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The evolution of global ocean circulation toward deep-water production in the high southern latitudes is
thought to have been closely linked to the transition from extreme mid-Cretaceous warmth to the cooler
Cenozoic climate. The relative influences of climate cooling and the opening and closure of oceanic
gateways on the mode of deep-ocean circulation are, however, still unresolved. Here we reconstruct

genic neodymium (Nd) isotope data from several sites and for different water depths in the South
Atlantic, Southern Ocean, and proto-Indian Ocean. Our data document the presence of markedly different
intermediate water Nd-isotopic compositions in the South Atlantic and Southern Ocean. In particular, a
water mass with a highly radiogenic Nd isotope signature most likely originating from intense hotspot-
related volcanic activity bathed the crest of Walvis Ridge between 71 and 69 Ma, which formed a barrier
that prevented deep-water exchange between the Southern Ocean and the North Atlantic basins.
We suggest that the Cenozoic mode of global deep-ocean circulation was still suppressed by tectonic
barriers in the latest Cretaceous, and that numerous, mostly regionally-formed and sourced intermediate
to deep waters supplied the deep ocean prior to 68 million yr ago.

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

The formation of oceanic deep-water masses is the key process
for heat transport in the modern ocean-climate system. For the
Cretaceous greenhouse world, however, the role of oceanic pole-
ward heat transport as a main driver of long-term climate change
has been questioned. Instead, heat transport is thought to have
responded to high-latitude cooling due to atmospheric CO2 reduc-
tion (Robinson and Vance, 2012; Robinson et al., 2010). The
relationship between the climatic state of the Earth and deep-
ocean circulation was in addition affected by the plate tectonic
configuration. Due to plate-tectonic limitations and the lack of
open seaways between major ocean basins, the formation and
circulation of deep-water masses occurred individually in restricted,
relatively small oceanic basins over long periods of time in the
middle Cretaceous (120–80 Ma; Friedrich et al., 2008; MacLeod
et al. 2008, 2011). It is widely assumed that the ongoing opening of
the South Atlantic Ocean has connected all major oceanic basins
from the early Campanian (~83 Ma) onwards, thus causing a
marked change of global ocean circulation (MacLeod et al., 2011;
ll rights reserved.
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Martin et al., 2012; Murphy and Thomas, 2012; Robinson et al.,
2010). The underlying driving mechanisms and source regions of
deep-water masses are, however, controversial. It has been sug-
gested that deep waters formed in the North Atlantic (Northern
Component Water, NCW) played a significant role in Late Cretac-
eous ocean circulation (Frank and Arthur, 1999; MacLeod et al.,
2011; Martin et al., 2012). Alternatively, the South Atlantic and
Indian Ocean domain has been invoked as the main region of deep-
water formation, with the sinking of Southern Component Water
(SCW) having been a result of early Campanian climate cooling
(Brady et al., 1998; Huber et al., 1995; Murphy and Thomas, 2012;
Robinson and Vance, 2012; Robinson et al., 2010). Both scenarios
imply a transition towards an early Cenozoic mode of deep-ocean
circulation mainly driven by sinking of cool waters at high latitudes.
In contrast, an alternative hypothesis suggests vertical oceanic
mixing at numerous sites via local eddies, which formed as the
consequence of weak or missing oceanic fronts related to the lack of
permanent polar ice, low hemispheric temperature gradients and
weakly developed westerly winds (Hay, 2011).

