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Abstract

The roles of trace elements and their isotopes in the marine environment are essential and
diverse (e.g., nutrients, tracers of oceanic processes, anthropogenic pollutants), but are not

well understood yet.

In this thesis, two elements and their isotopes were investigated in two distinct marine
environments: cadmium (Cd) in the Siberian shelf seas and neodymium (Nd) in the western
North Atlantic Ocean. Whereas the role of Cd as nutrient in the open ocean is reflected by Cd
isotope data, its behaviour in estuaries is poorly constrained. Chapter 2 of this thesis presents
new Cd isotopes and concentrations of 19 water samples from the mixing zone of Siberian
rivers with the Arctic Ocean. The results provide the first constraints on the isotope
composition of natural riverine Cd fluxes to the ocean and the cycling of Cd in a shelf
environment. Chapter 3 describes the method developed to isolate and analyse seawater Nd
isotopes and concentrations in the MAGIC laboratories. The Nd isotopic composition of
seawater is a promising tracer for ocean circulation and exchange between the continental
margins and the oceans. By analysing 12 seawater depth profiles from the Dutch
GEOTRACES transect GA02 (Chapters 4 and 5), we demonstrate that Nd features different
behaviour in regions close to the formation area of deep water masses compared to export
areas, where it behaves conservatively away from continental margins. Besides, we show that
upper- North Atlantic Deep Water (NADW) and lower-NADW have distinct Nd isotopic
compositions, and that the signature of lower-NADW is significantly more radiogenic than

the commonly accepted value, which should be taken into account for future applications.

Overall, the present thesis underlines the important role that isotope analyses can play in

deciphering marine biogeochemical cycles of trace elements.
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The present thesis focuses on the geochemical cycles of cadmium (Cd) and neodymium
(Nd) in the marine environment, and is part of the international GEOTRACES programme. In
this introduction, we will first ask ourselves ‘why shall we study the oceans’. This will be
followed by an overview of the GEOTRACES programme and a summary of the behaviour
of Cd and Nd in the ocean.

1.1. Why shall we study the oceans?

The world’s ocean covers more than two thirds of the earth. Nowadays, it is well accepted
that the ocean plays a central role for the climate system, since it stores and transports heat,
freshwater and carbon (Alley et al. 2003). More precisely, the global thermohaline circulation
is of central importance for modulating (and potentially regulating) global climate. First
described by Wiist in the 1930s, and further developed by Broecker in the 1980s (“The Great
Ocean Conveyor”, Fig. 1.1 (Broecker 1991)), the thermohaline circulation results from the
density differences between water masses involving horizontal and vertical motion. Briefly,
dense water sinks at high latitudes, until it reaches a layer having the same density in the

water column, to then spread along density surfaces in the global ocean. Continuous dense

Great Ocean Conveyor Belt

Lt i
PACIFIC OCEAN

Figure 1.1: Broecker’s Great Ocean Conveyor Belt (e.g., the thermohaline circulation) (Broecker

1991).
14
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water production at the surface, which sinks down the water column to form deep water,
keeps the ocean in motion (Chester 2000). Because the water that sinks in the northern North
Atlantic is warm and salty surface water brought from the tropics via the Gulf Stream and the
North Atlantic Current, a very important “benefit” of the thermohaline circulation is that it
releases heat to the atmosphere over the northern Atlantic, thus leading to mild climate in
Europe (Broecker 1991). If the Great Converyor Belt as pictured by Broecker (Fig. 1.1) is a
simplification of the thermohaline circulation (Fig. 1.2), it nevertheless “symbolizes the

importance of linkages between realms of the Earth’s climate system” (Broecker 1991).

The climate as we know it today has not always been in place, and the earth system has
witnessed abrupt climate changes in the past (Alley et al. 2003). It has been shown that the
thermohaline circulation was a core variable in these abrupt climate changes (Broecker 1991;
Rahmstorf 2002; Alley et al. 2003; McManus et al. 2004; Piotrowski et al. 2004). Indeed, a
freshening of the surface North Atlantic, due to enhanced precipitation or fresh water runoff,
would result in the surface water not getting dense enough to sink. This failure in sinking
would further enhance the freshening of the surface ocean, decreasing even more the surface
density, consequently preventing further sinking and the associated inflow of warm water
(Alley et al. 2003). Therefore, less heat would be release in the northern Atlantic, thus

leading to cooler climate.

Understanding the oceans and the global thermohaline circulation, at present but as well in
the past, is consequently of great importance in order to comprehend the future evolution of

climate.

Figure 1.2: The thermohaline circulation revisited. A still schematic, but updated version on the
global conveyor belt by Marshall and Speer (2012).
15
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1.2. GEOTRACES overview

The roles of trace elements and their isotopes in the marine environment are diverse and
important. Some elements are vital nutrients in the ocean (e.g., Zn, Fe, Cd), while others can
be utilised as tracers of past and present oceanic processes (e.g., Nd) or anthropogenic
pollution (e.g., Hg, Cd). A better understanding of the biogeochemical cycles and global
distributions of the trace elements and their isotopes in the oceans is of central importance for
environmental research, as it will improve our knowledge about the climate (e.g., by
reconstructing oceanic conditions in the past, or by understanding the fate of contaminants, as
well as nutrients, in the marine environment) thus allowing us to be better prepared for future

global change.
In the 1970s, the GEOSECS programme (Geochemical Ocean Section Study, Broecker et

al. 1974) provided a first overview of the oceanic distribution of several dissolved chemical
species, leading to fundamental knowledge about ocean circulation and biogeochemical
cycles (see summaries in (GEOTRACES Science Plan 2006; Measures et al. 2007)).
Besides, GEOSECS showed the benefits of a global and international study of the ocean
geochemistry - many of the data produced are still in use nowadays. Following this
programme, improvement in analytical techniques allowed oceanographers to determine the

concentration profiles for most elements in the periodic table (Fig. 1.3).

Vertical Profiles of Elements }’
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Figure 1.3: Concentration profiles in the North Pacific Ocean, presented in the form of a periodic

table by Yoshiyuki Nozaki (Nozaki 1997).
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However, even with the technical advances following GEOSECS, the understanding of the
global geochemical cycle of many trace elements and their isotopes in the marine
environment remained quite poor. For example, elements known to be toxic contaminants
(Pb, Cd, As) or to play a crucial role in marine ecosystems (Fe) had been measured only in
few regions. Furthermore, little was known about the sources, internal cycling and sinks of
many trace elements and isotopes in the oceans. Besides, the recognition that trace metals and
their isotopes could be used as proxies for oceanographic parameters in the past was growing
(Henderson 2002). In addition, most of the studies on trace elements and their isotopes in the
oceans in the decades following GEOSECS were performed in an isolated way and on single
cruise, thus making the global distribution of several tracers - as well as the assessment of the
interactions between each other - very difficult, if not impossible (Measures et al. 2007).
Therefore, the need for a more thorough understanding of global geochemical cycles of the
trace elements and their isotopes in the oceans was increasingly recognised, leading the
community of marine geochemists to launch the international research programme
GEOTRACES about ten years ago. The guiding mission was defined “to identify processes
and quantify fluxes that control the distributions of key trace elements and isotopes in the
ocean, and to establish the sensitivity of these distributions to changing environmental
conditions” (GEOTRACES Science Plan 2006). In more details, three fundamental

objectives were defined:

- To determine global ocean distribution of selected trace elements and their isotopes,
including their concentration, chemical speciation and physical form, and to evaluate
the sources, sinks and internal cycling of these species to characterise more completely
the physical, chemical and biological processes regulating their distributions.

- To understand the processes involved in oceanic trace-element cycles sufficiently well
that the response of these cycles to global change can be predicted, and their impact on
the carbon cycle and climate understood.

- To understand the processes that control the concentrations of geochemical species
used for proxies of the past environment, both in the water column and in the

substrates that reflect the water column.

In order to achieve these objectives, the research strategies include observations,
experiments and modelling, and they are organised under three main themes: (1) fluxes and
processes at ocean interfaces (Fig. 1.4) (2) internal cycling (Fig. 1.4), and (3) development of

proxies for past changes.

