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a b s t r a c t

We have retrieved radiogenic hafnium (Hf) isotope compositions ( 3Hf) from authigenic FeeMn oxy-
hydroxides of deep northwest Atlantic sediments deposited over the past 26 ka to investigate the oceanic
evidence of changes in dissolved weathering inputs from NE America during the last deglaciation. The
extraction of seawater-derived Hf isotopic compositions from FeeMn oxyhydroxides is not a standard
procedure. Comparisons between the Al/Hf ratios and Hf isotopic compositions of the chemically
extracted authigenic phase on the one hand, and those of the corresponding detrital fractions on the
other, provide evidence that the composition of past seawater has been reliably obtained for most
sampled depths with our leaching procedures. This is endorsed most strongly by data for a sediment core
from 4250 m water depth at the deeper Blake Ridge, for which consistent replicates were produced
throughout. The Hf isotopic composition of the most recent sample in this core also closely matches that
of nearby present day central North Atlantic seawater. Comparison with previously published seawater
Nd and Pb isotope compositions obtained on the same cores shows that both Hf and Pb were released
incongruently during incipient chemical weathering, but responded differently to the deglacial retreat of
the Laurentide Ice Sheet. Hafnium was released more congruently during peak glacial conditions of the
Last Glacial Maximum (LGM) and changed to typical incongruent interglacial 3Hf signatures either during
or shortly after the LGM. This indicates that some zircon-derived Hf was released to seawater during the
LGM. Conversely, there is no clear evidence for an increase in the influence of weathering of Lu-rich
mineral phases during deglaciation, possibly since relatively unradiogenic Hf contributions from feld-
spar weathering were superimposed. While the authigenic Pb isotope signal in the same marine sedi-
ment samples traced peak chemical weathering rates on continental North America during the transition
to the Holocene a similar incongruent excursion is notably absent in the Hf isotope record. The early
change towards more radiogenic 3Hf in relation to the LGM may provide direct evidence for the transition
from a cold-based to a warm-based Laurentide Ice Sheet on the Atlantic sector of North America.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

During the glacial cycles of the past 2.7 Ma, northern North
America has recurrently been overlain by substantial continental
ice in the form of the Laurentide Ice Sheet (LIS) (Dyke and Prest,
tre for Ocean Research Kiel,
431 600 2232; fax: þ49 431

).
1987; Clark and Pollard, 1998; Lisiecki and Raymo, 2007). The LIS
alone stored as much as 56e76 m of sea level equivalent during the
LGM (Paterson, 1972; Peltier, 1994; Carlson and Clark, 2012).
Despite its importance for northern hemisphere Pleistocene
climate the areal extent and volume of the LIS during non-peak
glacial conditions is not well understood. Furthermore, its growth
and retreat should have generated variable runoff fluxes into the
adjacent ocean basins, but these too are not well constrained. This
lack of knowledge regarding intermediate-sized ice sheet evolution
is largely due to loss of geomorphological and geochemical
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evidence of these intermediate climate- and ice sheet states on
land. As a result, the evolution of North American physicochemical
weathering conditions and chemical runoff fluxes are not very well
known for most of the recent Pleistocene geological history,
although it is evident from the marine isotopic budgets of elements
such as Sr that chemical weathering fluxes varied significantly on
glacialeinterglacial timescales (Vance et al., 2009).

In contrast to incomplete continental Pleistocene sedimentary
sequences of continental North America, marine sediments in the
northwest Atlantic adjacent to the LIS should have recorded an
undisturbed and continuous geochemical LIS runoff history. Trace
metals transferred in solution to the marine realm are scavenged
from seawater and incorporated into authigenic phases (Bruland
and Lohan, 2003). The isotopic compositions of some of these ele-
ments provide clues as to the conditions under which weathering
and erosion took place. For example, the release of Pb during
incipient chemical weathering of freshly eroded rocks is highly
incongruent, meaning that its isotopic composition reflects that of
more solubleminerals and ofmore loosely bound radiogenic Pb as a
consequence of a-recoil processes rather than that of the bulk rocks.
This is particularly true in recently deglaciated areas (Erel et al.,
1994; Harlavan et al., 1998). The incongruent release is manifested
in more radiogenic Pb isotopic compositions of the early Holocene
North American runoff compared with corresponding bulk crustal
Pb of the source rocks (e.g., Gutjahr et al., 2009; Crocket et al., 2013).
The resultant seawater Pb isotope records archived in authigenic
FeeMn oxyhydroxides of marine sediments of the last gla-
cialeinterglacial transition provided records of spatially and
temporally resolved variations in runoff fluxes to the northwest
Atlantic (Gutjahr et al., 2009; Kurzweil et al., 2010) and the Labrador
Sea (Crocket et al., 2012). The pronounced radiogenic Pb isotope
excursions facilitated the determination of early Holocene peak
chemical weathering rates in the interior of northeast America and
providednewconstraints on the openingof themajor eastern runoff
route to the North Atlantic via the St. Lawrence seaway during the
Younger Dryas (Kurzweil et al., 2010).

Hafnium is another radiogenic tracemetal isotope system that is
released incongruently during chemical weathering (Patchett et al.,
1984; Piotrowski et al., 2000; van de Flierdt et al., 2002). Lutetium-
176 decays to 176Hf with a half life of 37.2 Ga (Scherer et al., 2001).
Lutetium is a rare earth element (REE) whereas Hf is a high field
strength element (HFSE) resulting in significantly different chem-
ical affinities and partition coefficients intomajor and trace mineral
phases during formation of continental crust. Just as radiogenic Pb
isotopes trace preferential weathering of uranium- and/or thorium-
rich mineral phases in recently deglaciated continental areas, Hf
isotopes trace preferential weathering of Lu-rich and/or Lu-poor
mineral phases (Bayon et al., 2006, 2012). The radiogenic Hf
isotope ratio (176Hf/177Hf) is usually reported in the 3Hf notation as
deviation from the chondritic uniform reservoir (CHUR):

3Hf ¼
�h176Hf.177Hfsample

i
½176Hf=177HfCHUR�

� 1
�
� 104

with 176Hf/177Hf CHUR¼ 0.282772 (Blichert-Toft and Albar�ede,1997).
Similarly, Nd isotopes are expressed as 3Nd values relative to
143Nd/144NdCHUR ¼ 0.512638 (Jacobsen and Wasserburg, 1980).

Hafnium is highly depleted in open ocean seawater, reaching
concentrations as low as 0.04 pmol/kg in surface waters of the
Southern Ocean (Rickli et al., 2010; Stichel et al., 2012b). In contrast,
surface water concentrations of up to 4.2 pmol/kg have been found
in low salinity waters in the Arctic Ocean originating from riverine
inputs (Zimmermann et al., 2009a). The majority of published open
seawater Hf concentrations are below 1.5 pmol/kg (e.g., Godfrey
et al., 2009; Rickli et al., 2009; Zimmermann et al., 2009b; Stichel
et al., 2012a). Efficient removal of Hf in estuaries contributes to
the low concentrations in seawater (Godfrey et al., 2008). Several
publications discussing the Hf speciation and behaviour in
seawater proposed a residence time for Hf longer than that of Nd
(White et al., 1986; Godfrey et al., 1997, 2008). In contrast, despite
the relative Hf isotopic similarity in the various ocean basins, recent
water column work suggests a short residence time of Hf in
seawater based largely on the chemical behaviour and scavenging
intensity, as well as the lack of enrichment in dissolved deep water
Hf concentrations along the flow paths of deep water masses in the
Atlantic (Rickli et al., 2009; Rickli et al., 2010, 2014; Chen et al.,
2013a). The latter view implies that the deep marine 3Hf signature
is mainly controlled by proximal (intra-basin) weathering contri-
butions largely independent of the origin of prevailing deep water
masses.

Since a large proportion of continental Hf is stored in the min-
eral zircon, which is hardly accessible during non-glacial chemical
weathering (cf. Rickli et al., 2013), the corresponding continental
runoff signal is offset to more radiogenic 3Hf signatures than the
bulk crustal Hf isotope signal. Albar�ede et al. (1998) coined the term
seawater array for this systematic offset towards more radiogenic
3Hf for a given 3Nd in seawater-derived hydrogenetic ferromanga-
nese deposits than in bulk terrestrial rocks. The seawater array was
confirmed in subsequent studies using hydrogenetic FeeMn crusts
(e.g. Piotrowski et al., 2000; David et al., 2001) and direct seawater
measurements (e.g., Godfrey et al., 2009; Rickli et al., 2009;
Zimmermann et al., 2009b; Stichel et al., 2012a). More recently,
chemical weathering of either lutetium-rich mineral phases or
rather unradiogenic feldspars were proposed to contribute signif-
icantly to the observed shift (Bayon et al., 2006, 2012; Chen et al.,
2011). Some authors also argued that the offset towards more
radiogenic 3Hf of seawater or at least some level of decoupling be-
tween hydrogenetic 3Hf and 3Nd (van de Flierdt et al., 2004) is
controlled by significant contributions of hydrothermal Hf charac-
terised by highly radiogenic mantle-like isotope signatures (White
et al., 1986; Bau and Koschinsky, 2006). While hydrothermal inputs
may indeed contribute to the Hf budget of seawater, a strong
continental source is clearly required in order to explain the Hf
isotopic differences between the ocean basins (van de Flierdt et al.,
2007; Chen et al., 2013b). Therefore, seawater-derived 3Hf in
northwest Atlantic sediments is expected to reflect changes glacial
weathering conditions in North America given the Hf residence
time well below the average ocean mixing time (cf. Piotrowski
et al., 2000; van de Flierdt et al., 2002).

