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Abstract Water mass exchange between the Arctic Ocean and the Norwegian-Greenland Seas has played
an important role for the Atlantic thermohaline circulation and Northern Hemisphere climate. We reconstruct
past water mass mixing and erosional inputs from the radiogenic isotope compositions of neodymium (Nd),
lead (Pb), and strontium (Sr) at Ocean Drilling Program site 911 (leg 151) from 906 m water depth on Yermak
Plateau in the Fram Strait over the past 5.2 Myr. The isotopic compositions of past bottom waters were
extracted from authigenic oxyhydroxide coatings of the bulk sediments. Neodymium isotope signatures
obtained from surface sediments agree well with present-day deepwater εNd signature of �11.0 ± 0.2. Prior to
2.7 Ma the Nd and Pb isotope compositions of the bottom waters only show small variations indicative of a
consistent influence of Atlantic waters. Since the major intensification of the Northern Hemisphere Glaciation
at 2.7 Ma the seawater Nd isotope composition has varied more pronouncedly due to changes in weathering
inputs related to the waxing and waning of the ice sheets on Svalbard, the Barents Sea, and the Eurasian
shelf, due to changes in water mass exchange and due to the increasing supply of ice-rafted debris (IRD)
originating from the Arctic Ocean. The seawater Pb isotope record also exhibits a higher short-term variability
after 2.7 Ma, but there is also a trend toward more radiogenic values, which reflects a combination of changes
in input sources and enhanced incongruent weathering inputs of Pb released from freshly eroded old
continental rocks.

1. Introduction

The Arctic Ocean and the Norwegian-Greenland Seas (NGS) have played an important role in determining the
strength of thermohaline circulation, as well as in controlling Northern Hemisphere climate evolution.
Outside the Labrador Sea, the NGS are the most important areas for the formation of cold and saline deep
waters contributing to the export of North Atlantic Deep Water (NADW). The NADW is responsible for the
ventilation of the present-day deep Atlantic Ocean as part of the Atlantic meridional overturning circulation
(AMOC) [Broecker et al., 1985; Rahmstorf, 2002; Kuhlbrodt et al., 2007]. The AMOC is of primary importance for
the modern climate system because it influences the supply of heat to the high latitudes and thus regulates
the extent of the sea ice in the NGS. Many studies have shown that the AMOC underwent drastic changes in
the past [Imbrie et al., 1993; de Menocal et al., 1992; Boyle, 1988; Böhm et al., 2015]. Severe reductions or even
shutdowns of the AMOC during distinct cold periods in the past have been inferred as a consequence of
diminished surface water salinity in the NGS caused either by enhanced supply of low-salinity surface waters
from the Arctic Ocean or by freshwater input originating from glacial meltwaters [e.g., Knies et al., 2007;
Brinkhuis et al., 2006; Peltier et al., 2006; Clark et al., 2002; Ganopolski and Rahmstorf, 2001]. Similar
freshwater-triggered “slowdowns” of the AMOC may occur in the near future due to accelerated melting of
the ice sheets in response to anthropogenic forcing [Peterson et al., 2006], although the extent of this effect
may not be as significant as previously thought [Böhm et al
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ice-rafted debris (IRD) in central Arctic sediments as early as 45 Ma [Moran et al., 2006] and in the NGS
between 38 and 30 Ma [Eldrett et al., 2007], clear evidence for a first significant continental glaciation of
the Northern Hemisphere was only found during the late Miocene as the development of an ice sheet on
southern Greenland [Wolf-Welling et al., 1995; Wolf and Thiede, 1991; Jansen and Sjøholm, 1991]. At 3.3 Ma dis-
tinct IRD peaks are documented for the Nordic Seas indicating a pronounced glacial expansion in the
Northern Hemisphere with the Greenland ice sheet as the most important source of IRD [Jansen et al.,
2000; Kleiven et al., 2002; Knies et al., 2014a]. During this period reduced sea surface temperatures in the
North Atlantic Ocean of about 2–3°C are documented, linked to a reduced heat transport toward the high
northern latitudes [De Schepper et al., 2013]. The Pliocene climate optimum from 3.29 to 2.97 Ma was marked
by increased global annual mean temperatures [Dowsett et al., 2012, 2013] indicating warmer and relative
stable climatic conditions. Subsequently, a major change of the climatic conditions prevailing in the
Norwegian Sea has been observed from a marked increase in the supply and deposition of IRD in the NGS
beginning at isotope stage G6 (2.72 Ma) [e.g., Knies et al., 2014a, 2014b; Kleiven et al., 2002; Jansen et al.,
2000; Fronval and Jansen, 1996]. Overall, the intensification of the Northern Hemisphere Glaciation has been



and their authigenic ferromanganese coatings were applied for the reliable reconstruction of the Nd isotope
composition of bottom waters [Roberts et al., 2010, 2012; Piotrowski et al., 2012; Kraft et al., 2013; Tachikawa
et al., 2014].