17
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INTERFACES INTERNAL
fluxes & processes CYCLING
4 A A\ [ 4 A hY

ATMOSPHERE

CONTINENTAL
RUNOFF

Figure 1.4: Schematic of the major impactors on the distribution of trace elements and their isotopes
in the ocean. In blue are the four major ocean interfaces and in green the four major internal processes
that account for ocean trace elements and isotopes processes. Adapted from Figure 12 (p. 16) of the
GEOTRACES science plan (GEOTRACES Science Plan 2006).

Furthermore, several “key parameters” were defined, and these have to be measured on
every GEOTRACES section cruises. These key parameters include cadmium (Cd, essential
micronutrient, and proxy for nutrient content of waters) and neodymium isotopes (Nd, tracer
of natural sources of trace elements and their isotopes to the ocean, and potential proxy for
water mass circulation) (GEOTRACES Science Plan 2006). These two key parameters, as
well as Cd isotopes and Nd concentrations, are the focus of the present thesis, and they will

be further introduced below.

Since the launch of the GEOTRACES programme, 20 section cruises have been
successfully completed, as well as 13 cruises in the context of the International Polar Year,

and 12 process studies, which focus on particular regions or processes in the ocean (Fig. 1.5).

18
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Figure 1.5: Map of the
GEOTRACES section cruises
and their completion status as of
January 2014. Red: planned
sections; yellow: completed
sections; black: sections

completed as GEOTRACES

contributions to the International
Polar Year. Figure taken from

the GEOTRACES website:

http://www.geotraces.org/.

1.3. Cadmium isotopes in the oceans

Cadmium is harmful at elevated concentration (Boyle 1988), but displays an interesting
geochemical behaviour in the marine environment that has been studied by numerous
scientists for more than 30 years. The reason for this enthusiasm is that Cd exhibits a
nutrient-like behaviour in the oceans, comparable to the macro-nutrient phosphate (Boyle et
al. 1976; Bruland 1980). Indeed, Cd, and thus phosphate, concentrations show depletion in
the surface of the ocean compared to deep water, which indicates an uptake by organisms at
the surface and regeneration from sinking biological debris deeper in the water column (Figs.
1.6 a and b) (Boyle et al. 1976; Bruland 1980). The Cd concentration in the ocean increases
rapidly from the surface up to about 1 km depth, which corresponds to the phosphate
maximum concentration zone, and then decreases slowly at deeper levels (Boyle et al. 1976).
While Cd and phosphate concentration in the world ocean are well correlated, this correlation
presents a “kink” at intermediate Cd and phosphate contents, which is still not fully
understood (de Baar et al. 1994). The excellent correlation between Cd and phosphate
distributions in the ocean, as well as the fact that Cd/Ca ratios in foraminiferal shells seem to
reflect the ambient seawater the foraminifera calcified from, has lead to the idea of using Cd

as a proxy for past marine nutrient (PO,>") concentrations (Boyle et al. 1976; Boyle 1988).

At present only a limited amount of direct measurements of the Cd isotope composition of
seawater are available (Lacan et al. 2006; Ripperger et al. 2007b; Abouchami et al. 2011;
Yang et al. 2012; Gault-Ringold et al. 2012b; Xue et al. 2013; Abouchami et al. 2014).
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The Cd isotopic composition in the following is reported using the ''*Cd/''°Cd ratio,

relative to NIST SRM 3108 Cd with an ¢ notation:

114Cd

114 1100 = o Sample 1 x 10*

110

€

Standard

The pioneer studies of Lacan et al. (2006) and Ripperger et al. (2007b) have shown that
Cd isotopes are fractionated upon uptake by phytoplankton at the surface of the ocean.
Indeed, depth profiles analysed by Ripperger et al. (2007b) showed that the Cd isotopic
composition of seawater was inversely proportional to Cd concentrations (Figs. 1.6 b and c¢),
with the Cd depleted surface water samples displaying large isotopic fractionations
(characterized by larger positive gY110cy values) for most of the samples. The authors
suggested that this Cd isotopic fractionation reflects kinetic isotope effects from the uptake of
the lighter isotopes by phytoplankton. The data furthermore showed that the fractionation
follows closed system Rayleigh distillation curves. Some shallow water samples, however,
did not follow this trend and showed very little isotopic fractionation (8114/110Cd =-6+6to+
6 + 2.7) even for very low Cd concentrations (< 0.008 nM). This was argued to be due to
either other Cd uptake mechanisms (e.g., adsorption instead of biological uptake) that do not
produce isotopic fractionation, atmospheric input of lighter Cd isotopes, or even mixing of
fractionated surface water with Cd-rich deep water characterized by &''*''°Cd< 3.
Importantly, Ripperger et al. (2007b) also found that water samples from below 900 m depth
were characterized by quite uniform Cd isotopic compositions. For these deep water samples
(n=7), Ripperger et al. (2007b) determined an average value of e""1Cd = +3.3 + 0.5. This
value was reassessed recently to €''¥''°Cd = +3.0 + 0.3 for the world ocean (n = 27, Xue et
al. 2013). This constancy is particularly notable as the different sampling sites displayed quite
variable Cd concentrations, which varied between about 0.3 nM for the Atlantic Ocean to
about 0.9 nM for the Pacific Ocean, thus featuring an increase along the thermohaline
circulation. More recently, the link between Cd isotope fractionation and primary
productivity has been demonstrated for seawater samples from the Southern Ocean
(Abouchami et al. 2011; Xue et al. 2013; Abouchami et al. 2014) and from the South China

Sea (Murphy et al. ; Yang et al. 2012). However, a study about subantarctic surface waters
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demonstrated a 50-fold seasonal decrease in Cd concentration that was decoupled from Cd
isotopes fractionation and phosphate concentration (Gault-Ringold et al. 2012b). The authors
suggested that this lack of fractionation was due to the phytoplankton taking up every isotope
of this element, without preference for the lighter ones, due to Cd limitation, thus leading to

an unfractionated Cd isotope signature.

Phosphate [pumol/kg] Cadmium [nmol/kg] g0y
0 1 2 3 0 02 04 06 08 1.0 -15 0 15 30 45
1| surface surface ) m
: : ighter  fractionation
e depletion  oo0neration depletion \ooaneration isotopes lisht
£ 2| uptake by at depth uptake by ¢ gepth TR B ghter
== phyto- phyto- isotopes
< 3| plankton plankton uptaken
@, £ Cd = +3.0
(=] About 1to 1.5 About 0.2 t0 0.3 for global deep
5 pmol/kg nmol/kg waters
in the Atlantic in the Atlantic
3 a b C

Figure 1.6: Schematic of typical depth profile for seawater (a) phosphate concentrations [umol/kg],
(b) Cd concentrations [nmol/kg], and (c¢) Cd isotopic compositions in the North Pacific. Note that the
phosphate and Cd deep water concentrations are lower in the Atlantic, whereas the Cd isotopic

composition stays the same in the global deep ocean (¢"'*''°Cd = + 3.0, see text).

If the Cd isotopic composition of open ocean seawater has been lately of growing interest,
information about its behaviour in rivers and mixing areas (e.g., estuaries) are still poor.
Chapter 2 of the present thesis addresses this shortcoming by providing Cd isotope and
concentration data for the mixing zone of four major Siberian rivers with the coastal seas

occupying the Siberian continental shelf of the Arctic.

1.4. Neodymium isotopes in the oceans

Even if the history of analysing the Nd isotopic composition of seawater is much longer
than that for Cd isotopes (e.g., since the 1980s), our understanding of the Nd cycle in the

ocean is still relatively poor. The Nd isotopic composition is expressed as
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14-3Nd
144
Sample

143Nd

144Nd CHUR

-1 x10*

E€Nd =

where CHUR (Chondritic Uniform Reservoir) represents a present day average earth value

("**Nd/"Nd)cpur = 0.512638 (Jacobsen and Wasserburg 1980)).