This study investigates the Hf isotope evolution of northwest
Atlantic deep water during the last glacialeinterglacial transition.
Seawater-derived colloidal or truly dissolved Hf is incorporated into
the authigenic FeeMn oxyhydroxide phase of marine pelagic sed-
iments (Chen et al., 2012). Since Hf is depleted both in seawater and
in marine authigenic FeeMn oxyhydroxides, the extraction of a
pure seawater-derived Hf phase from sediments is less straight-
forward than for example for Nd, Pb, or Th (Bayon et al., 2002;
Gutjahr et al., 2007; Robinson et al., 2008; Basak et al., 2011). Our
findings demonstrate both the potential but also the limitations
associated with the extraction of a seawater Hf isotope signature
from marine drift sediments. Following a critical assessment of the
chemical and isotopic composition of the chemically extracted
authigenic fraction of Hf, the isotopic records are compared with
previously published authigenic Pb and Nd isotope records from
the same sediment cores (Gutjahr et al., 2008, 2009). In combina-
tion with these other records, it is possible to constrain whether
variations in deep water 3Hf have been controlled by chemical
weathering trends alone, by changes in provenance of deep water
masses, by periods of enhanced continental runoff, or even by



Fig. 1. Regional northwest Atlantic bathymetric map with core sites chosen for the Hf isotopic work along the Blake-Bahama Outer Ridge. Also shown are cores at the deeper
Laurentian Fan outside the Gulf of St. Lawrence for comparison with the Pb isotopic records. Map was generated using GeoMapApp (http://www.geomapapp.org/) using the
bathymetric configuration of Ryan et al. (2009).
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changes in basal physicochemical conditions underneath the
eastern Laurentide Ice Sheet.

2. Material and Methods

Two sediment cores spanning the past 26 ka recovered during
KNR140 cruise along the Blake Ridge in the western North Atlantic
were selected for Hf isotope analyses (Fig. 1). This pre-site survey of
ODP Leg 172 aimed at coring a multitude of sites along the large
sediment drift body. Late Pleistocene and Holocene sediments
along the upper part of the Blake Ridge consist of nannofossil ooze
and silty clay with variable proportions of biogenic and siliciclastic
components. The carbonate content in the sequences of the upper
part of the Blake Ridge varies between 34 and 67% (Keigwin et al.,
1997). The deepest sections of the Blake Ridge are dominated by
alternating carbonate-rich and carbonate-poor units, ranging from
nannofossil-ooze in the most carbonate-rich sections (20e55%
carbonate) to essentially terrigenous clay (2e15% carbonate)
(Keigwin et al., 1997).

Cores KNR140/51GGC from 1790 m water depth and KNR140/
12JPC from 4250m depthwere selected to reconstruct the seawater
Hf isotope evolution in the intermediate and deep western North
Atlantic as recorded by authigenic sedimentary FeeMn
oxyhydroxides. Sedimentation rates at shallow site 51GGC ranged
from ca 6 cm/ka during the LGM to approximately 25 cm/ka during
the late Holocene (Gutjahr et al., 2008). At Core 12JPC, the section
preceding 20 ka experienced sedimentation rates close to 72 cm/ka,
average sedimentation rates of 22 cm/ka during the deglaciation,
and lowest sedimentation rates during the Holocene (~4.7 to
7.8 cm/ka) (Table 1). The sections with the high sedimentation rates
were a consequence of sediment focussing in both cores (Gutjahr
et al., 2008).

The method to extract the seawater-derived Hf isotope signal
through sequential reductive leaching followed that described in
Gutjahr et al. (2007) and later applied by Chen et al. (2012). Samples
were first decarbonated using a Na acetate buffer, followed by a
three-hour leach in a 1M MgCl2 solution, triple rinsed in deionised
water and finally a three-hour reductive leach using a mixture of
0.05M hydroxylamine hydrochloride, 15% acetic acid, buffered to
pH 4 with NaOH. Analogous to thorium, Hf is a high field strength
element that is highly particle-reactive. Therefore 0.03M Na-EDTA
was admixed to the reductive leach solution as a complexing re-
agent to avoid re-adsorption of Hf leached during FeeMn oxy-
hydroxide dissolution. For a subset of nine samples from Cores
51GGC and 12JPC the corresponding detrital fraction was
completely dissolved and analysed as well in order to monitor

http://www.geomapapp.org/


Table 1
New and previously published radiocarbon ages for core KNR140/12JPC.

Source/new lab number Sample material Depth in
core (cm)

Conventional
radiocarbon
age (years BP)

Error Calibrated age
(years BP)

Error Sedimentation rate
per interval (cm/ka)a

ETH# 41215 Mixed planktic foraminifera 40 4863 52 5106 115 7.83
Robinson et al. (2005) Mixed benthic foraminifera 66 10,300 220 10,575 108 4.75
Keigwin (2004) Mixed planktic foraminifera 79 10,950 55 12,486 81 6.80
ETH# 41214 Mixed planktic foraminifera 93 12,274 101 13,701 126 11.52
Keigwin (2004) Mixed planktic foraminifera 231 17,300 95 20,048 18 21.74
ETH# 41213 Mixed planktic foraminifera 290 17,938 161 20,872 257 71.60

Note: All planktic conventional foraminifera ages have been asigned a local reservoir effect of 408 years irrespective of ages (cf. Robinson et al., 2005).
a Linearly interpolated sedimentation rate between age tie points above the sampled depth.
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potential partial dissolution of the detrital fraction during the
leaching procedure (see Gutjahr et al. (2007) for more detailed
analytical procedures).

Elemental purification of Hf in the FeeMn oxyhydroxide and
detrital fractions followed the method of Münker et al. (2001). The
total procedural Hf blank of the FeeMn oxyhydroxide analyses was
below 30 pg (below 0.3% of the total Hf concentrations of the
samples) and below 20 pg for the detrital fraction in the sediment,
and is hence considered negligible. Hafnium isotope analyses were
conducted on a Nu Plasma MC-ICPMS at ETH Zürich. Measured Hf
isotope compositions were normalised to a 179Hf/177Hf of 0.7325 to
correct for instrumental mass bias. Mass interferences originating
from remaining Yb, Lu andWon various Hf isotopes in the purified
samples were monitored by measuring the intensities of 172Yb,
175Lu and 182W during every Hf isotope measurement. Mass-bias
corrected Hf isotope compositions were normalised to a
176Hf/177Hf of 0.282160 for the JMC475 standard (Nowell et al.,
1998). The external reproducibility in the course of this study was
±0.49 3Hf for 176Hf/177Hf (2s, n ¼ 61) at total Hf ion currents be-
tween 4 and 11�10�11 A. Detailed results of the Hf isotope analyses
can be found in Table 2. Several duplicate measurements were
carried out to evaluate the reproducibility of the Hf isotope
extraction during reductive leaching. In Table 2 and Figs. 3 and 4 the
individual results are displayed. For the reconstruction of the Hf
isotope evolution of Cores 51GGC and 12JPC in Figs. 5e8 the
average Hf isotope composition of the duplicates for every sampled
depth was used.

Hafnium concentrations and Al/Hf were measured on a sub-set
of eight samples similar to the approach of Gutjahr et al. (2007) in
the same samples to determine the distribution of Hf in the
different sedimentary phases and to compare these with other
trace metals (Table 3). In detail, two subsequent separate FeeMn
oxyhydroxide leach fractions using the same leaching reagent that
were allowed to react for 3 h and 24 h, respectively, and the residual
detrital elemental concentrations were measured by ICP-OES and
ICP-MS at the Geological Institute of the University of Kiel
(Germany).

The timescale used for Core 51GGC is identical to the one
described in Gutjahr et al. (2008) using the radiocarbon ages
measured on planktic foraminifera in Keigwin (2004). For Core
12JPC, three new radiocarbon ages of planktonic foraminiferal
shells were produced to better constrain the chronology in this
dynamic sedimentation regime. Accelerator Mass Spectrometry
(AMS) 14C measurements were made at the Laboratory of Ion Beam
Physics at the ETH Zürich. A gas ion source allowed the direct in-
jection of CO2 from the samples into the AMS thus enabling 14C-
analyses of ultra-small sample quantities (Wacker et al., 2013).
Conventional radiocarbon ages were converted into calendar ages
using a surface water reservoir age of 408 years (cf. Robinson et al.,
2005) and by applying Oxcal 4.1 (Bronk Ramsey, 2009) on the basis
of the INTCAL data set (Reimer et al., 2009). The three new, as well
as the three previously published radiocarbon ages are shown in
Table 1, together with the sedimentation rates calculated by linear
interpolation between individual age tie points without further
smoothing. Application of this refined stratigraphy leads to slightly
younger ages for the late Holocene sections (max. DT is 1.31 ka at
5.11 ka) and slightly older ages for the deglacial section of the core
(max. DT is 1.20 ka at 18.76 ka) than the ones published by Gutjahr
et al. (2008, 2009).