To resolve the potential influence of different ocean basins
during the waning greenhouse climate of the latest Cretaceous, we
present new, high-resolution radiogenic Nd isotope records
obtained from sedimentary ferromanganese-oxide coatings of
three sites in the South Atlantic, the Southern Ocean, and the
proto-Indian Ocean (Fig. 1). Nd isotopes can be used as geochemical
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Fig. 1. Palaeogeographic reconstruction at 70 Ma, showing the distribution of shallow shelf seas and ocean basins (map modified from Hay et al. (1999)). The location of
DSDP and ODP sites studied here and for which published εNd(t) data exist are indicated with red and white dots, respectively. Abbreviations: DR—Demerara Rise,
ES—European shelf, and STM—Southern Tethys margin.
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tracer to reconstruct past ocean circulation. The Nd isotope compo-
sition of continental rocks is a function of rock type and age, and
weathering processes release the Nd to the ocean either via riverine
and aeolian input or through exchange processes with shelf sedi-
ments (Lacan and Jeandel, 2005). Therefore, water masses are
labelled with distinct Nd-isotope compositions in their source
regions. Because the oceanic residence time of Nd and the global
mixing time of the ocean are similar (e.g. Frank, 2002), the isotopic
composition of Nd in seawater, expressed as εNd(t), has been shown
to behave quasi-conservatively and thus serves as a tracer for
water-mass mixing in the past. Nd isotope signatures of
ferromanganese-oxide coatings allow the reconstruction of past
deep-water masses at a significantly higher spatial and temporal
resolution than commonly achieved by fossil fish debris. Both
archives have been shown to generally yield indistinguishable Nd
isotope signatures (Martin et al., 2010, 2012). Our Campanian to
Maastrichtian Nd isotope data set is augmented by literature data to
reconstruct latest Cretaceous (66–76 Ma; Campanian to Maastrich-
tian) intermediate- to deep-water mass circulation and mixing.
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Fig. 2. Radiogenic Nd isotope data obtained from DSDP Site 525 and ODP Sites 762
and 690 (red) relative to carbon isotope variations (grey; Friedrich et al., 2009; Li and
Keller, 1998; Thibault et al., 2012). The timescale is the GTS04. The age model is based
on biostratigraphically calibrated carbon-isotope correlation (Voigt et al., 2012).
Neodymium isotope data are expressed in the εNd(t) notation, which represents the
deviation of the measured 143Nd/144Nd from that of the Chondritic Uniform Reservoir
(Jacobsen and Wasserburg, 1980) in parts per 10,000 and which has been corrected
for in-situ production of 143Nd. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
2. Materials and methods

Nd-isotope data have been obtained from three sites in the
South Atlantic (Deep Sea Drilling Project [DSDP] Site 525, Walvis
Ridge), the Southern Ocean (Ocean Drilling Program [ODP] Site
690, Maud Rise), and the proto-Indian Ocean (ODP Site 762,
Exmouth Plateau) (Fig. 1). DSDP Hole 525A is located on top of
Walvis Ridge, a volcanic ridge between Africa and the Mid-Atlantic
Ridge. During the Maastrichtian, it was situated at 361S palaeola-
titude at a water depth of approximately 1000–1500 m (Li and
Keller, 1999; Moore et al., 1984). Maastrichtian stratigraphy of Site
525 is well constrained by palaeomagnetic data (Chave, 1984), as
well as by zonations with planktic foraminifera (Li and Keller,
1998) and calcareous nannofossils (Manivit, 1984). Ages of geo-
magnetic reversals are used as tie-points for the age model
(GTS04; Gradstein et al., 2004). In addition, carbon-isotope records
of benthic foraminifera (Friedrich et al., 2009; Li and Keller, 1998),
globally correlated to other Maastrichtian sites (Voigt et al., 2012),
enable a high temporal resolution of inter-site correlation (Fig. 2).
The analyzed samples cover the interval of upper chron C32 and
chron C31 (488.80–528.57 mbsf, core sections: 44-1/70-71 to
48-2/97-98).
ODP Hole 690C recovered uppermost Campanian to Maastrich-
tian calcareous chalks and oozes on the southwestern flank of Maud
Rise, a volcanic ridge located in the easternWeddell Sea (Barker et al.,
1990; Barrera and Savin, 1999) (Fig. 1). The succession was deposited
at a palaeolatitude of about 651S in an estimated water depth of
1800 m (Huber, 1990; Thomas, 1990). The stratigraphy is based on
planktonic foraminifera, calcareous nannofossils (Barrera and Huber,
1990; Huber, 1990; Pospichal and Wise, 1990), and palaeomagnetic
data (Hamilton, 1990). Ages of geomagnetic reversals are used
as tie-points for the age model (GTS04, Gradstein et al., 2004).
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Fig. 3. Comparison of εNd(0) data between ferromanganese coatings (blue) and
sediment detritus (red) for the studied sites. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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A high-resolution benthic foraminiferal carbon-isotope record
(Friedrich et al., 2009) enables inter-site correlation to the other
sites of this study (Voigt et al., 2012) (Fig. 2). The analyzed samples
cover the interval between chrons C32n and C31n (262.32–316.57
mbsf, core sections: 17-1/52-53 to 22-5/47-49).