The systematic geographic variability of Nd isotope ratios in the ocean has lead to the idea
that it could be used as a proxy for oceanic circulation in the past (e.g., summaries by von
Blanckenburg 1999; Frank 2002; van de Flierdt and Frank 2010). Indeed, the reconstruction
of past water mass configurations and circulation patterns are vital to understand the role of
the ocean in past climate change and hence comprehend the future evolution of climate. The
Nd isotopic composition of seawater features large variations between the ocean basins,
ranging from low values in the North Atlantic due to the imprint from the surrounding old
continents (eng = -25 to -10) to higher values in the Pacific, which is surrounded by younger
basaltic arc (eng = -5 to 0), and intermediate values in the Indian and Southern Ocean (eng = -
10 to -7) (Goldstein and Hemming 2003). These observations, as well as the co-variation of
Nd isotopes with salinity (e.g., Fig. 1.7, von Blanckenburg 1999) have made Nd isotope a
prime water mass proxy. Indeed, salinity, together with temperature, are two key properties to
determine the circulation in the modern ocean, but are hard to reconstruct in the past; hence

the need for a reliable proxy.

gNdWater

u.
=

LATITUDE

Salinity West Atlantic Bagin (psu)

Figure 1.7: Salinity distribution integrated over the western North Atlantic Ocean, with Nd isotopic

compositions of seawater superimposed. Red dotted lines represents the ‘accepted’ Nd isotopic
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composition of North Atlantic Deep Water (NADW; eyg = -13.5). Figure taken from von
Blanckenburg (1999). For a revised estimate of the Nd isotopic composition of NADW see Chapter 4.

A number of studies have been published to exploit this prospectus (see van de Flierdt and
Frank (2010) for a recent summary), but comparison with another promising tracer for the
flux of water masses, >'Pa/**°Th, reveals fundamental disagreements when it comes for
example to statements about the strength of the meridional overturning circulation during the

last glacial maximum (LGM) (Fig. 1.8).

Figure 1.8: Comparison of >'Pa/*°Th -y ""”"“\"""‘qﬂ I
(middle panel) and Nd isotopes (lower j_f: " Jl.q|

panel), two tracers thought to give ;@E :2: I rum | [P
information about the rate of past flow of =] W i‘“"‘ww.r.\;
NADW (McManus et al. 2004; Piotrowski s

et al. 2004). ?'Pa/*"Th ratios suggests a 0.6 - &g‘ﬁ B

high rate of flow at about 19 kyr, whereas _ oo7 *

Nd isotopes suggest a lower flow rate (see j% 0081 ﬁ * B

black arrow). This shows that two of the "o PN Al W
commonly applied proxies for  *" Y
reconstructing past ocean circulation need ” p YD

to be better understood. The upper panel e Lﬁ{ TY”\ -
shows a record for air temperature over ES:.B 8 ":. B

Greenland, based on oxygen isotopic & ‘\.F " - e
composition of the ice. Figure taken from 7 Cape s < \\-J”

the GEOTRACES science plan (p. 15) - ] B . P
(GEOTRACES Science Plan 2006). o e

Other authors have rather focussed on the exciting prospect of Nd isotopes as a tracer for
exchange between the continental margins and the oceans (e.g., Lacan and Jeandel, 2005).
Indeed, it is of fundamental importance to know the fluxes and processes of continental
inputs to the ocean, and it is one of the central aims of the GEOTRACES programme (Fig.
1.4, (GEOTRACES Science Plan 2006)). The global riverine particulate flux to the ocean
(~30 Gt/yr, suspended sediment and bedload transport) exceeds by far the dissolved riverine
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load (~1 Gt/yr) and the dissolution of atmospheric dust (~0.45 Gt/yr), suggesting that
dissolution of only a small amount of this riverine particulate material can have a large
impact on the chemical composition of seawater (Pearce et al. 2013). However, little is
known about the processes governing margin-seawater interaction. Studies in different
regions of the global ocean have shown that Nd concentrations and/or isotopic compositions
can trace such interaction, and modelling studies have shown that boundary exchange is
probably the major contributor to the Nd budget in the ocean (Arsouze et al. 2009; Rempfer
et al. 2011). Neodymium isotopes are a promising tool to understand these margin-seawater
interactions, as they are tagged by lithogenic fingerprints, thus allowing to trace back the
origin of the inputs. Furthermore, when coupled with Nd concentration measurements, it is
possible to differentiate between boundary input and exchanges, thus shedding a light on the

actual mechanism involved.

Regardless of whether research efforts are motivated by palaeo-applications or modern
tracer understanding, a hampering fact for both is the poor coverage of the global ocean with
seawater Nd analyses (see Lacan and Jeandel (2012) for a recent summary) and the
associated lack of understanding in Nd cycling. Indeed, whereas Nd isotopes seem to trace
water masses away from any continental inputs, Nd concentrations in the open ocean shows
an increase with depth and along the conveyor belt, akin to nutrients, thus suggesting the
importance of vertical cycling (Elderfield and Greaves 1982; de Baar et al. 1985; Elderfield
1988; Bertram and Elderfield 1993). This decoupling between Nd isotope and concentration
has been termed the “Nd paradox” (Jeandel et al. 1995; Tachikawa et al. 2003; Siddall et al.
2008; Arsouze et al. 2009), and will be investigated in Chapter 5 in more detail.

1.5. Thesis aims and objectives

The overall aim of the present thesis is to better constrain the geochemical cycles of the
trace elements cadmium and neodymium and their isotopes in the marine environment. In
order to achieve this objective, we will use concentration and isotopic composition
measurements on several selected samples, and each chapter will focus on specific objectives

(see thesis outline).
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1.6. Thesis outline

Chapter 2:

In order to study the Cd behaviour in estuaries, nineteen water samples were analysed for

their Cd concentrations and isotopic composition. These samples were collected in the

mixing zones of four major rivers (Ob, Yenisei, Lena and Indigirka) during the ISSS-08

expedition, and span a broad range of salinities (e.g., between 1 and 32). Additional results

are presented for the Cd concentration and isotopic composition of a sample from the pristine

Kalix River (northern Sweden). The specific aims of the present chapter are:

to constrain the isotopic composition of natural riverine Cd flux to the ocean
to determine the Cd isotopic fractionation incurred during weathering

to better understand the cycling of Cd in a shelf environment.

Chapter 3:

Here, we describe the method used in this thesis to isolate and measure Nd isotopes and

concentration from seawater samples with high precision and accuracy. The specific aims of

the chapter are:

to establish a suitable method to pre-concentrate Nd from seawater in the MAGIC
laboratories

to develop a column chemistry that is suitable to run Nd isotopes and concentrations
simultaneously as NdO" on the Triton TIMS in the MAGIC laboratories

to refine a methodology to run low abundance Nd samples as NdO" on the Triton
TIMS in the MAGIC laboratories

to verify our methodology by repeat analyses of seawater samples and GEOTRACES

intercalibration samples

Chapter 4:

In order to further the application of Nd isotopes in seawater we analysed the Nd isotopic

composition of 137 samples from twelve seawater depth profiles, containing each 10 to 13

depths, that were collected in the north to equatorial western Atlantic Ocean during the Dutch

GEOTRACES GA 02 transect. The specific aims of this chapter are the following:

to evaluate if Nd isotopes behave conservatively in deep waters away from ocean
margins,
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to determine whether Nd isotopes feature the same behaviour in the northern north
Atlantic (subpolar formation region of NADW constituents) compared to the export
area (subtropical western Atlantic),

to assess the ability of the Nd isotopic composition of seawater to trace water masses.

Chapter 5:

One long-lasting dilemma in understanding the marine biogeochemical cycle of Nd

isotopes and concentrations is their decoupled behaviour (‘Nd paradox’). In this last data

chapter we present Nd concentrations for the same 137 seawater samples collected from

twelve depth profiles studied in Chapter 4. The specific objectives of this chapter are:

to investigate the vertical profiles of Nd concentrations in the North Atlantic Ocean
with specific regards to the process of reversible scavenging,

to determine whether Nd concentrations feature the same behaviour in the northern
north Atlantic (subpolar formation region of NADW constituents) compared to the
export area (subtropical western Atlantic),

to constrain the major sources of Nd to surface and deep waters of the western North

Atlantic Ocean by using combined Nd isotope and concentration constraints.