3. Results

Our findings presented below are subdivided into two major
sections. First, the element geochemical and isotopic results
extracted from the authigenic FeeMn oxyhydroxide and detrital
fractions are shown and compared. Thereafter, Hf isotope time
series of past seawater obtained from the authigenic FeeMn oxy-
hydroxide fraction of the two sediment cores covering the Last
Glacialeinterglacial transition are discussed.

3.1. Elemental ratios

In Gutjahr et al. (2007), Al/Nd, Al/Pb and Al/Th were presented
for two successive FeeMn oxyhydroxide leachate fractions using
identical reductive leaching solutions, together with the respective
elemental ratios of the coexisting detrital phase. The first FeeMn
oxyhydroxide leach fraction is used for paleoceanographic re-
constructions while the second leachate served as a 24-h “buffer”
leach since the authigenic FeeMn oxyhydroxide phase is not
quantitatively removed during the first three-hour leach stage at
room temperature. Generally, Al/(Nd, Pb, Th) were lowest for the
first FeeMn oxyhydroxide coating fractions after three hours of
leaching, slightly elevated for a second aliquot extracted after
another 24 h of reductive leaching, and orders of magnitude higher
for the detrital fraction (Gutjahr et al., 2007). The compositional
differences observed during these experiments reflect the enrich-
ment of the trace metals Nd, Pb and Th in the FeeMn oxyhydroxide
fraction relative to Al. This is the result of preferential incorporation
(sorption and co-precipitation) of seawater- and porewater derived
particle reactive trace metals in the authigenic FeeMn
oxyhydroxides.

Investigating Al/Hf in the same successive leach fractions and
the residue reveals a similar but less pronounced enrichment of Hf
relative to Al, at least in the first extracted FeeMn oxyhydroxide
phase. As observed for Al/(Nd, Pb, Th), the first FeeMn oxy-
hydroxide leach displays lower Al/Hf than the respective detrital
fraction (average Al/Hf of ~990; Fig. 2, Table 3), whereas the Al/Hf of
the second FeeMn oxyhydroxide leach is in the same range as of
the detrital fraction (average Al/Hf of ~3000 and ~3200, respec-
tively). The Al/Hf of the first leach fraction is similar to or even
lower than average Pacific ferromanganese crust ratioswith amean
Al/Hf of 1445 (dashed grey box in Fig. 2; Table 3) (Hein et al., 1999).



Table 2
Hf isotope compositions of all analysed FeeMn oxyhydroxide and detrital samples.

Depth in
core (cm)

Calendar
age (ka)

176Hf/177Hf 3Hf △ 3Hf
a

± internal error (2s) ± applicable error (2s)

FeeMn oxyhydroxide fractions
KNR140, Core 12JCP, 4250 m (29�04.48' N, 72�53.90' W)
20 cm 2.55 0.282815 ± 6 1.5 ± 0.50
duplicate 0.282814 ± 7 1.5 ± 0.50 0.05
30 cm 3.83 0.282829 ± 6 2.0 ± 0.50
50 cm 7.21 0.282777 ± 7 0.2 ± 0.50
55 cm 8.26 0.282771 ± 7 0.0 ± 0.50
duplicate 0.282780 ± 11 0.3 ± 0.50 �0.34
69 cm 11.02 0.282766 ± 5 �0.2 ± 0.50
77 cm 12.19 0.282775 ± 6 0.1 ± 0.50
85 cm 13.01 0.282788 ± 8 0.6 ± 0.50
duplicate 0.282790 ± 9 0.6 ± 0.50 �0.05
102 cm 14.11 0.282840 ± 6 2.4 ± 0.50
117 cm 14.80 0.282752 ± 7 �0.7 ± 0.50
140 cm 15.86 0.282786 ± 5 0.5 ± 0.50
156 cm 16.60 0.282822 ± 9 1.8 ± 0.50
172 cm 17.33 0.282781 ± 6 0.3 ± 0.50
193 cm 18.30 0.282752 ± 7 �0.7 ± 0.50
203 cm 18.76 0.282764 ± 7 �0.3 ± 0.50
220 cm 19.54 0.282727 ± 9 �1.6 ± 0.50
233 cm 20.08 0.282697 ± 6 �2.6 ± 0.50
duplicate 0.282671 ± 8 �3.6 ± 0.50 0.95
251 cm 20.33 0.282720 ± 6 �1.8 ± 0.50
263 cm 20.49 0.282682 ± 15 �3.2 ± 0.54
duplicate 0.282702 ± 9 �2.5 ± 0.50 �0.69
KNR140, Core 51GGC, 1790 m (32�47.04' N, 76�17.18' W)
40 cm 1.59 0.282860 ± 10 3.1 ± 0.50
duplicate 0.282815 ± 29 1.5 ± 1.03 1.59
60 cm 2.39 0.282872 ± 14 3.5 ± 0.50
duplicate 0.282834 ± 30 2.2 ± 1.07 1.37
160 cm 6.36 0.282835 ± 11 2.2 ± 0.50
duplicate 0.282863 ± 27 3.2 ± 0.95 �0.97
220 cm 8.75 0.282829 ± 10 2.0 ± 0.50
260 cm 10.34 0.282799 ± 9 0.9 ± 0.50
270 cm 10.73 0.282868 ± 14 3.4 ± 0.50
290 cm 11.20 0.282876 ± 9 3.7 ± 0.50
300 cm 12.06 0.282870 ± 9 3.5 ± 0.50
duplicate 0.282825 ± 18 1.9 ± 0.64 1.57
310 cm 12.89 0.282930 ± 13 5.6 ± 0.50
330 cm 13.01 0.282960 ± 15 6.6 ± 0.51
duplicate 0.282888 ± 11 4.1 ± 0.50 2.55
350 cm 15.05 0.282939 ± 10 5.9 ± 0.50
duplicate 0.282870 ± 9 3.5 ± 0.50 2.44
370 cm 17.16 0.282948 ± 10 6.2 ± 0.50
duplicate 0.282850 ± 11 2.7 ± 0.50 3.49
371 cm 17.22 0.282930 ± 6 5.6 ± 0.50
duplicate 0.282835 ± 11 2.2 ± 0.50 3.35
373 cm 17.35 0.282840 ± 7 2.4 ± 0.50
378 cm 17.65 0.282867 ± 10 3.4 ± 0.50
385 cm 21.36 0.282805 ± 10 1.2 ± 0.50
390 cm 22.15 0.282797 ± 11 0.9 ± 0.50
duplicate 0.282763 ± 13 �0.3 ± 0.50 1.19
395 cm 22.94 0.282774 ± 15 0.1 ± 0.54
400 cm 23.73 0.282734 ± 8 �1.4 ± 0.50
duplicate 0.282741 ± 15 �1.1 ± 0.54 �0.26
405 cm 24.52 0.282735 ± 7 �1.3 ± 0.50
duplicate 0.282713 ± 16 �2.1 ± 0.56 0.79
412 cm 25.62 0.282765 ± 9 �0.3 ± 0.50
422 cm 27.20 0.282911 ± 9 4.9 ± 0.50
Detrital fraction
KNR140, Core 12JCP, 4250 m
55 11.20 0.282419 ± 7 �12.4 ± 0.50
85 12.67 0.282462 ± 7 �10.8 ± 0.50
263 20.05 0.282509 ± 6 �9.2 ± 0.50
KNR140, Core 51GGC, 1790 m
60 2.39 0.282447 ± 8 �11.4 ± 0.50
270 10.73 0.282469 ± 7 �10.6 ± 0.50
350 15.05 0.282395 ± 7 �13.2 ± 0.50
390 22.15 0.282319 ± 8 �15.9 ± 0.50
400 23.73 0.282314 ± 7 �16.1 ± 0.50

a Delta 3Hf refers to the difference between duplicate analyses.
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The less pronounced difference in Al/Hf between the first leachate
and the detrital fraction was expected given the very low concen-
trations of Hf in the second FeeMn oxyhydroxide leach fractions
(Table 3). Hafnium concentrations in the first FeeMn oxyhydroxide
leach fraction range from 24 to 100 ng per gram of leached bulk
sediment, which is orders of magnitude lower than those of Nd and
Pb in the same fractions (Table 3). This is also reflected in distinct
Nd/Hf and Pb/Hf between the three different phases (Table 3).
Hafnium is also depleted in the FeeMn oxyhydroxide fraction
relative to Nd and Pb when compared with the respective Nd/Hf
and Pb/Hf in the detrital fraction, consistent with Hf/Nd and Hf/Pb
ratios of ferromanganese crusts (Hein et al., 1999). It is worth
mentioning that the second FeeMn oxyhydroxide leach fraction
contains lower [Hf] (between 47 and 85%) than the first leach
fraction. In contrast, Al concentrations in the second leach fraction
are between 1.2 and 4.4 times higher than in the first one. In other
words, while trace amounts of Al were continuously transferred
into solution during the second (24-h) leach the Hf release was
significantly reduced relative to the first (three-hour) leach. In
summary, these data support that the first leach is suitable to
extract past seawater Hf isotope compositions from the sediments
of our study.