ODP Hole 762C was drilled in the western part of the central
Exmouth Plateau located in the late Cretaceous in the proto-Indian
Ocean (Fig. 1). Campanian–Maastrichtian nannofossil chalks were
deposited in an upper bathyal setting (o1000 m) at ~431S palaeola-
titude (Zepeda, 1998). The integrated biostratigraphy comprises
planktonic foraminifera and calcareous nannofossils (Bralower and
Siesser, 1992; Thibault et al., 2012; Zepeda, 1998). Hole 762C has,
together with Hole 525A, one of the best defined magnetostratigra-
phies throughout the upper Campanian–Maastrichtian (Galbrun,
1992). Ages of geomagnetic reversals are used as tie-points for the
age model (GTS04; Gradstein et al., 2004). Carbon isotope stratigraphy
of bulk-carbonates (Thibault et al., 2012) enables a high-resolution
correlation to the other sites of this study (Fig. 2). Data were obtained
from the late Campanian magnetochron C33n to the K/Pg boundary
(555.04–667.75 mbsf, core sections: 43-1/53-55 to 54-6/64-66).

Radiogenic neodymium isotope data (εNd(t)) of the three studied
sites were obtained from ferromanganese-oxide coatings of the bulk
sediments. Furthermore, to evaluate potential contamination of the
seawater Nd-isotope signatures Nd-isotope compositions of the
detrital fraction of the sediments were analyzed for a subset of
selected samples. In addition, radiogenic 87Sr/86Sr ratios were
measured on the leached coatings and the detrital fraction of the
sediments from all the studied sites (Tables 1 and 2). Nd was
extracted from the Fe–Mn oxide coatings following the method of
Gutjahr et al. (2007). Approximately 6 g of dry sediment was rinsed
3x with de-ionized water (MQ). 20 ml of a 15% acetic acid/Na
acetate buffer was added several times and shaken overnight to
remove carbonate. Subsequently, the samples were triple rinsed
with de-ionized water. Decarbonated samples were leached with
a 0.05 M hydroxylamine hydrochloride (HH)/15%-acetic acid solu-
tion (1:1 mixture of MQ:HH), buffered to pH 3.6 with NaOH.
The supernatant was pipetted off after centrifugation, dried and
redissolved in 0.5 ml 1 M HCl for further chemical treatment. The
detrital fraction was rinsed 3� with de-ionized water and dried
and ~50 mg was dissolved in a mixture of concentrated HNO3 and
HF and was subsequently dried and redissolved in 0.5 ml 1 M HCl.
All samples were passed through a sequence of ion-exchange
columns following published standard procedures. Strontium and
the REEs were separated using a first cation-exchange step, during
which most of the Ba was also removed. A second and third column
used 50 ml Sr-Spec resin to separate Sr from Rb (Horwitz et al., 1992)
and Ln-Spec resin to separate Nd from Ba and other REEs, respec-
tively (Barrat et al., 1996; Cohen et al., 1988; Le Fèvre and Pin, 2005).

Nd- and Sr-isotopes were analyzed on a Nu PlasmaMulticollector-
Inductively Coupled Plasma-Mass Spectrometer at GEOMAR Helm-
holtz Centre for Ocean Research Kiel. For the measurements
the samples were dissolved in 2% HNO3 and diluted to the same
concentrations as the standards during the same session.
Measured 143Nd/144Nd ratios were mass-fractionation corrected to
146Nd/144Nd¼0.7219 and then normalized to the accepted value of
the JNdi-1 Nd-isotope standard of 0.512115, which was analyzed after
every 6th sample (Tanaka et al., 2000). During this study, repeated
measurements of JNdi-1 showed an external long-term reproduci-
bility of 70.000011(2s), which corresponds to 70.3εNd(2s). Proce-
dural Nd blanks were ≤25 pg and thus negligible. Measured Nd-
isotope ratios were decay corrected to the time of deposition using
an average 147Sm/144Nd ratio of 0.124 for the coatings and are
expressed in the εNd(t) notation (Tables 1 and 2). Measured 87Sr/86Sr
isotope ratios were mass bias corrected using 86Sr/88Sr¼0.1194
(Steiger and Jäger, 1977). The Sr isotope results were normalized to
the accepted value of the NBS987 standard of 0.710245, which was
analyzed after every 6th sample. The external long term reproduci-
bility for repeated standard measurements was 70.000030(2s).
3. Results and discussion