Chapter 6:

This chapter summaries the major finding and conclusions that can be drawn from our

studies.
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Chapter 2

ISOTOPIC ANALYSIS
OF
CADMIUM
IN THE MIXING ZONE
OF
SIBERIAN RIVERS
WITH THE
ARCTIC OCEAN
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Modified from: Lambelet M., Rehkdmper M., van de Flierdt T, Xue Z., Kreissig K., Coles B.,
Porcelli D., Andersson P.: Isotopic analysis of Cd in the mixing zone of Siberian rivers with
the Arctic Ocean — new constraints on marine Cd cycling and the isotope composition of
riverine Cd. Earth and Planetary Science Letter, 2013, 361, 64-73.

Abstract

The cadmium (Cd) concentrations and isotopic compositions were determined for 19
water samples which cover the mixing zones of four major rivers with the coastal seas of the
Siberian Shelf. The waters span salinities from about 1 to 32, with Cd concentrations of about
0.02 to 0.46 nmol/kg and small but resolvable Cd isotope fractionations, with 1110y
values of between +1.4 and +5.7. The data for the majority of the samples are in accord with
the systematics expected for quasi-binary mixing of Arctic seawater (¢''¥''°Cd = +5.5 + 0.5
and Cd concentration between 0.1 and 0.25 nmol/kg) with river waters characterized by
e"'1°%Cd ~+2 + 1 and low pristine Cd contents of about 0.02 to 0.06 nmol/kg. The river
values are similar to the inferred composition of the continental crust, which implies that
weathering produces no or only limited Cd isotope fractionation. The results for five samples
provide clear evidence for non-conservative behaviour of Cd, as the element is released from
suspended riverine particles during mixing with seawater. The isotopic data furthermore
show that the desorbed Cd is characterized by £''¥''°Cd = +3, in accord with a natural origin.
This implies that the (natural) net riverine Cd fluxes of the Siberian rivers to seawater are also
likely be to characterized by e""1°%Cd =~ +2 + 1, a value that is either identical to or
intermediate between the composition of the continental crust and marine deep waters.
Additional data for the boreal Kalix River in Sweden contrasts with the results obtained for
the Siberian rivers, as the former exhibits a much lighter Cd isotope composition of &' WOy
=—-3.8 coupled with a much higher Cd content of ~0.24 nmol/kg. These characteristics appear
to be a consequence of the distinct hydro-geological setting of the Kalix drainage basin,
which suggests that the riverine input of Cd isotopes to the oceans might display significant
regional variability. In summary, our study underlines the important role that stable isotope
analyses can play in biogeochemical investigations of trace metals. Here, the Cd isotope
results provide important constraints, which are not available from concentration data alone,

on the cycling of Cd in riverine and shelf environments.
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2.1. Introduction

Cadmium is an enigmatic element as it is highly toxic but in the oceans it displays a
distribution akin to the macronutrient phosphate (Boyle et al. 1976; Bruland 1980). Both Cd
and phosphate abundances are commonly depleted in the surface ocean compared to deep
water, presumably due to uptake by organisms. This conclusion is supported by work that has
shown that Cd can substitute for Zn in the enzyme carbonic anhydrase, which plays an
important role in the process of inorganic carbon acquisition. Cadmium is hence generally
considered to be a micronutrient element (Price and Morel 1990; Cullen et al. 1999; Lane et
al. 2005; Xu et al. 2008). The marine Cd concentration rises rapidly in deeper waters due to
regeneration from sinking biological debris, and reaches a maximum at about 1 km depth.
The same open-ocean seawater concentration profile can be observed for phosphate (Boyle et
al. 1976; Bruland 1980). As a result, there exists a well-defined global correlation between
Cd and phosphate concentrations in open-ocean seawater (Boyle et al. 1976), but this exhibits
a “kink” at intermediate Cd and phosphate levels, the origin of which remains to be fully
understood (de Baar et al. 1994). These findings, as well as the application of Cd/Ca ratios in
foraminiferal shells to reconstruct the nutrient status of past seawater (Boyle 1988), have

spurred continued interest in the marine biogeochemistry of Cd.

Recently, a number of studies have shown that the Cd isotope composition of seawater
exhibits significant variability. Whilst samples from depths greater than about 1 km were
observed to have nearly uniform Cd isotope compositions of ¢''*'"'° = +2.5 Cd-depleted
surface waters are generally isotopically heavier, with some samples featuring g0y
values as high as + 20 to +40 (all €"'¥"'°Cd data are relative to NIST SRM 3108 Cd)
(Ripperger et al. 2007b; Abouchami et al. 2011; Abouchami et al. 2012; Xue et al. 2012). The
observed fractionations in the surface waters have been attributed to kinetic isotopic effects
that result from preferential uptake of the lighter Cd isotopes by phytoplankton. This
interpretation is supported by data for cultured freshwater (Lacan et al. 2006) and Southern
Ocean phytoplankton (Gault-Ringold 2011), which were found to have isotopically light Cd

with £"'"Y"°Cd values as low as —24.

Numerous surface water samples furthermore show a systematic increase of &''*''°Cd
with decreasing Cd content, suggesting a fractionation factor for biological uptake of Cd
between a =~ 1.0002 and o = 1.0006 (Ripperger et al. 2007b; Abouchami et al. 2011;
Abouchami et al. 2012; Xue et al. 2012). However, both Ripperger et al. 2007b and Gault-
Ringold et al. 2012 observed that some surface water samples with highly depleted Cd
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concentrations of < 0.05 nmol/kg display no or only limited fractionation relative to deep
water (e.g., ¢"119Cd values of less than +5). Potential interpretations that have been invoked
for the lack of coupling of Cd concentrations and isotopic composition in such samples are
effect of water mass mixing, ‘supply-limited’ uptake conditions for Cd, or other unusual
marine conditions (Ripperger et al. 2007b; Gault-Ringold et al. 2012b), demonstrating that
isotopic data can provide insights into the marine cycling of the micronutrient element Cd
beyond what can be learned from concentration data only. However, the current database for
marine Cd isotope data is still sparse (Lacan et al. 2006; Ripperger et al. 2007b; Abouchami
et al. 2011; Yang et al. 2012; Gault-Ringold et al. 2012b; Xue et al. 2013; Abouchami et al.

2014), and considerable uncertainty is associated with the inputs of Cd to the ocean.

Next to atmospheric fluxes, rivers are thought to be the most important source of marine
Cd (Duce et al. 1991). Previous work has revealed that dissolved riverine Cd fluxes to the
oceans may be affected by both non-conservative behaviour during estuarine mixing (Elbaz-
Poulichet et al. 1987; Comans and Vandijk 1988; Elbaz-Poulichet et al. 1996; Waeles et al.
2004; Waeles et al. 2005), and industrial discharges (Huynhngoc et al. 1988; Weigold and
Baborowski 2009). The anthropogenic impact on riverine Cd budgets can be overwhelming,
as Cd contents of more than 0.6 nmol/L have been reported for rivers (Rhine, Rhone and
others) from industrialized regions (Duinker and Nolting 1977; Huynhngoc et al. 1988),
whilst pristine river water generally appears to exhibit dissolved Cd concentrations of less

than 0.1 nmol/L (Guieu et al. 1996; Mackey et al. 1996; Moran and Woods 1997).

The impact of rivers and estuarine processes on the isotopic mass balance of marine Cd
has not been studied to date, however, and the current investigation addresses this
shortcoming. To this end, we have carried out coupled Cd isotope and concentration
measurements for 19 water samples that span nearly the complete salinity gradient that is
generated by the discharge of four major Siberian rivers (Ob, Yenisei, Lena and Indigirka)
into the coastal seas that occupy the Siberian continental shelf of the Arctic Ocean. In
addition, we also analysed a further sample from the pristine Kalix River in northern Sweden.
The results of these analyses provide the first constraints on the isotope composition of
natural riverine Cd fluxes to the ocean, the Cd isotope fractionation that is incurred during

weathering and the cycling of Cd in a shelf environment.
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2.2. Samples

Nineteen water samples from the International Siberian Shelf Study 2008 (ISSS-08) were
analysed for both Cd isotope compositions and concentrations. This sample suite records
mixing of seawater with freshwater delivered by four major Siberian rivers and encompasses
two samples obtained from near the mouth of the Ob, two from near the mouth of the
Yenisei, 12 from the Lena River area and three from the East Siberian Sea area (Fig. 2.1,
Table 2.1). Together the samples nearly span the entire gradient from freshwater to open
ocean Arctic seawater (salinity range: 1 to 32) and are hence well suited for studying

estuarine processes.