Lead (Pb) has a much shorter residence time of only about 50 years in the Atlantic Ocean [Schaule and Patterson,
1981; Erel et al., 1994] and therefore provides a more localized dissolved seawater signal mainly reflecting the
erosional input from nearby continental rocks and exchange processes with the continental margins [Frank,
2002; Gutjahr et al., 2009; Crocket et al., 2013; Wilson et al., 2015]. In addition, Pb experiences pronounced incon-
gruent weathering as a consequence of the α-recoil effect causing fractionation of the Pb isotopes during for-
mation of the chemical weathering solutions prior to transport to the oceans. Specifically, the radioactive decay



modified [e.g., Jeandel et al., 1998; Lacan and Jeandel, 2005a; Wilson et al., 2013, 2015]. It is still not well under-
stood, however, which exact mechanisms control such changes of the Nd isotopic composition of the bottom
waters and which sediment phases are involved. Nonetheless, the effects of boundary exchange have been
clearly observed along different continental margins in the subpolar regions including the Nordic Seas [Lacan
and Jeandel, 2004a, 2005a], and modeling results confirmed the importance of this input mechanism [Arsouze
et al., 2009; Rempfer et al., 2011]. Due to the large shelf areas of the Arctic Ocean boundary exchange might be
expected to be significant, although the water column data available so far do not provide clear evidence for
this process [Andersson et al., 2008; Porcelli et al., 2009]. In the case of the Mediterranean Arctic Ocean basin,
both the riverine Nd input in particulate [Eisenhauer et al., 1999; Haley et al., 2008a] and in dissolved form
[Andersson et al., 2008; Porcelli et al



sediments in the central Arctic Ocean (Alpha Ridge) spanning approximately the past 6 Myr. In that study a
significant increase in 87Sr/86Sr and 206Pb/204Pb ratios and a decrease in εNd signatures of the silicate fraction
since ~1.7 Ma were observed. This was interpreted in terms of a change in the main sediment transport
mechanism from deposition by sea ice to glacial ice-rafted detritus (IRD), as well as a change in sediment pro-
venance to source areas in northern Canada and Queen Elizabeth Island. Recently, Dausmann et al. [2015]
confirmed and extended these findings based on new time series data obtained from well-dated ferroman-
ganese crusts from the Northwind Ridge in the Canada basin and showed that increased weathering inputs
from these source areas forced by the onset of NHG already started approximately 4 Myr ago.

Haley et al. [2008a, 2008b] and Chen et al. [2012] reconstructed the dissolved Nd, Pb, and Hf isotope evolution
of Arctic Intermediate Water from ferromanganese coatings of bulk sediments from the Lomonosov Ridge
following the modified methods of Bayon et al. [2002] and Gutjahr et al. [2007] over the past 15 Myr. These
authors reported a major switch from long-term stable hydrographic conditions prior to the onset of the
NHG to a pronounced variability of Atlantic inflow, as well as of brine formation on the Siberian shelf on
glacial/interglacial time scales thereafter. Brine rejection and formation of saline and dense water masses
occur during sea ice formation on shallow shelves surrounding the Arctic basin [e.g., Aagaard et al., 1985],
and near the Kara Sea these brines have been suggested to incorporate the highly radiogenic Nd isotope sig-
nature of the shelf sediments largely originating from the Putorana basalts during maximum ice sheet extent
[Haley et al., 2008a]. A recent study focused on the evolution of water mass exchange and sediment transport
based on variations of Pb isotope signatures of the leached and detrital fractions along a transect across Fram
Strait at 79°N from the Last Glacial Maximum to the present [Maccali et al., 2012]. In that study, the Canadian
and Siberian shelves, as well as Greenland, were found to have been the main sources of detrital material
exported through Fram Strait via sea ice and icebergs, which also influenced the leached Pb isotope compo-
sition of past bottom waters. More recently, Werner et al. [2014] applied Nd isotopes for the reconstruction of
changes in source and mixing of bottom water masses at the West Spitsbergen continental margin over the
past 8500 years. Their data indicate a reduced inflow of Atlantic water masses and a shift of the marginal ice
zone during the late Holocene.