3.1. Ferromanganese coatings as archive of past seawater Nd isotope
composition

Authigenic ferromanganese coatings of sediment particles
acquire bottom-water εNd signatures during their early diagenetic



S. Voigt et al. / Earth and Planetary Science Letters 369-370 (2013) 169–177172
formation near the sediment–water interface and are generally
robust to later alteration (Gutjahr et al., 2007; Martin et al., 2010).
To evaluate the quality of Nd-isotope data from ferromanganese
coatings as archive of the εNd(t) seawater signature, strontium
isotope ratios on leached coatings and detritus and neodymium
isotopes of the detrital fraction were measured for selected
samples (Figs. 3 and 4).

At Sites 690 and 762 the Nd-isotopic composition of detritus
reflecting weathering inputs from land is distinctly less radiogenic
than that of the coatings. This observation is confirmed by the
strontium isotopic composition of detrital fractions which shows a
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clear shift towards more radiogenic values relative to the con-
temporaneous seawater strontium isotope evolution (McArthur
and Howarth, 2004) (Fig. 4). Detrital fractions of Site 762 are
highly radiogenic (40.7271) typical for weathering supply from
old cratonic source rocks and detrital 87Sr/86Sr values at Site 690
scatter between 0.7080 and 0.7172 also typical for weathering-
derived sources from the surrounding continental landmasses.

In contrast, the Nd isotopic composition of detritus and coatings at
Site 525 is almost identical and exhibits a highly radiogenic signal with
εNd(t) values between −6.6 and −2.0 (Fig. 3). Such a pattern is
suspected to originate either from incomplete chemical separation of
leached coatings and detrital fractions or from early diagenetic
remobilization of REEs from volcanic rocks. The strontium isotopic
composition of detrital fractions and leached coatings at Site 525 are
clearly different from each other arguing for a small contribution from
partial dissolution of the detrital material to the signature extracted
from the coatings. While the 87Sr/86Sr ratios of the coatings follow the
seawater strontium isotope trend within 70.0002 (McArthur and
Howarth, 2004), the detritus shows a shift towards more radiogenic
values typical for continental weathering sources (Fig. 4). This distinct
separation provides evidence that (i) the isotopic composition of
coatings reflects a seawater signal and that (ii) the isotopic signal of
detrital fractions is not significantly affected by residual coatings.
Accordingly, the relatively radiogenic εNd(t) values of the leached
coatings at Site 525 are considered to reliably represent past seawater
signatures at the corresponding water depth (Martin et al. 2010, 2012).
Any residual coating may be removable through treatment with
stronger chemical reagents but would also start to dissolve detrital
minerals causing unwanted alteration of the bulk detrital isotope
composition.

3.2. Southern Ocean

The Nd-isotope composition of the Southern Ocean (Maud Rise,
Site 690) shows only minor variations (mean value: −9.8; Fig. 2) in
Atlantic Ocean
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late Campanian–Maastrichtian times and is comparable to Palaeo-
cene–Eocene εNd(t) signatures, a time interval when deep waters
were clearly formed around Antarctica (Thomas et al., 2003).
These εNd(t) values are also similar to those recorded at bathyal
and abyssal depths in the proto-Indian Ocean over the past
76 million yr (εNd(t) between −9 and −10; Sites 766, 765 and
1138; Robinson and Vance, 2012; Robinson et al., 2010; Murphy
and Thomas, 2012) and indicate that SCW prevailed from the
Southern Ocean to the deep proto-Indian Ocean (Fig. 5a). This
indicates, that although the Kerguelen Plateau, Broken Ridge and
Ninetyeast Ridge formed significant intra-oceanic barriers (Frey
et al., 2000), deep-water exchange was maintained by seaways
between these morphological highs.

Nd-isotope signatures at the upper bathyal Site 762 were less
radiogenic (mean: −11.1; Fig. 5a) and are consistent with values
recorded from the upper bathyal Site 763 where a prominent
decrease from −8 to −11 was recorded between 82 and 76 Ma
(Murphy and Thomas, 2012) (Fig. 5a). The εNd(t) values of these
shallower sites are distinctly different from the deeper bathyal
Sites 690, 765 and 766 (εNd(t)¼−10.2 and −9.6) (Robinson et al.,
2010; Murphy and Thomas, 2012) and suggest the presence of an
unradiogenic neodymium source that influenced intermediate-
water masses at upper bathyal depths from the Campanian
onwards.