Figure 2.1: Map 85°N,
indicating the samples’
location. The labels YS
followed by numbers 80°N
represent the stations of

the ISSS-08 cruise.

75°N

Brown triangle: Mouth of

Ob; green diamond:

Mouth of Yenisei; red
circles: Lena Area; black
squares: East Siberian Sea
Area. Samples collected at 65°N

2 different depths: YS-2,

YS-3, YS-4, YS-6 and 80°E 100°E  120°E  140° 160°E
YS-8. For all other
Mouth of Ob Mouth of Yenisei Lena Area East Siberian

samples, only one depth Sea Area

was available.

The Siberian Shelf is the largest continental shelf in the world and it encompasses several
coastal seas. The Ob and Yenisei drain into the Kara Sea (Fig. 2.1, Table 2.1), where more
than one third of the total freshwater discharge into the Arctic Ocean is received (Dai and
Martin 1995). In contrast, the Lena and the Indigirka Rivers flow into the Laptev and the East

Siberian Seas, respectively (Fig. 2.1). All four rivers have strongly seasonal water discharges,
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which are largest in the summer, and the hydrology of the respective mixing zones with the
coastal seas appears to be similar. For example, the brackish plume of the Ob River in the
Kara Sea features a warmer (about 3°C), less saline (S < 15) surface layer that reflects
riverine inputs, a thin intermediate layer and, at depths of more than ~30 m, a cold (~1°C),
saline (S = 30) bottom layer that is akin to Arctic Ocean seawater (Dai and Martin 1995). The
sea surface of the mixing zones is frozen to a thickness of about 2 m for approximately nine

months each year, from October/November to June/July (Martin et al. 1993).

The ISSS-08 samples were collected from on-board the research vessel Yacob Smirnitskyi
in August and September 2008. Surface waters from depths of less than 4 m were pumped
through acid-cleaned Teflon tubing that extended from up-current of the ship at the end of a
14 m long glass fibre flagpole and into cleaned carboy containers. All other samples were
collected using either 20 L or 60 L metal-free Go-Flo sampling bottles that featured Teflon-
coated internal surfaces. On deck, the water was transferred into 25 L acid-cleaned carboys
using silicone tubing. Whilst on the ship, all samples were furthermore pumped through 0.22

um nitrocellulose membrane filters and acidified to pH 2 using distilled HCI.

One additional sample from the Kalix River in northern Sweden (Table 2.1) was obtained
on June 10, 1995 at Kamlunge, which is about 30 km upstream from the mouth of the river in
the Baltic Sea (Porcelli et al. 1997). Following collection of a large sample, the water was
pumped through 0.45 pm nitrocellulose membrane filters (pre-cleaned in weak acetic acid)
into a 10 L container for storage, following acidification to about pH 1 with distilled HCI.
Three 1 L aliquots of this sample were taken from the stock bottle several months prior to
use. All plasticware that was used for the collection and storage of the Kalix samples were

pre-cleaned using dilute mineral acids (Porcelli et al. 1997).

Table 2.1: Reference data for the Ob, Yenisei, Lena and Indigirka Rivers in Siberia and the Kalix

River in Sweden.

Oob'! Yenisei'®! Lena'™ Indigirka' Kalix'*
Length (km) 5410 3844 4400 1820 450
Catchment area (km®) 2.99-10° 2.5:10° 2.43-10° 3.62:10° 2.38-10°
Water discharge (m’/s) 1.35-10* 1.98-10* 1.66-10* 1.93-10° 2.96:10°
Published [Cd] data
Range [nM] 0.001-0.13" 0.009-0.15™  0.02-0.11 - -
Average [nM]* 0.04+0.03"®  0.05+£004  0.06+0.04" - -

a (Dai and Martin 1995); b (Martin et al. 1993); ¢ (Huh et al. 1998); d (Ingri et al. 1997) e (Moran and Woods
1997) f (Guay et al. 2010) g (Guieu et al. 1996). * The uncertainties are given as 1sd.
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2.3. Methods

2.3.1. Analytical procedures

Sample preparation, chemical separation of Cd and the isotopic analyses were performed
following published procedures (Ripperger and Rehkdmper 2007a; Xue et al. 2012) at the
Imperial College MAGIC Laboratories. This laboratory has successfully participated in the
intercalibration exercise for the measurements of Cd isotopes and concentration in seawater

samples (Boyle et al. 2012).

Between 1 and 3 litres of water were used in order to have a final total natural Cd content
of more than 5 ng. A "cd-'Cd double spike was added to the samples and Cd was then

isolated by means of a three stage column chemistry procedure.

For each step, a fresh resin bed was prepared and cleaned according to the procedure
described in Table 2.2. Prior to loading of the resin, the columns were cleaned with acid in

several steps in order to get rid of any Cd traces.

The first stage involved 3 mL glass columns with a reservoir of about 100 mL and these
were filled with 1.5 mL of strongly basic anion exchange resin (Biorad AG 1-X8, 100-200
mesh). Up to 2 L of sample were loaded on the column; larger volumes were split and loaded
on several column. After elution of matrix elements, Cd was eluted from the resin with 2M
HNO; and collected in small Teflon beakers. The residues were then allowed to dry on a
hotplate overnight at about 110°C and redissolved with 10M HCI for conversion into the
chloride form. They were dried again, dissolved in 0.7M HCI and then ready for loading onto

the next column.

The second stage used 100-puL Teflon columns with a reservoir of about 3 mL, and these
were filled with about 100 pL of strongly basic anion exchange resin (Biorad AG 1-X8, 200-
400 mesh). The procedure was the same as for the first stage, except that (1) all volumes were
scaled to the smaller size of the resin column and (2) resin with a smaller particle size (200-
400 mesh instead of 100-20 mesh) was employed. As in the first separation stage, the Cd
fractions were evaporated and converted to the chloride form by adding 10M HCI and drying
again. Following this, the samples were taken up in 200 pL 8M HCI for loading onto the third

stage columns of the procedure.

The third separation stage involved the same columns of the same size as the second stage

(100-uL Teflon columns with a reservoir of about 3-mL), but the resin is different: 100 pL of
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Eichrom TRU Spec resin was used. This resin efficiently holds on to Sn, Mo, Nb and Zr in
HCI media, while Cd is not absorbed. Hence the third column chemistry stage provides an
efficient separation of Cd from the former elements (Wombacher et al. 2003). The Cd
fractions that were eluted from the TRU Spec columns were dried and one drop of
concentrated HNO; was added to get rid of any chloride. This process was repeated twice and
the samples were stored in concentrated HNO3 until further use. Just prior analysis by MC-

ICP-MS, the samples were dried down again and dissolved in an appropriate volume of 0.1M
HNO:s.

Table 2.2: Column chemistry procedure for Cd separation, adapted from (Ripperger and Rehkdmper
2007a).