Here we present the first reconstruction of water mass exchange as well as erosional inputs and sediment
transport across the Yermak Plateau in the Fram Strait covering the past 5.2 Myr with a particular focus on
the onset of Northern Hemisphere Glaciation. We apply radiogenic isotope signatures of past seawater
extracted from early diagenetic ferromanganese coatings, as well as of the detrital fraction itself.

2. Material and Methods

Sediments of ODP site 911 (leg 151) from a water depth of 906 m (80°28.466′N, 08°13.640′E) have been
analyzed in this study. The stratigraphy and composition of the sediments of this core have been subject
to several previous studies [Knies et al., 2002, 2009], and we apply the age model of Knies et al. [2009] for
the interval <2.7 Ma, which is based on magnetostratigraphy and calcareous nanofossils. For the core
sections prior to 2.7 Ma, we base our study on the new stratigraphic framework of site 911 recently
established by Knies et al. [2014a, 2014b] including the seismostratigraphic data of Mattingsdal et al. [2014]
and biostratigraphic results of Grøsfjeld et al. [2014]. In total, 12 tie points are the basis of the age model
(Table S2 in the supporting information), and linear interpolation of the sedimentation rates between them
was applied to derive the age model.

Radiogenic isotopes of Nd and Pb are used for paleoenvironmental reconstruction. We applied the method of



without this step. The radiogenic 87Sr/86Sr ratio in the solutions containing the seawater-derived extracted
metals was monitored to identify detrital contamination by major deviations from the expected seawater sig-
nature of the past 5.2 Myr, while acknowledging that this does not provide an unambiguous measure of such
contamination for the Nd and Pb isotope data [Gutjahr et al., 2007].

After separation of the leach solution by centrifugation, the remaining sediment was allowed to react with
additional hydroxylamine solution for at least 12 more hours to guarantee complete removal of any authi-
genic coatings left on the particles following Haley et al. [2008b]. Afterward, the detrital fraction was rinsed
with deionized water 3 times, dried, and ground to prepare for the total digestion of the detrital fraction.
Fifty milligrams of the ground sediment was weighed and dissolved in a mixture of concentrated HNO3

+ HF at 180°C over 3 days. The samples were evaporated to dryness and treated with a mixture of HNO3

+ HClO4 at 190°C to destroy remaining organic material prior to the ion chromatographic separation and
purification steps.

In a first step Pb was separated from the solutions on anion exchange columns containing 50μL of AG1-X8
resin (mesh 100–200) following the method of Lugmair and Galer [1992]. The rare earth elements (REEs) and
the Sr in the remaining solution were separated using cation exchange columns filled with 0.8 mL AG50W-
X12 resin (mesh 200–400) [Barrat et al., 1996]. The Sr cut was further purified on columns with 50μL Sr-
Spec resin (mesh 50–100) following the method of Horwitz et al. [1992] and Bayon et al. [2002]. Using columns
with 2 mL Ln-Spec resin (50–100 mesh) the Nd was separated from the other REEs [Le Fèvre and Pin, 2005].

All measurements were carried out on a Nu Plasma Multi Collector ICP-MS at GEOMAR, Kiel. Mass bias
corrections were carried out using a value of 0.7219 for the 146Nd/144Nd, and instrument bias was normalized
to the accepted 143Nd/144Nd value of the JNdi-1 standard of 0.512115 [Tanaka et al., 2000]. Repeated
measurements of this standard yielded a long-term reproducibility for the JNdi-1 standard solution of ±0.3
εNd (2σ; n = 120) over a period of 16 months. The procedural blanks for Nd were ≤80 pg. Similarly,
86Sr/88Sr = 0.1194 was applied for mass bias correction of the Sr isotope measurements [Steiger and Jäger,
1977] while also correcting for interferences of 86Kr and 87Rb. The Sr isotope results were normalized for
instrument bias using to 87Sr/86Sr = 0.710245 of the National Institute of Standards and Technology (NIST)
National Bureau of Standards (NBS)987 standard, which was also used to derive the long-term reproducibility
of the radiogenic Sr isotope measurements of ±0.000032 (2σ; n = 70) over 1 year. The procedural blanks for Sr
were below 2 ng. The Pb isotope ratios were analyzed following the standard bracketing method of Albarède
et al. [2004], without the addition of thallium, and all measured data were normalized for instrument bias
using the accepted values for NIST NBS981 of 206Pb/204Pb = 16.9405, 207Pb/204Pb = 15.4963, and
208Pb/204Pb = 36.7219 [Abouchami et al., 1999]. The long-term reproducibility (2σ; n = 88) over 1 year for this
standard was ±0.008 for 206Pb/204Pb, ±0.009 for 207Pb/204Pb, ±0.033 for 208Pb/204Pb, ±0.0009 for 208Pb/206Pb,
and ±0.0002 for 207Pb/206Pb. The procedural blanks for all Pb isotope measurements were ≤1.45 ng.