3.3. South Atlantic Ocean

The Nd-isotope composition at the ridge crest of Walvis Ridge
(Site 525) shows a pronounced radiogenic signature reaching εNd(t)
values between −6.6 and −2.0, while deeper (42000 m) waters
north of Walvis Ridge (Site 530; southern Angola Basin) were
characterized by εNd(t) signatures between −11 and −8 (Robinson
et al., 2010) (Figs. 2 and 5b). The most radiogenic values (mean: −3.1)
occur during a ~2 million yr-long interval within magnetochron
C31r. Such a radiogenic seawater Nd-isotope signal in the opening
South Atlantic Ocean is an unexpected result, since Atlantic
waters were generally influenced by the unradiogenic weathering
input from the surrounding continents (e.g. Martin et al., 2012;
Puceat et al., 2005; Robinson and Vance, 2012) via dissolved Nd
input from rivers and groundwater, as well as partial dissolution
of wind-transported particles and by vertical and horizontal
mixing by currents (Frank, 2002; Goldstein and Hemming, 2003).
Thus, the radiogenic seawater signature at Site 525 requires an
alternative origin with a highly radiogenic Nd isotope signature.
Possible sources are either (i) early diagenetic remobilization of
rare earth elements (REE) from volcanic rocks and sediments,
(ii) increased input and leaching of volcanic ash, and/or (iii) boundary
exchange between water and sediment particles with radiogenic
Nd-isotope composition.

The first mechanism is unlikely because layers rich in volcanic
particles were carefully avoided during sampling, and 87Sr/86Sr
values of the detrital sediment fraction indicate a non-volcanic
terrigeneous weathering source (see discussion above, Fig. 4).

In Campanian–Maastrichtian times, the Walvis Ridge was an
emerging volcanic structure formed during the passage of South
Atlantic oceanic crust over the Tristan hotspot (Torsvik et al., 2006,
2009). Although contributions from volcanic ash do not significantly
affect deep-water budgets today (Lacan and Jeandel, 2005), aeolian
input and partial dissolution of Nd from volcanic ash may have had
an important influence on the isotopic composition of waters at the
crest of Walvis Ridge because of its relatively shallow upper bathyal
depth. The new data from Site 525 provide evidence for a period of
intense volcanic activity between 71 and 69 Ma with a highly
radiogenic Nd input into the Atlantic Ocean. Although not well
constrained because of the scarcity of data, volcanic radiogenic Nd
inputs may also have affected abyssal waters in the North Atlantic
(Site 1276) (Fig. 5b; Robinson and Vance, 2012). Similar effects on
seawater εNd were recently described from the Indian Ocean during
the Miocene, where pulses of increased hotspot activity occurred
between 20 and 15 Ma ago (Le Houedec et al., 2012).

In addition, the radiogenic Nd isotope signature could have
been acquired by exchange of seawater Nd with sediment and rock
particles (boundary exchange), through which seawater Nd iso-
tope values can be altered by 3–10 εNd units (Lacan and Jeandel,
2005). This process is important for the signatures of ocean-
boundary currents today. At Walvis Ridge, the leaching of settled
volcanic particles may have additionally contributed to the radio-
genic Nd-isotope signature of the ambient deep waters, an argu-
ment that is supported by the similarity of εNd(t) values in the
leached coatings and detrital fractions of the sediment (Fig. 3). As a
consequence of both boundary exchange and leaching of volcanic
ash within the water column, the occurrence of radiogenic εNd(t)
values on top (Site 525) of Walvis Ridge suggests that water
masses on top of Walvis Ridge acquired a distinct regional Nd
signature (Walvis Ridge Water—WRW) that persisted for at least
2 million yr during the latest Cretaceous.

3.4. Rio Grande Rise–Walvis Ridge

Palaeobathymetric information (Müller et al., 2008) indicates
the presence of intra-oceanic barriers and suggests a clear separa-
tion of the North and South Atlantic basins by the Rio-Grande/
Walvis Ridge System (RWS; Fig. 6) during the late Campanian to
Maastrichtian. The RWS is therefore a critical location to track past
changes in deep-water contributions from the Southern Ocean and
the North Atlantic, the subsidence of which was proposed to have
allowed deep-water exchange either since the mid-Maastrichtian
(Frank and Arthur, 1999) or since the early Campanian (Robinson
and Vance, 2012).