3.2. Reproducibility of the leachate data and comparison between
authigenic and detrital signal

Isotopically the authigenic FeeMn oxyhydroxide fraction is
significantly more radiogenic than its detrital counterpart
throughout (Fig. 3). The differences between two fractions vary
between 6.3 3Hf units (12JPC-263 cm) and 17.9 3Hf units (51GGC-
350 cm). For deep Core 12JPC the reproducibility between dupli-
cates of the leachate data is always better than 0.7 3Hf (Fig. 3).
Duplicates for shallower Core 51GGC did not reproduce as well. The
majority of duplicate 3Hf data of this core agree within 1.6 3Hf but
there is a deglacial section, in which the reproducibility of the
duplicates is poorer (highlighted box in Fig. 3) and in which the
data differ by between 2.4 and 3.5 3Hf units. Despite this poorer
reproducibility, the 3Hf signatures in Core 51GGC also trend towards
less radiogenic compositions in the LGM section analogous to the
trend observed in Core 12JPC. Consequences with regard to the
reliability of the Hf isotope signal extracted from Core 51GGC will
be discussed in Section 4.1.

3.3. Authigenic Hf isotope variability over the last
glacialeinterglacial transition

The Hf isotope record of Core 12JPC only extends back to the
latest LGM at ~20.5 ka. Extracted authigenic Hf isotope signatures in
both cores show a general trend from unradiogenic compositions
during or before the LGM to significantly more radiogenic com-
positions afterwards (Fig. 4a and b). Least radiogenic (lowest) 3Hf
signatures in Core 12JPC were recorded at 20.1 ka (average glacial
3Hf ¼ �3.1) (Fig. 4a), while the least radiogenic data in Core 51GGC
were already recorded at 24.5 ka (average glacial 3Hf ¼ �1.7)
(Fig. 4b), a time interval not covered by Core 12JPC. Hence 3Hf
already increased during the LGM in Core 51GGC.

The early change in 3Hf towards more radiogenic authigenic
compositions during or immediately following the LGM
(26.5e19.5 ka) (Clark et al., 2009) (Fig. 4a and b) highlights that the
authigenic Hf isotope evolution followed a significantly different
phasing compared with the authigenic Pb isotope evolution in both
cores (Fig. 4a/c and b/d) (Gutjahr et al., 2009). The Hf isotope record
is essentially anti-correlated with the Nd isotope record of site
51GGC (Fig. 4b and f) and at least decoupled from the Nd isotope
record of Site 12JPC (Fig. 4a and e) (Gutjahr et al., 2008).



Fig. 2. Aluminium/hafnium elemental ratios of two successive (3-h and 24-h) reductive leach fractions and the corresponding detrital fraction of Blake Ridge sediments. Elemental
ratios for the first extracted FeeMn oxyhydroxide fraction that was used for the isotope analyses (white diamonds) average to 989 and are lower than average hydrogenetic
ferromanganese crusts in the equatorial Central and South Pacific (Hein et al., 1999) yielding a mean Al/Hf of 1445 (grey horizontal dashed box; see also Table 3). Elemental ratios of
the second leach, however, fall in the range of Al/Hf of the detrital fractions. Note the logarithmic y-axis. The individual Al/Hf for samples presented here are also displayed in
Table 3.

Fig. 3. Range and reproducibility of 3Hf for Blake Ridge FeeMn oxyhydroxide fraction replicates as well as samples for which the detrital fraction was also isotopically analysed,
arranged per depth in core. Most authigenic duplicates reproduced within analytical error. Deglacial section in Core 51GGC with relatively poor reproducibility is highlighted. D 3Hf

refers to the difference in absolute 3Hf between duplicates. Results are also displayed in Table 2.
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3.4. Neodymiumehafnium isotope trends

Consistent with ferromanganese crust and present-day dis-
solved seawater compositions, the combined 3Hf and 3Nd data of the
FeeMn oxyhydroxide fractions extracted from the Blake Ridge
sediments plot on the seawater array (Fig. 5). For deep Core 12JPC
there is reasonable agreement with the range of isotope composi-
tions of ferromanganese crusts ALV539 and BM1969.05 (Burton
et al., 1999; Piotrowski et al., 2000) from the western North
Atlantic spanning the last 3 Myr (Fig. 5c). However, the FeeMn
oxyhydroxide fractions of the two different sediment cores define
trends that are distinct from each other and from the NW Atlantic
ferromanganese crust data. For Core 51GGC, the inverse correlation
between 3Hf and 3Nd mentioned above (Fig. 4b and f) is evident
(Fig. 5b). In fact, the isotopic variability displayed by the FeeMn
oxyhydroxide fraction data of this core defines a trend almost
perpendicular to the slope of the seawater array. In Core 12JPC,
several Holocene samples are essentially identical with late Pleis-
tocene compositions of crust ALV539 (Burton et al., 1999;
Piotrowski et al., 2000), while deglacial and LGM samples in
12JPC are more radiogenic in 3Nd and partly significantly less
radiogenic in 3Hf. In both cores the data closest to the terrestrial
array correspond to the LGM sections (Fig. 5b and c) yet still have
more radiogenic 3Hf than crustal rocks with the same 3Nd (Fig. 5a).

4. Discussion

Extracting a pure seawater-derived Hf isotope signal from deep
marine sediments is not trivial and to date only one recent study
presented a sediment-derived paleo-seawater Hf isotope record
(Chen et al., 2012). Most authigenic FeeMn oxyhydroxide-derived
Hf isotope results presented here appear reliable based on:

(1) low Hf concentrations suggesting detrital phases were not
leached

(2) the associated low Al/Hf
(3) good to excellent reproducibility for most samples apart

from the deglacial section in 51GGC
(4) Hf isotopic compositions that aremuchmore radiogenic than

corresponding detrital fractions
(5) good agreement with the well established NdeHf isotope

“seawater array”; and
(6) with corresponding water column and ferromanganese crust

isotope data



Fig. 4. Authigenic FeeMn oxyhydroxide-derived 3Hf, 206Pb/204Pb and 3Nd evolution in Cores 12JPC in 4250 m water depth and 51GGC in 1790 m water depth over the last gla-
cialeinterglacial transition. In levels for which replicates were obtained the individual results are plotted as white diamonds. Mean values for these depths were used to illustrate
the individual isotopic trends. Note the generally excellent reproducibility for every isotope systems observed in Core 12JPC. The Pb and Nd isotopic records were published and
discussed in Gutjahr et al. (2008, 2009). The Nd isotope record of site 12JPC (Fig. 4E) also highlights the composition of glacial SSW 3Nd as observed in the NWAtlantic (Gutjahr et al.,
2008; Roberts et al., 2010; Gutjahr and Lippold, 2011) and present-day NADW 3Nd (Piepgras and Wasserburg, 1987). Triangles along age-axis mark sedimentary depths for which
radiocarbon ages from planktic foraminifera are available (Keigwin, 2004; Robinson et al., 2005; as well as new ages shown in Table 1). YD: Younger Dryas, HS1: Heinrich Stadial 1,
LGM: Last Glacial Maximum.
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However, some of the data of intermediate depth Core 51GGC
are less reproducible so before drawing paleoclimatic conclusions
we first revisit some of the above elemental and isotopic properties
of the chemically extracted phases and discuss these data in more
detail to assess which data reflect an undisturbed seawater origin.

4.1. Integrity of the leached Hf isotope signal

Only trace amounts of Hf have been released during reductive
leaching (Table 3). On average 54 ng Hf per gram of leached bulk
sediment were extracted. Hence, compared with Nd and Pb that are
both highly enriched in the FeeMn oxyhydroxide fraction (Table 3;
Gutjahr et al., 2007), Hf is depleted in this phase. On the one hand
the observation of such low Hf concentrations in the extracted
fraction is encouraging since significant partial dissolution of the
detrital fraction should lead to higher Hf concentrations. On the
other hand this makes the FeeMn oxyhydroxide leachate signal
more susceptible to contributions from partial dissolution of the
detrital fraction despite that Hf is not highly concentrated in most
detrital minerals.