First Stage Column Second Stage Column
Biorad AG 1-X8 anion-exchange Biorad AG 1-X8 anion-
resin, 100-200 mesh exchange resin, 200-400 mesh

o 100 pL resin in small Teflon
1.5 mL resin in large quartz columns

columns
mimoaw om0
0.5 mL MQ-H,O 100 uL MQ-H,O
25 mL HC1 6M Resin conversion to CI” form 1000 pL HCI 6M
11 mL HC1 0.7M Resin equilibration 800 pL HC1 0.7M
. 2 x 700 pL sample solution in
2 x 800ul seawater + rest of sample Sample loading HCl 0.7M
23 mL HC1 0.7M Matrix elution 1000 uL. HC1 0.7M
10 mL HC1 1M Matrix elution 650 uL HC1 1M
10 mL HCI1 2M Matrix elution 650 uL HC12M
10 mL HC1 8M Elution of Ag 650 uL HC1 8M
10 mL 0.5M HNO; — 0.1M HBr Elution of Zn 650 uL. 0.5M HNO; — 0.1M HBr
2 mL HNO; 2M 130 uL HNO; 2M
10 mL HNO; 2M Collect Cd 700 uL HNO; 2M
Third Stage Column
Eichrom TRU Spec Resin
100 pL resin in Small Teflon column
10 mL HC1 6M Column cleaning
100 uL HC1 8M Column equilibration
200 pL sample solution in HCI 8M Sample loading
200 uL HC1 8M Collect Cd

1400 pnLL HCI 6M
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The Cd isotope measurements were performed with a Nu Plasma HR MC-ICP-MS
instrument using a DSN-100 desolvation system (Nu Instruments Ltd, Wrexham, UK) for
sample introduction, fitted with glass nebulizers that were operated at flow rates of about 100
to 120 pL min™'. For the analyses, the zoom lens system of the Nu Plasma was adjusted to
permit simultaneous collection of the ion beams of 114Cd, 113Cd, 112Cd, 111Cd, 117Sn, and 'In
(the last for the correction of isobaric interferences) using Faraday cups connected to 10'' Q
amplifiers. Each isotopic analysis consisted of an initial peak centre sequence followed by 3
blocks of 20 integrations (5 s each). A baseline measurement was carried out prior to each
block for 15 s, whilst the ion beam was deflected by the electrostatic analyser. The isotopic
measurements of samples were carried out using solutions that typically had total Cd
concentrations of between 20 and 60 ng/mL, at spike to sample ratios of about 1. On most
measurements sessions, the Nu Plasma instrument featured sensitivities for Cd of about 300

to 430 V/pg/mL.

The ‘raw’ isotopic data acquired by the MC-ICP-MS instrument were processed offline, to
determine the ‘true’, mass-bias-corrected Cd isotope ratios of the unspiked samples, which
are reported here using an € notation, relative to the NIST Standard Reference Material

(SRM) 3108 Cd (Abouchami et al. 2013):

114cd
110C
Sample
g114 1100 = T P _ 1 x 10%

110
Standard

2.1)

Unless otherwise stated, the uncertainties of the Cd isotope data reported in Tables 2.3 and
2.4 are based on the 2sd (standard deviation) reproducibilities obtained for multiple
bracketing analyses of NIST SRM 3108 Cd — Cd double spike mixtures, which featured Cd

concentrations and spike to sample ratios that closely matched the corresponding samples.

The measured '''Cd/'"*Cd ratios of the spiked samples were used for the determination of
the Cd abundances, using the isotope dilution technique. The uncertainties for the
concentration data were derived by propagating the 2sm (standard error of the mean) within-
run reproducibilities, which were obtained for '''Cd/''*Cd through the isotope dilution
equations. Based on these calculations, all Cd concentrations have uncertainties of less than

+0.015%, whilst the great majority of samples feature values of better than £0.007%.
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2.3.2. Data quality

Total procedural blanks were determined by processing 1 to 2 litres of >18 MQ cm
acidified water through the column chemistry procedure, and were treated alongside samples
in each of the four batches of column chemistry that were performed. These yielded results of
0.2 pg, 1.7 pg, 3.6 pg and 8.1 pg Cd, which is equivalent to less than 0.2% of the total Cd
present in the samples. The Cd concentrations were adjusted for these small blank
contributions but no corrections were applied to the ¢""119Cd data, as the blank effects were

negligible compared to the analytical uncertainty (Tables 2.3, 2.4).

The quality of the Cd isotope and concentration data was monitored by analyses of two
well-characterized secondary Cd isotope reference standards (BAM-1012 Cd and Alfa Cd
Zurich; Abouchami et al., 2013) and our in-house Solent Seawater reference material (Xue et
al. 2012). These standards were analyzed on five different days over a period of two years,
and the '""'°Cd values obtained for both are in excellent agreement with reference values
that were recently compiled and based on the results of an inter-laboratory comparison (Table
2.3; Abouchami et al., 2013). The Cd isotope data that were obtained for four separate
aliquots of the Solent Seawater were also identical, within uncertainty, to the values
published by Xue et al. (2012). However, a small difference in Cd concentration (of about 3 +
2%) relative to the value found by Xue et al. (2012) could be resolved (Table 2.3). This small
discrepancy might be explained by (i) adsorption of Cd onto container walls, as the samples
had been stored for more than 2 years prior to the present analyses, or (ii) a minor systematic
offset in the calibration of the different Cd double spikes that were used in the present

investigation and the study of Xue et al. (2012).

In addition, we also performed triplicate analyses of two water samples, (i) YS-2, 4 m
depth from the Mouth of the Ob River and (i1) the Kalix River (Table 2.3). In all cases, the
replicate samples were obtained in separate bottles (filled individually from the stock bottle
several months prior to use), and they were processed individually through the column
chemistry. The results obtained for the Kalix River show excellent reproducibility between
the three aliquots, for both 10y (total variability of data is £0.5 €) and Cd concentration
(total variability of 0.3 pmol/kg; Table 2.3). For the Mouth of Ob, two aliquots show nearly
identical Cd concentrations and isotope compositions, whilst the third aliquot is characterized
by a much higher Cd content and a highly unusual e""19Cd value of about —7 (Table 2.3).
Given that the latter sample features both a high Cd abundance and an isotope composition
that is more akin to anthropogenic Cd (Rehkédmper et al. 2011) than to the other Artic water
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Table 2.3: Cd concentration and isotope data (as ¢''¥''°Cd) obtained for 2 isotope reference materials,

an in-house seawater reference sample and two water samples that were processed in triplicate.

n? 0 g Unc(ezl:(;l)inty (nmf):l(/lkg)d

BAM-I1012 Cd

BAM solution 20 ng/g Cd 4 -12.9 £1.0°

BAM solution 30 ng/g Cd 3 -13.7 +0.7°

BAM solution 60 ng/g Cd 2 -13.3 +0.5

BAM average 9 -13.3 +1.0°

Reference value -13.3 +0.4

Alfa Cd Zurich

Alfa solution 20 ng/g Cd 1 -0.9 +0.7°

Alfa solution 30 ng/g Cd 3 0.6 +0.8°

Alfa solution 60 ng/g Cd 5 -0.3 +0.5

Alfa Cd Zurich average 9 -0.5 +0.9°

Reference value® -0.2 +0.5

Solent Seawater Batch E

This study 4 +3.0 +0.5° 0.1427

Reference value f 3 +3.1 +0.3 0.1472

YS-2, 4m depth 1 73 0.9° 0.1475
1 1.4 1.0° 0.0192
1 1.3 1.0° 0.0189

Kalix River 1 4.3 1.0° 0.2349
1 -3.8 1.0° 0.2352
1 33 1.0° 0.2351

The concentrations of the BAM and Alfa Cd solutions indicate total Cd concentrations at a spike to sample ratio

of ~1.
* number of analyses conducted for a sample.

" The 2sd uncertainties are based on data obtained for multiple interspersed analyses of the standard, which were
carried at similar conditions (Cd concentration, spike/sample ratio) to the sample runs on the same measurement

session.
¢ The 2sd uncertainties are calculated based on the n available analyses for this sample.
4 The Cd concentrations (2sd) have uncertainties of better than 0.015%. (see text).

¢ Abouchami et al. (2013); " (Xue et al. 2012)

samples analysed here (Table 2.4), it appears very likely that the unusual result is an artefact
of sample contamination. Based on this conclusion, the data obtained for this aliquot are not

further considered in this manuscript. The observation furthermore underlines the fact that Cd
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is a contamination-sensitive trace element with respect to the sampling of rivers and seawater,
and it is hence important to check unusual or spurious results for their integrity by replicate

analyses.

