreement with model predictions [MaierReimer et al., 1990; Mikolajewicz et al., 1993; Schneider and Schmittner, 2006; Zhang et al.,
2012], suggesting that the CAS had shoaled to at least 1800 m, and most likely to 1000 m by
11.2 Ma.
Intermediate and deep Caribbean seawater Nd isotope values generally became less
radiogenic during the Pliocene, which was not a consequence of changes in weathering inputs
as evidenced by unchanged seawater and detrital Pb isotope compositions of the same
samples. If boundary exchange processes were operating similarly to today and created an ~3
εNd offset between inflowing waters and Caribbean waters, the decreasing trend in the
Caribbean εNd data during most of the Pliocene is best explained by a relative increase in
UNADW and decrease in AAIW inflow, in agreement with previous studies [Haug and
Tiedemann, 1998]. If boundary exchange processes are related to the residence time of deep
waters in the Caribbean, then the trend is also consistent with an increased rate of deep water
renewal. Short-term variability in the early to mid-Pliocene εNd record appears to have
covaried with the salinity difference between the Caribbean and the EEP surface waters
[Groeneveld, 2005], whereby less radiogenic εNd signatures are consistent with enhanced
Atlantic inflow linked to a strengthened AMOC during periods of complete CAS closure.
Overall, the observed Pliocene changes in Caribbean circulation related to the final
closure of the CAS were smaller than during the Miocene between 12 and 7 million years ago
[Newkirk and Martin, 2009], when the CAS closed for major deep water exchange.
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Table 1 End-member εNd compositions
PIW
AAIW

Modern

Pliocene

0 to -3a

0 to -1.5b

c

unknown

-8 to -9
d

NADW

-13.5

MOW

-9.4f

-11.5 to -12e
-8.2 to -8.9g*

a

Piepgras and Wasserburg, 1982; Piepgras and Jacobsen, 1988
This study
c
Rickli et al., 2009; Stichel et al., 2012
d
Piepgras and Wasserburg, 1987
e
Burton et al., 1999
f
Tachikawa et al., 2004
g
Ivanovic et al., 2013, *Late Miocene value
b

©2014 American Geophysical Union. All rights reserved.

Figure 1 Location of ODP sites (filled circles) and ferromanganese crusts (open circles)
referred to in the text. Blank and TR079 [Reynolds et al., 1999]; GMAT 14D [Frank et al.,
1999]. Map produced using Ocean Data View [Schlitzer, 2011].
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Figure 2a) εNd values for core top uncleaned planktonic foraminifera (filled symbols) and
leachates (open symbols) and the detrital fraction (open crosses) in the region of ODP Sites
1000, 999 and 1241. Numbers on the x-axis refer to Sites in Table S1 and Figure S1. 2ζ
errors are indicated by the gray bars but in most cases are smaller than symbol size.
Horizontal shading indicates εNd signatures of water masses: PIW [Piepgras and Wasserburg,
1982; Piepgras and Jacobsen, 1988], AAIW entering the Caribbean, and western tropical
Atlantic ~1900 m [Piepgras and Wasserburg, 1987; Huang et al., 2014]. b)

87

Sr/86Sr vs εNd

for core-top leachate and detrital samples. Symbols as before. The composition of modern
seawater Sr [McArthur et al., 2001] is indicated by the vertical line.
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Figure 3 εNd composition of uncleaned planktonic foraminifera (foram), detrital fraction and
fish teeth. Fish teeth data for ODP Site 1241 from Newkirk and Martin [2009]. 2ζ errors are
indicated by the gray bars.
©2014 American Geophysical Union. All rights reserved.

Figure 4a) 206Pb/204Pb; b) 207Pb/204Pb; and c) 208Pb/204Pb values for Sites 999 and 1241. 2ζ
errors are indicated by the gray bars but in many cases are smaller than symbol size. Also
shown are Fe-Mn crust data from GMAT 14D [Frank et al., 1999], Blake [Reynolds et al.,
1999] and TR079 [Reynolds et al., 1999]. Symbols are the same for all plots.
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Figure 5 Compilation of εNd data for ODP Sites 1241, 998, 999 and 1000 from this study and
Newkirk and Martin [2009]. Colored horizontal bars indicate the core top foraminifera εNd
results. Also shown is the εNd of ferromanganese crust BM1963.897, taken from ~850m water
depth on the Blake Plateau [Reynolds et al., 1999] and the global benthic δ18O stack of
Zachos et al. [2001] and Lisiecki and Raymo [2005].
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Figure 6a) Uncleaned planktonic foraminifera εNd for Site 1000. b) Difference in salinity
between the Caribbean and the eastern equatorial Pacific, line is the 25-point running average
[Groeneveld, 2005]. Gray bars indicate episodes of less radiogenic εNd in the Site 1000 record
that correspond to maxima in the salinity-difference record.
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