3. Results
3.1. Neodymium and Strontium Isotopic Signatures of Leachates and the Detrital Sediment Fraction

The εNd signatures of the leached coatings vary between�6.9 and�12.1 (Figure 2). The core top value (0–3 cm)
of �11.0 falls in the range of the values for present-day deep water at this site [Lacan and Jeandel, 2004b;
Andersson et al., 2008] (Figure 3). The different resolution of the εNd records before and after 2.7 Ma is due to
the focus on the evolution of the water mass exchange after the intensification of the Northern Hemisphere
Glaciation (iNHG). Prior to the iNHG at 2.7 Ma the deepwater εNd on the Yermak Plateau ranged from �8.5 to
�11.5 (with a mean εNd of�10.4 and a range of 3 εNd units), whereas after 2.7 Ma the amplitude of the εNd varia-
bility almost doubled to 5.2 εNd units and varied between �6.9 and �12.1. While the unradiogenic baseline of
the εNd data remained close to �11.5, the radiogenic peaks were more pronounced after the iNHG (Figure 2).
No statistically signifi







Nd and Pb isotope signatures from the Fe-Mn oxyhydroxide coatings of bulk sediments can, however, be dif-
ficult in particular sedimentary settings. A decarbonation step with acetic acid prior to the HH-leach step,
which is commonly part of the leaching procedure [e.g.,., 2007, 2008;

may lead to biases, for example, at locations infl



water depth [Andersson et al., 2008] (Figure 3). During periods of enhanced Arctic outflow, sea ice extent and
freshwater supply from the Arctic Ocean through Fram Strait were increased, which inhibited formation of deep
water in the Nordic Seas [e.g., Henrich et al., 2002]. This inference is consistent with observations by Ganopolski and
Rahmstorf [2001] and



the Zanclean/early Pliocene (5.2–3.6 Ma), consistent with the ice-free conditions over the Yermak Plateau until
3.9 Ma indicated by the absence of the sea ice biomarker IP25 [Belt and Müller, 2013; Knies et al., 2014b]. The
εNd signatures of site 911 were similar to contemporaneous NADW, in particular during the oldest period of
our record between 5.2 and 4.8 Ma indicating an efficient exchange of water masses between the Arctic and
Atlantic basins. This water mass exchange is not visible from the Nd isotope composition of Arctic
Intermediate Water derived from central Arctic Ocean sediments pointing to very stable climatic conditions
and a reduced influence of Atlantic waters in the Arctic basin between 8 and 2 Ma [Haley et al., 2008a]. Thus, most
probably any enhanced inflow of Atlantic water did not reach as far as the central Arctic basin but is only evident
on the Yermak Plateau. Our data also support diminished sea ice coverage during warm periods documented by
the low amount of the organic sea ice proxy IP25 until 3.0 Ma [Knies et al., 2014b] (Figure 3).

Relatively stable climatic and oceanographic conditions from ~3.3 to 2.7 Ma including the Pliocene climate opti-
mum from 3.29 to 2.97 Ma [Dowsett et al., 2012, 2013] are indicated by the low-amplitude variability in the Pb
isotope and in particular the ε



source waters supplied via brine formation near the Eurasian shelf in the Kara Sea region. This region is fed by
weathering products of the Putorana



periods. The elevated smectite content
found at site 911 today [



evolution of North Atlantic Deep
Water in the western North Atlantic
[Burton et al., 1999; Reynolds et al.,
1999] indicating similar weathering
and input processes. This major shift
to more radiogenic values apparently
occurred at different times varying
between 1.7 Ma [Winter et al., 1997]
and after 1 Ma [Haley et al., 2008b;
Reynolds et al



Similar to the Nd isotopes, the seawater Pb isotope record shows low variability and supports a constant
sediment supply prior to 2.7 Ma, dominantly from Svalbard. After 2.7 Ma and in particular after 2.0 Ma, the
increasing amplitude of the isotope signatures on glacial/interglacial time scales is ascribed to enhanced
glacial weathering and the waxing and waning of ice sheets, as well as changes in sea ice transport.
Contrary to Nd isotopes, the seawater Pb isotope record, in particular the radiogenic Pb isotope maxima,
shows a clear overall trend toward more radiogenic values after 2.7 Ma, reflecting a change in the source area
of the detrital material, which was amplified by enhanced incongruent glacial release of radiogenic Pb during
peak weathering of old continental rocks of Greenland and parts of Svalbard.
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