Leachate element to aluminium ratios (e.g., Al/Hf; Fig. 2; Table 3)
provide a good first-order estimate of potential contributions from
the aluminosilicate fraction. Authigenic FeeMn oxyhydroxides are
expected to contain little Al compared with the corresponding
detrital phases. Sequential leaching of hydrogenetic Pacific ferro-
manganese crusts showed that they contain little Al from alumi-
nosilicates but do contain a leachable Al phase most likely
consisting of seawater-derived Al hydroxides (Koschinsky and



Fig. 5. (A) Hafniumeneodymium isotope systematics in extracted FeeMn oxyhydroxide fractions and detrital fraction from Blake Ridge sediments compared with published
compositions of crustal and mantle rocks (Vervoort et al., 1999), hydrogenetic NW Atlantic FeeMn crusts (Lee et al., 1998; Piotrowski et al., 2000), as well as direct seawater
measurements from the Atlantic (Rickli et al., 2009), Atlantic sector of the SO (Stichel et al., 2012a), the Pacific (Zimmermann et al., 2009b) and the Pacific sector of the SO (Rickli
et al., 2014). Seawater- and terrestrial array systematics taken from Albar�ede et al. (1998) and Vervoort et al. (2011). (B) and (C) illustrate individual FeeMn oxyhydroxide fraction
compositions in Cores 51GGC and 12JPC at expanded scale. Also plotted are the ferromanganese crust compositions of ALV539 (white diamonds) (Lee et al., 1998) and BM1969.05
(white circles) (Piotrowski et al., 2000), covering compositions of the past 3 Myr.
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Halbach, 1995). Hence, if comparable to mineral phase associations
in hydrogenetic FeeMn crusts, sedimentary authigenic marine
FeeMn oxyhydroxides should contain at least trace amounts of
leachable seawater-derived Al. Only 12e98 mg of Al per gram of
leached sediment was extracted in the first reductive leach fraction
(Table 3), suggesting that the bulk of this signal is authigenic in
origin. Together with generally minute extracted Hf concentrations
in the same fraction the observation of even lower leachate Al/Hf
than reported for average Pacific ferromanganese crusts (Fig. 2)
(Hein et al., 1999) is consistent with the conclusion that the only Hf
pool significantly tapped during reductive leaching was authigenic
and originated from seawater.

Besides low Al/Hf in the first FeeMn oxyhydroxide leach frac-
tion, the extracted Hf isotope signal is also clearly distinct from the
detrital signal (Figs. 3 and 5). While encouraging and in agreement
with two earlier studies that chemically extracted the Hf in the
FeeMn oxyhydroxide fraction frommarine sediments (Bayon et al.,
2009; Chen et al., 2012), this observation alone is not a proof of
seawater-origin. As mentioned above, bulk continental and mantle
rock 3Nd and 3Hf are well correlated, defining the terrestrial array
(Vervoort et al., 1999). Hydrogenetic seawater precipitates such as
ferromanganese crusts (Albar�ede et al., 1998; Piotrowski et al.,
2000; David et al., 2001; van de Flierdt et al., 2004) or seawater
signatures themselves (Godfrey et al., 2009; Rickli et al., 2009;
Zimmermann et al., 2009b; Stichel et al., 2012a; Rickli et al.,
2014) almost always have elevated 3Hf for a given 3Nd falling on
the seawater array (Fig. 5a). Conversely, combined marine sedi-
mentary 3Nd and 3Hf compositions can also deviate from the
terrestrial array, induced by continental weathering and mineral
and grain size sorting during transport to the oceans (Patchett et al.,
1984; Vervoort et al., 2011; Garçon et al., 2013). The latter authors
consistently reported relatively radiogenic Hf isotope compositions
of hydrogeneous and terrigenous clays for a given Nd isotope
signature.
Realistically, if the detrital phase in Blake Ridge sediments had
been attacked during reductive extraction of the FeeMn oxy-
hydroxide phase, the detrital Hf would have been released from
relatively radiogenic clays and not from weathering-resistant zir-
cons (Vervoort et al., 2011; Garçon et al., 2013) (i.e., representing
the unradiogenic Hf end member of the aluminosilicate phase). In
such a case the mixed extracted Hf isotope signal would be rela-
tively radiogenic as evident from leaching experiments on different
grain size fractions of Chinese terrestrial dust (Chen et al., 2013b).
The reliability of the seawater origin of the extracted Hf isotope
compositions of any sediment can therefore only be ultimately
tested by directly comparing core-top leachate compositions to
ambient seawater measurements, which in our case cannot be
provided due to the absence of dissolved seawater data directly
from the core sites. However, we note that using the same reductive
leaching approach, Chen et al. (2012) succeeded in extracting a
deepwater Hf isotope composition even fromArctic sediments that
exclusively consist of silty clays (Moran et al., 2006). Furthermore,
the closest published Hf isotope data from deep-water sampling
stations available to the east of the Blake Ridge in the central North
Atlantic match late Holocene Blake Ridge FeeMn oxyhydroxide
compositions remarkably well. While the youngest sample in Core
12JPC has an 3Hf of 1.5 ± 0.5, the average deepwater composition in
the central North Atlantic varies between 0.27 and 1.76 3Hf (Godfrey
et al., 2009).

Additional support for the reliability of the extracted authigenic
Hf isotope signal is provided by the reproducibility of replicate
measurements of sediment samples that separately underwent the
complete chemical extraction procedure. In total 16 full replicates
were processed in the course of this study (Table 2; Figs. 3 and 4).
Essentially all replicates in Core 12JPC reproduced within error,
while in 51GGC only depths covering the LGM and Holocene sec-
tions reproduced satisfactorily. In contrast, the replicates of the
samples from the deglacial section of Core 51GGC reproduced



Fig. 6. Late-LGM and deglacial deep water Hf isotopic evolution at the Blake Ridge as
recorded in Core 12JPC (4250 m), compared with (A) the corresponding mean Nd
isotopic evolution shown in brown and (B) the 206Pb/204Pb evolution shown in blue.
For samples in core for which replicates were produced (see Fig. 4) only the mean
compositions per sampled depth are shown. Black triangles mark radiocarbon age tie
points. YD: Younger Dryas, HS1: Heinrich Stadial 1, LGM: Last Glacial Maximum. Glacial
NW Atlantic Southern Source Water 3Nd is based on data from Gutjahr et al. (2008),
Roberts et al. (2010) and Gutjahr and Lippold (2011). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 7. Comparison of the deep Blake Ridge (Core 12JPC) and Laurentian Fan (Cores
25 MC, 26GGC, 14GGC) authigenic Hf and Pb isotopic records over the last glacial-
interglacial transition. (A) Blake Ridge 3Hf compared with Laurentian Fan 206Pb/204Pb
evolution (Kurzweil et al., 2010), and (B) Blake Ridge authigenic 206Pb/204Pb (Gutjahr
et al., 2009) compared with Laurentian Fan authigenic 206Pb/204Pb (Kurzweil et al.,
2010). H1 refers to peak ice rafting conditions experienced during Heinrich event 1
at the Laurentian Fan site (Gil et al., 2010). Note the striking agreement in Pb isotopic
changes seen between the two core sites that are >2000 km apart, both recording
enhanced continental input initiating during the Bølling/Allerød interstadial, the
Younger Dryas and transition to the Holocene. Stratigraphy from Laurentian core sites
is from Keigwin et al. (2005). Chronology for the two sites were established inde-
pendently and not matched (see methods for Blake Ridge stratigraphy).
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rather poorly and partially yielded comparatively radiogenic 3Hf
which cast doubt on their reliability.

In summary, no entirely unambiguous proof for a pure hydro-
genetic origin of the Hf in the FeeMn oxyhydroxide fractions can be
offered in the context of our study. However, because of (i) the good
reproducibility of many Hf samples (Fig. 4a), (ii) the good agree-
ment with ferromanganese crust Al/Hf (Fig. 3), (iii) the earlier
observed excellent match between central Arctic deep water and
core top sediment leachate 3Hf compositions reported by Chen et al.
(2012) using the same extraction method and (iv) the good match
between the closest deepwater sampling stations (Godfrey et al.,
2009) and deep Blake Ridge leachates, we conclude that at least
for Core 12JPC FeeMn oxyhydroxide-derived 3Hf signatures repre-
sent ambient bottomwater compositions. Conversely, owing to the
poor reproducibility of some deglacial samples in Core 51GGC and
slightly elevated Holocene 3Hf compared with nearby seawater data
(Godfrey et al., 2009), the Hf isotope record from this intermediate
water site is only considered to the extent that we note an overall
increase from unradiogenic 3Hf during the LGM to more radiogenic
compositions during the Holocene, as well as a change towards
more radiogenic compositions initiated already during the LGM,
which is not inconsistent with the deeper core site. The following
paleoclimatic discussion and resulting implications will therefore
largely focus on findings of Core 12JPC, which we consider to
represent a fully reliable Hf isotope record of past deep water.
4.2. Early deglacial changes of North American continental inputs

Between 20.1 and 16.6 ka BP (i.e., within 3.5 ka) the deep water
3Hf at site 12JPC became more radiogenic by 4.9 3Hf units from �3.1
to þ1.8 while the 3Nd at the same time remained virtually constant
(Fig. 6a) changing only by 0.6 3Nd units from �10.2 to �9.6. The Nd
isotope data obtained from the same and nearby cores provide clear
evidence for the presence of deglacial Southern Source Water
(SSW) at the sediment site throughout this interval (Gutjahr et al.,
2008; Roberts et al., 2010; Gutjahr and Lippold, 2011), hence the
early deglacial trend towards more radiogenic 3Hf cannot be related
to a change in deep water provenance and mixing but must have
been controlled by changes in continental inputs, most likely from
North America. To put this change in deep northwest Atlantic 3Hf in
perspective it is important to first consider the global Hf isotope
variability in the modern oceans.