Our data, in contrast, strongly suggest that the RWS played a
crucial role in separating the North and South Atlantic basins at
least until the late Maastrichtian. The emergence of the radiogenic
Nd source observed at Site 525 changed the regional εNd signal of
seawater at intermediate water depths on top of the RWS
significantly towards radiogenic values. In general, the radiogenic
εNd(t) signal at Site 525 can be considered a local signal controlled
by local inputs of ash and leaching of volcanic material in the
sediment (boundary exchange). The prevalence of a local volcanic
source is also supported by the εNd(t) record at the northern flank
of Walvis Ridge (Site 530; Robinson et al., 2010). Although situated
at abyssal depths, similarly radiogenic seawater εNd values were
recorded between 78 and 83 Ma (Fig. 7) and coincided with an
interval of frequent deposition of turbidites rich in volcanoclastic
material (Hay et al., 1984). Turbidite activity vanished in late
Campanian to Maastrichtian times resulting in a lower reactivity
of sediments for boundary exchange and the prevalence of
unradiogenic seawater εNd signatures at abyssal depths.

Consequently, the available data show that different water
masses with distinct εNd(t) signatures concomitantly occurred on
top and in abyssal depths on the northern flank of Walvis Ridge
during the Maastrichtian. Any water mass (like e.g. the SCW) that
may have flowed across the Walvis Ridge would have experienced
a modification of its Nd-isotopic composition to significantly more
radiogenic values. The distinctly unradiogenic signatures of Site 530
in the Angola Basin show that the Walvis Ridge served as an effective
barrier for deep-water flow at this time (Robinson et al., 2010). Deep
waters north of the RWS in the emerging North Atlantic, although
similar in Nd-isotopic composition to those of the SCW, must have
acquired their Nd from local sources.

It was not before the Palaeocene–Eocene that one single water
mass encompassed the entire depth range above Walvis Ridge and
was sourced by deep waters from the Southern Ocean (Fig. 7) (Via and
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Thomas, 2006). This observation is supported by studies related to the
palaeo-redox conditions of the South Atlantic Ocean based on REE
patterns of carbonates deposited on the RWS (Hu et al., 1988; Wang
et al., 1986). These authors used Ce anomalies to show that anoxic
conditions prevailed in the Angola–Brazil basins until the end of the
Maastrichtian and that a sufficient oxidation as a result of improved
deep-water circulation due to the subsidence of barriers did not occur
before 55–58Ma ago. Further evidence comes from foraminiferal
dissolution data that demonstrate the upwelling of corrosive deep
waters at the southern flank of the RWS that were not able to get
across this barrier during the latest Maastrichtian (Kucera et al., 1997).
Even today, the Angola Basin is relatively isolated and deep waters are
dominated by North Atlantic Deep Water modified through exchange
with the southwest African margin (Rickli et al., 2009), which is
evident from its highly unradiogenic Nd isotope signatures.
The northward flow of Antarctic Bottom Water is blocked by the
eastern Walvis Ridge (Hay et al. 1984).

Therefore, our new data reveal that the RWS was an effective
barrier for deep-water exchange during the latest Cretaceous. We
consider it highly unlikely that volumetrically substantial quan-
tities of SCW rose to upper bathyal depths, passed the RWS and
subsequently sank again to abyssal depths to drive deep ocean
circulation in the Atlantic Ocean north of the barrier. Such
fundamental changes in ocean circulation towards a Cenozoic
circulation system only occurred later between 65 and 58 Ma.
Additional and longer Nd-isotope records are needed from differ-
ent sites and water depths along the RWS to define the precise
timing of the shallowing of the RWS to allow for deep-water flow
between the Southern Ocean and the northern Atlantic Ocean in
the latest Cretaceous to earliest Cenozoic.