2.4. Results and Discussion

2.4.1. Results

The Siberian Shelf samples from the four different localities (Fig. 2.1) have highly
variable salinities, which range from near freshwater values (S = 1) to those that approach
seawater, with S = 32 (Table 2.4, Fig. 2.2a). The samples from the Ob, Yenisei and Lena
areas are in accord with previous hydrological studies in that they reveal a strong
stratification of the water column, whereby high-salinity bottom waters are overlain by water
with lower salinity (Table 2.4) (Dai and Martin 1995; Guieu et al. 1996). Previous studies
have, furthermore, demonstrated that the freshwater imprint on the surface layer is primarily
derived from riverine input rather than the melting of sea ice (Dai and Martin 1995; Guieu et
al. 1996). Whilst the three samples from the East Siberian Sea area do not provide evidence
of water column stratification, this observation presumably reflects only that these samples

were all collected at shallow depths of between 3 and 10 m (Table 2.4).

Both phosphate and Cd abundances of the Siberian Shelf water exhibit appreciable
variability, with [PO4] ranging from 0.002 to almost 0.9 umol/L and [Cd] from 0.02 to 0.46
nmol/kg (Figs. 2.2a and b; Table 2.4). In contrast, these samples only display a narrow range
of ¢""%Cd values, with results of between +1.4 and +5.7 (Fig. 2.2c, Table 2.4).
Nonetheless, small differences in Cd isotope compositions can be discerned, as most data
have uncertainties of better than +1 £''¥''°Cd (2sd). Two shelf samples, however, feature
higher uncertainties of about +3 ¢"10%cd (2sd) due to the low Cd contents (Table 2.4) and
the limited sample volume available. The Kalix River is readily distinguished from the
Siberian waters, as it has a much lighter Cd isotope composition of ¢''*''°Cd = - 3.8 + 1.0,

coupled with a relatively high Cd content of about 0.24 nmol/kg (Table 2.4).

2.4.2. Behaviour of Cd in the mixing zones of the Siberian Shelf

The samples from the Lena area of the Siberian Shelf define a broad positive correlation

between a riverine and a seawater endmember in a diagram of [Cd] vs. salinity, and the
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endmember compositions are confirmed by three additional samples from the coastal inlets of
the Ob and Yenisei Rivers (Fig. 2.2a). In contrast, there are four samples, one from the Ob
Mouth and three from the East Siberian Sea area, which deviate from the trend that is

delineated by the others (Fig. 2.2a).

The interpretation that quasi-binary mixing plays a key role in governing the distribution
of Cd in the shelf waters is supported by the phosphate data. It is notable that the East
Siberian Sea samples that are seen to be anomalous in Figure 2.2a also do not fall on the
correlation between PO, contents and [Cd], which is exhibited by the majority of the waters
in Fig. 2.2b (PO4 contents are not available for the other anomalous samples). These
observations are in accord with a scenario where the PO, concentrations are primarily
determined by mixing of freshwater and seawater with low and high phosphate contents,
respectively, whilst the decoupled behaviour of the two elements in some samples (Figs. 2.2a

and b) reflects the anomalous distribution of Cd.

The importance of binary mixing is further underlined by the Cd isotope results. In a plot
of ¢"'"11°Cd vs. Cd abundance, the majority of the samples are in accord with a curvilinear
trend, which is expected for binary mixing between a low-¢''*''°Cd riverine endmember and
seawater with higher e110¢q (Fig. 2.3c). Whilst it could be argued that biological processes
may also be responsible for the variations seen here in Cd isotope compositions, mixing
processes are likely to be the primary driver, given the clear correlation that is seen for most
samples between Cd contents and salinity (Figs. 2.2a, 2.3a). Based on these findings, the
compositions that are expected for binary mixing of river and seawater are investigated in
more detail, whereby &''*''°Cd values are calculated using the following equation (Mariotti

et al. 1988):

8114- 110Cds - Cd " fS + 8114 110CdR - Cd R fR

114 110cq . =
€ mix f+ Cdg+ fr+ Cd g
~ gl14 110Cds. Cdg-fs + g114 110CdR. Cd g fg
Cd mix

(2.2)

where the subscripts Mix, S, and R stand for the mixture, seawater and river water,
respectively, and f denotes the respective mass fractions, where fr + fs = 1. Given that our
waters sample three different coastal seas that receive discharges from various rivers (Fig.

2.1), it is too simplistic to expect the distribution of Cd to record perfect binary mixing.
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Table 2.4. Name, location, salinity, phosphate concentration, cadmium concentration and isotope composition data for the ISSS-08 and Kalix River samples

analyzed in this study.

Area Station de‘;]t?:?r;l] di;g:p[l;l] Sa:;l;)tl;ng Latitude Longitude Salinity [pil(zf/ll a [nmgl(/ikg] p  eWcq  £2sdf
Mouth of Ob YS-2 30 4 19/08/08 73°24.30° N 72°59.71° E 7.9 - 0.0191¢ 1.4¢ 1.0
YS-2 30 20 19/08/08 73°24.30° N 72°59.71° E 31.5 0.324 0.2207 5.7 0.7
Mouth of Yenisei YS-3 38 4 19/08/08  73°2952°N  79°53.09°E 5.5 0.002 0.0327 46 3.5
YS-3 38 25 19/08/08 73°29.52° N 79°53.09° E 323 0.832 0.1993 5.6 0.6
Lena Area YS-4 52 3 23/08/08 75°59.22° N 129°59.05° E 11.5 - 0.0535 54 1.0
YS-4 52 25 23/08/08 75°59.22° N 129°59.05° E 31.9 0.520 0.1206 4.8 0.9
YS-6 34 3 24/08/08 74” 43.44° N 130°0.98 E 5.2 - 0.0584 2.6 1.0
YS-6 34 20 24/08/08 74" 43.44° N 130°0.98° E 29.8 0.697 0.1853 4.4 0.6
YS-8 13 3 24/08/08 73°33.94° N 130°0.47° E 53 0.008 0.0447 4.9 0.9
YS-8 13 9 24/08/08 73°33.94° N 130°0.47° E 14.5 0.064 0.1063 4.4 0.9
YS-11 12 2 25/08/08 73" 1.11’N 129°59.35° E 2.7 0.094 0.0269 2.9 1.8
YS-12 13 4 26/08/08 71°54.99° N 132" 3454’ E 24.9 0.584 0.1894 3.2 0.8
YS-13 22 5 26/08/08 71°58.08° N 131°42.08 E 3.8 0.014 0.0476 3.8 0.7
YS-14 8 5 27/08/08 71°37.82° N 130°2.97° E 1.3 0.150 0.0230 2.5 2.8
YS-122 28 28 16/09/08 74°30.19° N 136" 0.58° E 31.2 0.874 0.2163 34 0.6
YS-128 60 4 17/09/08 76°59.22° N 130° 2134’ E 20.7 - 0.0701 4.9 1.0
East Siberian Sea Area YS-30A 10 3 01/09/08 71°21.46° N 152°9.16’E 18.3 — 0.4639 34 0.5
YS-120 35 4 15/09/08 73" 17.51°’N 155 10.05° E 209 0.759 0.4024 32 0.7
YS-121 18 10 16/09/08 74°2231°’N 145 16.85’ E 18.0 0.365 0.3232 2.4 0.6
Kalix River Kamlunge 1 10/06/95 66 00° N 22°85°E -0 - 02351 3.8 1.0

* The phosphate concentration were measured on board using a Westco SmartChem spectrophotometer.

® The Cd concentrations have uncertainties of £0.015%, with the great majority better than +£0.007%; these uncertainties are based on the 2sm within-run precision of the

"Cd/"*Cd data that were used in the isotope dilution calculations (see text for details).

¢ The 2sd uncertainties of the Cd isotope data are based on data obtained for multiple interspersed analyses of the standard, which were carried at similar conditions (Cd

concentration, spike/sample ratio) to the sample runs on the same measurement session.

4 Average of several samples analysed for this station (see Table 2.3).
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Hence, the calculations incorporate limited, albeit realistic, variability in the endmember

compositions, such that the mixing generates quasi-binary mixing arrays.