Compared with dissolved Nd that varies isotopically by more
than 25 3Nd units in modern seawater (Lacan et al., 2012), the few
existing published Hf isotopic data sets suggest a smaller range in
seawater despite a larger range of Hf isotopic compositions in



Fig. 8. Comparison of the Hf isotopic evolution observed at Blake Ridge site 12JPC with
ice core-derived temperature records. (A) Core 12JPC 3Hf plotted against reconstructed
local temperatures at the GRIP site (Rasmussen et al., 2006; Rasmussen et al., 2008)
using the temperature calibration of Cuffey and Clow (1997) (T ¼ 3.05*d18Oþ75.5).
Greenland temperatures have been smoothed using a five-point running average.
Timing of the (i) LGM as defined in Clark et al. (2009) and (ii) HS1 from Barker et al.
(2009). Table 3

Al, Nd, Hf and Pb concentrations of ferromanganese crusts and sediment fractions.

Al
(mg/g)a,b

Hf
(ppm)

Nd
(ppm)

Pb
(ppm)

Al/Hf Nd/Hf Pb/Hf

Central Equatorial Pacifica

Marshall Is. 11.9 8.4 170 1799 1417 20 214
Johnston I. 14.2 10.5 210 1871 1352 20 178
South Pacifica 15.8 10.1 226 741 1567 22 73

Average: 1445 21 155
THIS STUDY Al(mg/g)c Hf

(mg/g)c
Nd
(mg/g)c

Pb
(mg/g)c

Al/Hf Nd/Hf Pb/Hf

First FeeMn oxyhydroxide leach (3 h)
51GGC e 60 cm 36.1 0.024 3.52 1.37 1501 146 57
51GGC e 270 cm 49.0 0.038 4.95 2.18 1292 130 58
51GGC e 316 cm 24.7 0.024 2.50 1.14 1034 104 48
51GGC e 350 cm 50.4 0.041 3.89 2.63 1228 95 64
51GGC e 390 cm 11.9 0.026 2.31 1.10 459 89 42
51GGC e 400 cm 31.0 0.048 2.64 1.79 649 55 37
12JPC e 55 cm 97.7 0.091 4.19 6.35 1069 46 69
12JPC e 85 cm 82.2 0.091 4.68 6.12 899 51 67
12JPC e 263 cm 77.0 0.100 4.25 4.32 772 43 43
Average: 51 0.054 3.66 3.00 989 84 54
Second FeeMn oxyhydroxide leach (24 h)
51GGC e 60 cm 85 0.019 1.56 0.74 4479 82 39
51GGC e 270 cm 103 0.032 2.90 1.53 3210 90 48
51GGC e 316 cm 48 0.015 0.81 0.97 3211 54 66
51GGC e 350 cm 87 0.031 2.12 2.16 2800 68 69
51GGC e 390 cm 53 0.015 0.61 0.39 3639 42 27
51GGC e 400 cm 80 0.023 0.75 0.43 3556 33 19
12JPC e 55 cm 116 0.055 1.83 2.09 2102 33 38
12JPC e 85 cm 122 0.061 2.41 2.78 1988 39 45
12JPC e 263 cm 146 0.073 2.70 2.21 1997 37 30
Average: 93 0.036 1.74 1.48 2998 53 42
Detrital fraction
51GGC e 60 cm 7640 2.00 17.3 6.4 3818 8.6 3.2
51GGC e 270 cm 11054 3.87 26.6 11.9 2853 6.9 3.1
51GGC e 316 cm 6408 1.31 6.0 2.7 4896 4.6 2.1
51GGC e 350 cm 11375 3.75 27.4 9.4 3036 7.3 2.5
51GGC e 390 cm 6826 4.09 15.3 6.0 1668 3.7 1.5
51GGC e 400 cm 10190 5.72 24.1 8.0 1782 4.2 1.4
12JPC e 55 cm 14637 3.07 24.8 10.0 4770 8.1 3.3
12JPC e 85 cm 12956 4.07 40.8 12.8 3182 10.0 3.1
12JPC e 263 cm 13369 4.78 39.5 15.4 2797 8.3 3.2
Average 10495 3.63 24.6 9.2 3200 6.9 2.6

Al, Nd and Pb concentrations have been presented previously in Gutjahr et al.
(2007).

a Literature data from Hein et al. (1999).
b Where possible Al concentrations were calculated on a loss-on-ignition free

base.
c Concentration data given for sediments analysed in this study are normalised to

mg per gram of raw sediment weighed in.
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crustal rocks from 3Hf as low as �27 to values as radiogenic as þ25
(Vervoort et al., 1999) (see also Fig. 5). Reported surface water 3Hf
vary from values of �5.7 ± 0.7 in 50 m water depth in the central
North Atlantic (Godfrey et al., 2009) to compositions as high
as þ10.5 ± 0.8 in surface waters close to the Canary Islands (Rickli
et al., 2010). However, the majority of the remaining surface and
deep water 3Hf data define a distinctly smaller range (Rickli et al.,
2009; Zimmermann et al., 2009a, 2009b; Stichel et al., 2012a;
Stichel et al., 2012b; Rickli et al., 2014). In seawater below
1000 mwater depth the 3Hf variability is diminished further. It is as
low as�2.1 ± 0.85 at 1000m in the Labrador Sea (Rickli et al., 2009)
while the most radiogenic compositions are observed in the deep
North Pacific ( 3Hf ¼ 8.6 ± 1.6 in 5000 m) (Zimmermann et al.,
2009b). Most deep water 3Hf values reported to date show a nar-
row range from �1 to þ6 (Godfrey et al., 2009; Rickli et al., 2009;
Zimmermann et al., 2009a, 2009b; Stichel et al., 2012a; Rickli
et al., 2014), with the exception of the restricted basin of the
Baltic Sea (Chen et al., 2013a). Given the large lithological range of
crustal 3Hf mentioned above (Vervoort et al., 1999) this small vari-
ability highlights the importance of incongruent weathering and
thus isotopically relatively homogenous continental input of Hf into
the oceans (Rickli et al., 2010). In other words, the diminished Hf
isotopic variability in seawater today compared with the Nd iso-
topic range in seawater indeed seems to be largely controlled by the
inaccessibility of zircon-derived unradiogenic Hf to continental
runoff (cf., Patchett et al., 1984) resulting in an isotopically much
less heterogenous dissolved Hf runoff flux than that of Nd. Certainly
other major and minor mineral phases on the continents also
release isotopically variable Hf (Bayon et al., 2006) yet the zircon-
free portion of continental crust is bound to release a significantly
less variable Hf isotope signal than bulk continental crust (van de
Flierdt et al., 2007). As an example, dissolved 3Hf in the Pacific
sector of the Southern Ocean adjacent to Mesozoic sequences of
West Antarctica (Rickli et al., 2014) is within error indistinguishable
from that of the Atlantic sector of the Southern Ocean located next
to old cratonic sequences of East Antarctica (Stichel et al., 2012a).

Below we compare the behaviour of the Pb and Hf isotope
systems since both weather incongruently, are partially controlled
by the same accessorymineral phases (Bayon et al., 2006), and both
have been shown to respond to climate-driven physical and
chemical weathering trends. The 3Hf recorded in 4250 m water
depth at the deep Blake Ridge during the LGM (mean 3Hf ¼ �3.1) is
less radiogenic than any reported modern open ocean deep-water
composition and changed towards more typical deep Atlantic 3Hf
signatures immediately after the LGM (Fig. 6). In contrast to this
early deglacial increase in 3Hf, the authigenic FeeMn oxyhydroxide-
derived Pb isotope composition derived from the same core does
not change until 6 ka later (~14.1 ka) (Fig. 6b). The Blake Ridge deep
water Pb isotope record (Fig. 6b) was mainly controlled by the
presence or absence of significant continental runoff from nearby
North America (Gutjahr et al., 2009; Kurzweil et al., 2010). Both the
Blake Ridge and the deeper Laurentian Fan core sites further north
(Fig. 1) recorded late deglacial changes in runoff that only started
during the Bølling/Allerød interstadial. The data of the two core
sites impressively demonstrate the difference in distances of the
input sources between the core sites with regard to these changing
continental Pb inputs, as documented by the strikingly similar
patterns and timings of change at the two sites albeit at signifi-
cantly different amplitudes in Pb isotopic excursions (Fig. 7b). Note
that the stratigraphies of the two sampling sites were established
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independently using calibrated planktic foraminiferal radiocarbon
ages without any adjustments (Keigwin, 2004; Keigwin et al., 2005;
and methods).