3.5. North Atlantic Ocean and inter-oceanic deep-water connexions

Published North Atlantic deep-water Nd-isotope data exhibit a
large range of values in late Campanian–Maastrichtian times.
Abyssal and deep bathyal εNd(t) values (−8.5 to −8.7) in the western
North Atlantic (Bermuda Rise and Site 1276) were slightly more
radiogenic than those recorded for SCW (Figs. 5b, 6, and 7) (Martin
et al., 2012; Robinson and Vance, 2012). In contrast, seawater
Nd-isotopes in the abyssal eastern North Atlantic (near Cape
Verde) are highly unradiogenic (εNd(t) ~−14), an observation which
led to the hypothesis that Demerara Bottom Water (DBW) sank
into the deeper parts of the Atlantic ocean (Martin et al., 2012).
Alternatively, deep waters in the Cape Verde Basin may have been
formed locally at sites off West Africa analogous to the mode of
DBW formation (Fig. 6). The available data argue for the con-
comitant presence of different deep-water εNd(t) signatures in the
abyssal plains east and west of the mid-ocean ridge and limited
deep-water exchange between the deep sub-basins.

The North Atlantic Ocean north of the RWS was still a very
narrow ocean at the time. Possible connexions may have existed
only across the RWS at bathyal depths, the Caribbean, and/or
narrow Tethyan gateways (Fig. 6). An influence of Pacific deep
waters entering the deep North Atlantic through the Caribbean
Seaway during the late Campanian to Maastrichtian is unlikely due
to the restricted nature of the latter at that time and the absence of
highly radiogenic εNd(t) signatures of bottom waters in the North
Atlantic. Recent plate tectonic reconstructions indicate that the
boundary between the Caribbean and the proto-Pacific plate was
either formed by a permanent trans-American eastward-dipping
subduction zone (Meschede and Frisch, 1998) or by the newly
formed Panama–Costa Rica Arc that occurred either during
(70 Ma; Seton et al., 2012) or before the accretion of the Caribbean
arc to the Bahaman Platform (80–88 Ma; Pindell and Kennan, 2009
or 75–73 Ma; Buchs et al., 2010).

Possible Tethyan gateways became progressively restricted
during Maastrichtian times by the northward movement of Africa
related to the opening of the South Atlantic Ocean. Tethyan
seawater εNd(t) signals are dominated by a shift towards more
radiogenic values in Campanian–Maastrichtian times that indi-
cates a stronger influence of Pacific deep waters in the eastern
Tethys (Fig. 6) (Frank et al., 2005; Soudry et al., 2006). However,
Pacific deep waters did not enter the North Atlantic from the east
as indicated by the absence of a radiogenic signature there.

Besides the proposed sinking of DBW (Martin et al., 2012),
regional formation of Northern Component Water (NCW) was
suggested as an alternative deep-water source (MacLeod et al.,
2011; Martin et al., 2012). Such a water mass may have formed in
shelf settings of Western Europe and/or North America, from
where it flowed into the North Atlantic basin (MacLeod et al.,
2011; Martin et al., 2012). Supporting evidence comes from the
similarity of deep-sea and shallow-water εNd(t) values around
−8 to −9 (Fig. 6) recorded at several North Atlantic sites (Martin
et al., 2012; Robinson and Vance, 2012) and European shelf seas
(Puceat et al., 2005). However, in contrast to the model of MacLeod
et al. (2011), our new data show that deep-water flow of NCW was
most likely not able to pass the RWS, and thus failed to be a major
driver of deep-ocean circulation. Even though the Central Atlantic
Gateway (CAG) gave way to a deep-water connexion between the
North and South Atlantic basins at some time between the
Cenomanian–Turonian (Tucholke and Vogt, 1979) and the early
Campanian (Friedrich and Erbacher, 2006), it may still have
formed a barrier in the early Maastrichtian due the emplacement
of the large igneous province at Sierra Leone Rise ~73 million yr
ago (Torsvik et al., 2006). At present, the spare data base do not
allow statements about how far south a possible NCW deep water
flow can be traced. Deep-ocean circulation within the North
Atlantic prior to 68 Ma was thus most likely influenced by
numerous regional water-mass sources, such as DBW (MacLeod
et al., 2011), NCW, and other yet unknown deep waters, whereby
vertical mixing was likely promoted by local eddies (Hay, 2011)
thus contributing to the prevailing highly diverse Nd-isotope
signals (−8 to −16; Figs. 5 and 6).
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Extended shelf seas prevailed due to the high sea level until the
Maastrichtian. Although the mode of exchange between shelf and
oceanic water masses is largely unknown for the Cretaceous, the
shelves most likely served as multiple source areas for distinct
intermediate waters. Thus, the Nd-isotopic composition at upper
bathyal depths of Exmouth Plateau (Site 762) suggests the pre-
sence of a water mass that acquired its isotopic signature from
contributions of continental sources and was not dense enough to
sink to abyssal depths (Fig. 6). Similarly, the Nd-isotope signatures
at bathyal sites of the Falkland Plateau (Site 511) (Robinson et al.,
2010), Demerara Rise (MacLeod et al., 2008, 2011) and Goban Spur
(Martin et al., 2012) differ significantly from those at abyssal sites
(Robinson and Vance, 2012), thus predominantly reflecting local
weathering contributions from the hinterland.

Modern intermediate and thermocline waters are formed
by subduction along the Subtropical and Polar frontal systems forced
by the wind stress of the westerly winds (Hay, 2008). The stability of
westerly wind forcing is maintained by the polar high pressure cell
related to the presence of permanent ice shields today. The situation in
the Cretaceous was completely different. The lack of permanent polar
ice together with the palaeogeographic constellation of an isolated
Arctic ocean, an almost isolated North Atlantic and a narrow South
Atlantic might have resulted in seasonally pronounced latitudinal and
longitudinal shifts of the atmospheric low and high pressure cells in
polar areas and the development of variable wind systems at
mid-latitudes (Hay and Flögel, 2012). Hay (2011) proposed a model,
in which the instability of the westerly wind system favours the
formation of meso-scale eddies instead of oceanic frontal systems.
Deep oceanic convection was achieved by down- and upwelling of
water masses in anticyclonic and cyclonic eddies. Their position was
strongly controlled by the geometry and bathymetry of ocean basins
and density differences among water masses were mainly controlled
by salinity changes related to the regional balance of evaporation and
precipitation. Our compilation of new and available seawater
Nd-isotope data clearly shows the broad variety of Late Cretaceous
abyssal seawater Nd-isotope signatures. Such a pattern is difficult to
maintain under conditions of large scale globally connected deep
water convection. Furthermore, the tectonic restrictions in the young
Atlantic Ocean inhibited the development of a global thermohaline
circulation system encompassing all ocean basins. Although the “Hay
Ocean” is only a hypothesis, the growing evidence of distinct seawater
Nd-isotopic compositions in different Late Cretaceous sub-basins
supports the idea that deep oceanic convection at multiple sites
(eddies) of down- and upwelling was a possible mode of deep-
water formation for small and restricted ocean basins as the Atlantic
Ocean until latest Cretaceous time.
4. Conclusions

Our new late Campanian to Maastrichtian bottom water Nd
isotope data reveal multiple, local water sources for nearly every
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site investigated, which suggests a circulation system that was
fundamentally different from the modern. In particular, the
occurrence of a water mass with a radiogenic Nd isotope signature
on top of the RWS indicate this structure to have been a barrier for
deep-water exchange between the Southern Ocean and North
Atlantic basins until the late Maastrichtian. The narrow geometry
of the Atlantic Ocean together with tight to closed connexions
towards the Tethys and the Pacific Ocean limited volumetrically
substantial deep-water exchange and promoted a local mode of
deep oceanic convection in the Atlantic. Available Nd isotope data
from the North Atlantic indicate the prevalence of different water
masses in the abyssal plains and support a mode of ocean
circulation that was maintained by down- and upwelling in
various meso-scale eddies as proposed by Hay (2011).

Climatic cooling as evident from the benthic δ18O compilation
(Friedrich et al., 2012; Zachos et al., 2008) and the opening of
gateways between 83 and 78 Ma may have initiated SCW forma-
tion in the southern hemisphere oceans (Robinson and Vance,
2012; Robinson et al., 2010; Martin et al., 2012). However, distinct
deep water Nd-isotopic compositions in different Late Cretaceous
sub-basins in the young Atlantic Ocean suggest that tectonic
restriction instead of climate change controlled deep-water
formation there. SCW formation did not drive global ocean
circulation before gateway opening and mid-ocean ridge subduc-
tion further deepened ocean basins (Müller et al., 2008) between
68 and 58 Ma. These consecutive plate-tectonic events played a
crucial role in the global linkage of oceanic deep-water reservoirs
and the establishment of a similar to modern global thermohaline
circulation system.
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