As a first order control, increasing temperature, precipitation
and the availability of immature glacially eroded sediment in
northeast America led to incongruent, radiogenic Pb isotopic runoff
pulses during glacial terminations of the Pleistocene in general
(Foster and Vance, 2006; Vance et al., 2009) and the last deglaci-
ation in particular (Gutjahr et al., 2009; Kurzweil et al., 2010;
Crocket et al., 2012). As mentioned earlier, this feature can be
ascribed to the preferential weathering of uranium-rich accessory
mineral phases that released a distinct radiogenic Pb isotopic runoff
signal during incipient chemical weathering (Harlavan et al., 1998;
Harlavan and Erel, 2002). In the case of northwest Atlantic deep
water Pb isotope records, the size and geometry of the waning
Laurentide Ice Sheet also exerted an important control. Until the
Bølling/Allerød interstadial the major eastern runoff routes from
interior North America were effectively still blocked by the Lau-
rentide Ice Sheet (Licciardi et al., 1998; Shaw et al., 2006).
Throughout most of the deglaciation the bulk northeast American
glacial runoff was thus drained south towards the Gulf of Mexico
via the Mississippi (Kennett and Shackleton, 1975; Leventer et al.,
1982; Meckler et al., 2008; Sionneau et al., 2010). Runoff drainage
patterns likely varied to some extent during the deglaciation
(Licciardi et al., 1999; Clark et al., 2001) yet the real opening of the
eastern route via the St Lawrence river only became evident and
traceable by proxy data during the Younger Dryas (Lewis et al.,
1994; Carlson et al., 2007; Kurzweil et al., 2010).

The Blake Ridge deep-water 3Hf is clearly decoupled from the
corresponding Pb isotope record (Fig. 6b). While Pb traced
increasing chemical weathering and runoff rates during the latter
part of the deglaciation, the Hf isotope records apparently
responded most strongly to the decreasing influence of LGM-style
glacial weathering intensity on the northeast American continent
at the end of the LGM. Both Blake Ridge cores recorded least
radiogenic 3Hf during the LGM (Fig. 4a, b) but the data of both cores
still plot significantly above the terrestrial array when directly
comparing extracted Nd and Hf isotopic compositions (Fig. 5b, c).
Release of some zircon-derived Hf to sub- or periglacial runoff
represents the most feasible source leading to the unradiogenic
compositions observed during the LGM (cf. Piotrowski et al., 2000;
van de Flierdt et al., 2002), yet the net isotopic supply of Hf to the
northwest Atlantic during the LGM was still incongruent. This
prevailing but diminished glacial incongruence is not surprising
since Hf even from powdered zircon material found in sub- or
periglacial settings is likely not easily accessible for chemical
weathering. Isotopic changes in Hf weathering and -runoff during
the LGM are implied since the recorded deep NW Atlantic 3Hf
signature was less radiogenic during this interval, while the Nd
isotope signal was more radiogenic. Usually the opposite would be
expected by the coupled behaviour of Nd and Hf isotopes (Albar�ede
et al., 1998) and reflects upon the fact that Hf derived from NE
America was supplied into SSW occupying the deep North Atlantic
during the LGM (Gutjahr et al., 2008; Roberts et al., 2010; Gutjahr
and Lippold, 2011). An offset towards less radiogenic 3Hf for a
given 3Nd plotting below the seawater array was also observed in
Arctic authigenic FeeMn oxyhydroxide fractions spanning the last
14 Ma (Chen et al., 2012) and was interpreted to be controlled by
continuously prevailing glacial weathering conditions on the high
latitude Eurasian continent.

The early deglacial change in 3Hf reflects significant reduction in
the supply of the unradiogenic source component of dissolved and/
or colloidal Hf to the northwest Atlantic, changing 3Hf to composi-
tions typically prevailing under interglacial weathering conditions.
Hence deep NW Atlantic 3Hf already recorded a diminishing
influence of zircon-derived Hf while interior North America was
still occupied by the LIS with an ice sheet of nearly LGM dimensions
(Dyke and Prest, 1987; Marshall and Clark, 2002). In principle, this
early change in 3Hf could have been amplified or driven by
increasingly incongruent Hf supply dominantly controlled by Lu-
rich phases (Bayon et al., 2006; Rickli et al., 2010; Chen et al.,
2011), thereby leading to the early deglacial excursion towards
more radiogenic 3Hf. Several REE-rich accessory mineral phases
such as monazite, allanite and some apatites (characterised by
highly radiogenic 3Hf signatures), would also have high U and Th
leading to the release of radiogenic Pb (Harlavan and Erel, 2002;
Bayon et al., 2006). However, supply of Hf from Lu-rich accessory
mineral phases is not supported by the corresponding variability in
206Pb/204Pb at the Blake Ridge and the deeper Laurentian Fan
(Fig. 7) unless radiogenic Hf supply from Lu-rich mineral phases
was overwhelmed by the concomitant relatively unradiogenic
feldspar weathering signal (Bayon et al., 2012). Direct comparison
of the Hf isotopic datawith the respective 206Pb/204Pb in Core 12JPC
illustrates that changes in 3Hf were not reflected by changes in
206Pb/204Pb. Core 51GGC may indicate some co-variation, yet the
section in core showing this trend covers the deglacial interval,
which is regarded as unreliable (see Section 4.1). Therefore, the lack
of change in the corresponding Pb isotope records suggests that
radiogenic Hf derived from weathering of Lu-rich mineral phases
played at most a subordinate role in the late glacial change towards
radiogenic 3Hf unless the residence time of Hf in seawater was
significantly longer compared with Pb allowing Hf delivery from a
more distant continental source.

The key information, however, that is likely contained in the
deep Blake Ridge Hf isotope evolution during and after the LGM
relates to the proposed basal temperature evolution of the Lau-
rentide Ice Sheet during and after the LGM. The base of the Lau-
rentide Ice Sheet was at or near the pressure melting point in Arctic
Canada during the LGM (Kleman and Hattestrand, 1999; Refsnider
et al., 2012). Frozen- or thawed-bed conditions can occur under-
neath continental ice sheets depending on ice sheet thickness and
climatic boundary conditions (Dahl-Jensen et al., 2003; Pattyn,
2010). On this basis Marshall and Clark (2002) modelled basal
conditions during the Last Glacial cycle, concluding that the frac-
tion of warm-based ice increased significantly immediately after
the LGM. Such a transition in sub-glacial physicochemical weath-
ering conditions was likely associated with changes in the sub- and
periglacial Hf isotopic runoff signal. As a result, the switch to the
more incongruent Hf isotope signal seen in deep northwest Atlantic
seawater may ultimately document the transition from a domi-
nantly cold-based to a warm-based Laurentide Ice Sheet configu-
ration in the Atlantic sector of continental northeast America.

4.3. Late deglacial and Holocene divergence in Hf and Pb isotopic
chemical weathering signatures

A further important difference in the deep northwest Atlantic
isotopic evolution of Pb and Hf is apparent in the late deglacial and
Holocene part of our records (Fig. 7a). Similar to the observations
made for the early deglacial section above, the Hf and Pb isotopic
trends observed in the post-Younger Dryas section of Core 12JPC do
not co-vary, although both elements are released incongruently
during chemical weathering. High chemical weathering rates in
recently deglaciated regions of continental North America and
Europe led to a well-defined runoff pulse carrying radiogenic Pb
isotope signatures (Fig. 7b) at the transition to and during the
Holocene (Gutjahr et al., 2009; Vance et al., 2009; Kurzweil et al.,
2010; Crocket et al., 2012, 2013). This excursion was dominantly
controlled by preferential weathering of accessory uranium-rich
mineral phases that are also enriched in Lu (Bayon et al., 2006),
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yet again no radiogenic Hf isotope excursion can be identified
during this interval (Fig. 4a, b). Leaching experiments using dilute
acids carried out on crushed igneous and sedimentary rocks (Bayon
et al., 2006) as well as on powdered Mesozoic and Tertiary sedi-
ments (Rickli et al., 2013) were shown to release highly radiogenic
Hf isotope compositions into solution in several cases. On the other
hand, neither dissolved Hf from the Moselle basin rivers (Bayon
et al., 2006), nor waters from four Swiss rivers draining a wide
range of lithologies (Rickli et al., 2013) produced Hf isotopic values
more radiogenic than modern seawater. Highly radiogenic Hf iso-
topic weathering signals have so far only been reported in two
rivers. Chen et al. (2012) reported 3Hf in the lower reaches of the
Kalix River in Northern Sweden yielding an 3Hf ofþ16 although this
signal is not recognisably transferred into the Northern Baltic Sea.
Even more extreme 3Hf signatures of þ24 and þ128 were reported
for the upper reaches of the Hudson River (Godfrey et al., 2007). Yet
again, the nearest FeeMn crust-derived 3Hf records from the NW
Atlantic New England Seamounts (Lee et al., 1998; Piotrowski et al.,
2000) bear no trace of a distinctly radiogenic Hudson River-sourced
Hf isotope signal. Based on the lack of more radiogenic river water
3Hf Rickli et al. (2013) concluded that the zircon-free portions of
crustal rocks weather relatively congruently. This may not apply to
all paleoenvironmental settings but the Hf isotopic trends seen
along the deeper Blake Ridge equally suggest that the only clear
climate-dependent chemical weathering effect apparent in the
Blake Ridge record is the identification of enhanced Hf contribu-
tions from zircons via sub-glacial and/or periglacial weathering
during the LGM. If a radiogenic Hf weathering spike was released
from Lu-rich phases during any stage of our record then this signal
was effectively outcompeted by the contributing unradiogenic
phases, whether this was controlled by feldspar weathering alone
or also contained contributions from ground zircons. Consequently,
the most radiogenic signal observed in Core 12JPC over the past
20 ka was recorded at 14.1 ka, yielding an 3Hf of only 2.4 ± 0.50.

4.4. Hafnium contributions from partial dissolution of IRD during
Heinrich event 1?

A further detail in the combined deglacial Hf and Pb isotope
records (Fig. 7a) deserves mentioning. The first “radiogenic”
excursion in Core 12JPC is seen during Heinrich event 1 (H1)
reaching an 3Hf of þ1.8 ± 0.5 (Fig. 8). The Laurentian Fan Core site
14GGC located to the north of the Blake Ridge studied in Kurzweil
et al. (2010) is located within the North Atlantic IRD belt
(Ruddiman, 1977; Heinrich, 1988). It witnessed elevated ice rafting
and associated deposition of ice-rafted debris (IRD) during Heinrich
event 1 (H1) (Gil et al., 2010). This peak in IRD deposition also led to
a highly radiogenic authigenic Pb isotope signal supplied to the
Laurentian Fan, interpreted to be controlled by the release of
FeeMn oxyhydroxide-bound Pb from pre-formed terrestrial IRD-
hosted FeeMn oxides (highlighted in Fig. 7b) (Kurzweil et al., 2010).

The Blake Ridge in the subtropical Atlantic is located outside the
IRD belt (Vautravers et al., 2004), hence extraction of a terrestrial
IRD-hosted FeeMn oxide-derived trace metal signal does not apply
here. However, the first radiogenic spike in 3Hf observed in Blake
Ridge Core 12JPC matches peak-IRD deposition recorded in the
Laurentian Fan Pb isotope record (Fig. 7a). It can be speculated that
if IRD sinking through the water column further north was sus-
ceptible to partial dissolution similar to Saharan dust today, then it
may have released relatively radiogenic Hf from pre-formed
terrestrial FeeMn oxides to the ambient water column. Rickli
et al. (2010) for example provided Hf solubility estimates for
airborne Saharan dust in the NE Atlantic in the range of ~1e3% that
was released incongruently relative to bulk dust compositions. If
the deep water Hf concentration in the northwest Atlantic was
elevated compared with surface water compositions then a trace-
able isotopic effect caused by partial IRD dissolution is unlikely
since substantial quantities of IRD-derived dissolved Hf would be
required. On the other hand, if deep water Hf concentrations were
depleted similar to for example in the Labrador Sea (Rickli et al.,
2009) or the Southern Ocean (Stichel et al., 2012a) today then
partial contributions from sinking IRD to ambient deep water 3Hf
that was subsequently transferred to the Blake Ridge may be
isotopically detectable. Based on the available data we cannot
resolve whether the first radiogenic peak at ~16.8 ka was caused by
partial dissolution of IRD further north during H1 and the sug-
gested process is probably not efficient enough in transferring IRD-
hosted Hf back into solution. Yet the coincidence of the Pb and Hf
isotopic peaks in Fig. 7a is intriguing.

In contrast, if this first radiogenic excursion in 3Hf during H1 was
not driven by partial dissolution of IRD but reflects more radiogenic
freshwater sourcing, then a third possibility arises in controlling the
early deglacial change to more radiogenic 3Hf besides diminishing
zircon contributions from ground bulk rocks. Meltwater input to
the North Atlantic during extreme ice rafting of H1 could have
supplied somewhat radiogenic Hf to the North Atlantic without
significant associated radiogenic Nd. Such a supply of radiogenic Hf
is not entirely unfeasible given reports of extremely radiogenic
dissolved river water 3Hf of þ24 and þ128 in the upper reaches of
the Hudson River today (Godfrey et al., 2007) yet this hypothesis
needs further testing closer to the Laurentide Fan Site.

4.5. Potential effect of pre-formed oxides in intermediate depth Core
51GGC

Based on systematic 3Nd-water depth relationships in conjunc-
tionwith high rates of sediment focussing at Site 51GGC during the
Holocene, Gutjahr et al. (2008) concluded that a significant pro-
portion of pre-formed FeeMn oxyhydroxides were extracted at
shallow and intermediate water depths along the Blake Ridge. Such
an effect has also been observed at other near-continental marine
sites close to major river mouths such as the Congo River (Bayon
et al., 2004; Kraft et al., 2013). Pre-formed terrestrial or shallow
marine FeeMn oxyhydroxides should also contain significant
amounts of Hf. In Section 4.1 above, we decided not to put toomuch
weight on the Hf isotopic record of core 51GGC due to the poor
reproducibility of the deglacial section. However, we note that the
absolute 3Nd and 3Hf values recorded in Core 51GGC for a given time
are always more radiogenic than compositions seen in deep Core
12JPC. This could indeed be controlled by relatively local contri-
butions to the authigenic 3Hf signal analogously to the observed 3Nd.

5. Conclusions

This first deep northwest Atlantic Hf isotope record of past
seawater obtained from authigenic FeeMn oxyhydroxides of bulk
sediments from the Blake Ridge provides new insights into the late
glacial retreat of the Laurentide Ice Sheet and associated changes in
North American chemical weathering and runoff composition
during the transition from the Last Glacial Maximum to the Holo-
cene. Authigenic Nd isotope compositions confirm that the late
glacial changes in 3Hf were not controlled by changes in deep water
circulation and mixing. Further, the authigenic Pb isotopic
composition in the same samples allows identification of intervals
of enhanced continental runoff from North America during the late
deglaciation that were clearly not associated with corresponding
radiogenic Hf isotope excursions.

Not all extracted authigenic Hf isotope results appear reliable.
While the general trends seen in shallow Core 51GGC (1790 m)
appear reasonable, questions remain regarding the integrity of the
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deglacial interval. On the other hand, authigenic 3Hf of Core 12JPC in
4250 m water depth is remarkably reproducible, measured Al/Hf
are below those of Pacific ferromanganese crusts indicative of the
pure hydrogenetic origin of the extracted Hf isotope signal, and
absolute 3Hf for the youngest analysed sediments (2.55 ka) are in
good agreement with the nearest direct deep seawater sampling
station some distance away in the central North Atlantic today. This
deep northwest Atlantic authigenic Hf isotope record is therefore
considered to reliably reflect ambient seawater 3Hf over the past
20 ka.

Although both Hf and Pb isotopes are known to be released
incongruently during continental weathering, deep water 3Hf sig-
natures have been decoupled from the corresponding Pb isotope
evolution recorded along the Blake Ridge during the deglaciation
and the Holocene.We found no evidence that themarine Hf isotope
budget in the northwest Atlantic was controlled by preferential
weathering of Lu-rich accessory mineral phases after the termi-
nation of the LGM. The Hf isotope record rather seems to reflect a
switch from more congruent weathering of the bulk continental
crust during the LGM towards congruent weathering of the zircon-
free fraction of continental crust during the deglaciation and the
Holocene, in agreement with conclusions drawn by Rickli et al.
(2013). Yet the 3Hf trends seen at the deeper Blake Ridge may also
be controlled by an overwhelming feldspar weathering signal after
the LGM, masking a concomitant radiogenic Hf isotope weathering
signal.

The deep-water 3Hf signal at the Blake Ridge during the LGMwas
dominated by Hf inputs from nearby northeast American sources.
Mean 3Hf as low as �3.1 at 4250 m water depth during the LGM
suggests that northern hemisphere glaciation indeed allowed more
efficient mechanical weathering and erosion under glacial weath-
ering conditions, also supplying a fraction of unradiogenic Hf
derived from enhanced weathering of zircons to the Blake Ridge.
Despite full glacial weathering conditions on continental northeast
America the net supply of Hf was still incongruent as evidenced by
coupled 3Nde 3Hf systematics. The very early change to typical
interglacial radiogenic 3Hf signatures already during the LGM may
have ultimately been controlled by the transition from a cold-based
to a warm-based Laurentide Ice Sheet. This suggestion will need
confirmation through future studies. If correct, the authigenic deep
marine 3Hf signal close to ice sheets may be a sensitive tool to
reconstruct larger-scale basal continental ice sheet physics.
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