Figure 2.2: Cd concentrations
versus (a) salinity, (b) phosphate,
and (¢) Cd isotopic composition
for the ISSS-08 samples from the
Siberian Shelf. The error bars for
the Cd concentration are smaller
than the size of the symbol, and
the uncertainties for the Cd
isotopic compositions are given
in Table 2.4. In (b), a linear
regression for the samples from
the Ob, Yenisei, and Lena areas
gives a regression coefficient of
1r* = 0.71. Brown triangles: Mouth
of Ob; green diamonds: Mouth of
Yenisei; red circles: Lena Area;
black squares: East Siberian Sea
Area; small grey dots: samples
collected in the Lena River and in
the Laptev Sea in September
1991 (Guieu et al. 1996).
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For the seawater endmember, the calculations assume a composition characterized by S =
34.5, [Cd] = 0.10 to 0.25 nmol/kg and ¢""11%Cd values of between +5 and +6, in agreement
with results of previous work (Fig. 2.3). In particular, published studies (Ripperger et al.
2007b) provide ¢''¥''°Cd values of +4.8 + 1.0 and +6.0 + 1.4 for Arctic Ocean surface water,
following correction for the offset between the different zero-epsilon reference materials used
here and previously (Abouchami et al. 2012). The general conclusions of the modelling are
furthermore identical, for seawater &''*''°Cd values as low as +4.5. Typical Cd
concentrations of 0.19 to 0.37 nmol/L and 0.09 to 0.30 nmol/L were reported for the Kara and
Laptev Seas, respectively, at salinities of up to 34.5 (Martin et al. 1993; Dai and Martin 1995;
Guieu et al. 1996).

For the riverine endmember, which should be characterized by S = 0, the calculations
assume Cd contents of 0.02 to 0.06 nmol/kg (Fig. 2.3). These concentrations are justified by
previous Arctic river studies, which determined typical Cd abundances of 0.01 to 0.06
nmol/L for water samples from the Ob, Yenisei and Lena Rivers (Table 2.1). Higher Cd
concentrations of 0.13 to 0.15 nmol/L were found for a few samples from the Ob and Yenisei
Rivers, but these were thought to reflect contributions from anthropogenic sources (Moran
and Woods 1997; Guay et al. 2010). Cadmium isotope data are currently not available for any
of the Arctic rivers, but key constraints are provided by the present data. A robust regression
calculated for the £''*!'°Cd vs. 1/[Cd] data of samples that are in accord with conservative
mixing (Fig. 2.4), clearly reveals a non-zero slope (despite of the uncertainty), which is
indicative of a riverine composition with isotopically lighter Cd than the seawater. This
conclusion is supported by the observation that the Siberian Shelf samples with the lowest
salinities (S = 1.3 to 5.5) feature £''¥''°Cd = +2.5 to +4.9 at Cd contents (of 0.023 to 0.058
nmol/kg) that closely resemble Arctic rivers (Table 2.1). This suggests that the rivers are
unlikely to be characterized by &' W9 d values of less than +0 and greater than +5. A more
detailed investigation shows, however, that the mixing lines of Figures 2.3 b and c for river
endmembers with ¢''"¥"'°Cd values of 0 and +5 (black dashed lines) clearly provide only a
very poor fit to the observed data trends. In contrast, a satisfactory fit can be achieved if the
river waters are assigned an endmember composition of "Mcd = 42 + 1 (grey fields
shown in Figs. 2.3 b and c) and it is therefore reasonable to assume that this represents a

reasonable estimate for the Cd isotope composition of the Arctic rivers.

42



Myriam Liliane Lambelet, Ph.D. Thesis, 2014 — Chapter 2

Figure 2.3: Comparison of the
analytical data (see Fig. 2.2 for
legend) with compositions
predicted for binary mixing
between inferred Arctic river
water and a seawater endmember
(grey fields). Note the reduced
scales in comparison to Fig. 2.2,
which leads to East Siberian Sea
samples not being shown in
panels a and b. (a) Salinity and (b)
g"1%Cd vs. Cd concentrations;
panel (c) shows &'"“"°Cd wvs.
salinity. The salinity ranges from
0.1 to 34.5. Seawater endmember:
[Cd] = 0.1 to 0.25 nmol/kg and
e'"""%Cd = +5.5 + 0.5, both for
the grey lines and for the black
dashed lines. River  water
endmember: [Cd] = 0.02 to
0.06 nmol/kg; €'"'°Cd = +2 + 1
for the grey areas, and £''''°Cd =

0 to +5 for the black dashed lines.
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2.4.3. Non-conservative behaviour of Cd in the mixing zone of the Siberian Shelf

Whilst the previous discussion demonstrated that mixing between riverine and seawater
plays a key role in determining the distribution of dissolved Cd on the Siberian Shelf, there
are a few samples which are not in accord with this simple scenario (Fig. 2.2). Of these, only
the shallow-water from the mouth of the Ob shows a small, yet clear, deviation toward lower
Cd contents (Fig. 2.2a), indicating that this sample may record minor loss of Cd, presumably
due to adsorption onto particles at low salinities. Such behavior of Cd has not been previously
reported for Siberian rivers but was observed to play an important role in the Rhine estuary
(Duinker and Nolting 1977) and may possibly have been missed in earlier investigations
because it requires the detection of small differences in Cd concentrations at low Cd contents
(Fig. 2.2a). This is consistent with the high concentration of suspended material, and so high
effective surface area per volume for adsorption in the Ob River (Dai and Martin 1995; Hatje

et al. 2003).

In contrast, the remaining deviations from conservative mixing are for samples that exhibit
an excess of dissolved Cd contents. This is most clearly seen for three samples from the East
Siberian Sea area, as they show deviations from the binary mixing trends that are evident
from the (anomalously high) Cd concentrations alone (Fig. 2.2a). Similar deviations from
conservative mixing have also been found for Cd in previous studies (Martin et al. 1993; Dai
and Martin 1995; Guieu et al. 1996) of Siberian rivers (small symbols in Fig. 2.2a). Of
interest is the observation that the Cd isotope data reveal small but significant deviations for

two further samples from the mixing zone of the Lena River (Figs. 2.3 b and c). The finding
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that some anomalous Cd samples are only detectable with the aid of the e"110Cd data is
significant in itself, because it confirms that isotopic analyses can be a valuable tool for
tracing the cycling of Cd in the marine environment. In the following, we discuss the
anomalous East Siberian Sea and Lena samples, which all feature ¢''*"'°Cd values of about

+2.5to +3.5.

The anomalous samples from the Lena and East Siberian Sea areas are characterized by
¢""119Cd values that are intermediate between the riverine and seawater endmembers (Figs.
2.3 b and ¢) and which are not too dissimilar from average crustal materials (8114/ M0cd =+0.5
+ 1.0; (Schmitt et al. 2009; Rehkdmper et al. 2011). This indicates that the high Cd contents
are probably of natural origin. If one accepts this conclusion there are, in principle, two
possible sources for the excess Cd. It is conceivable that this is derived from further
endmember sources of dissolved Cd and these are most likely to be either additional rivers
and/or benthic fluxes from reduced C-rich, and hence Cd-rich sediments. Alternatively, the
high Cd contents may be due to desorption of Cd from suspended riverine particles, as a

result of reactive behaviour of Cd in the mixing zone.

An evaluation of results from this and previous investigations strongly argues against
additional riverine or benthic fluxes. First, the data of this study essentially rule out that the
anomalous samples reflect dissolved Cd fluxes from additional riverine discharges to the
Siberian Shelf. This follows from the extrapolations of the results, which suggests that such
riverine sources would typically need to feature Cd contents of >0.2 nmol/L (Figs. 2.2, 2.3)
but this significantly exceeds the dissolved Cd concentrations that were observed in this
(Table 2.4) and other investigations (Table 2.1) for Siberian rivers. Second, Cd contributions
from benthic fluxes are unlikely, because previous work has shown that anoxic and suboxic
shelf sediments typically accumulate Cd and are not a significant source of dissolved Cd
fluxes to seawater (van Geen et al. 1995; Boning et al. 2004). This conclusion is further
supported by the anomalously high dissolved Cd/POy ratios of the East Siberian Sea samples
(Fig. 2.2b), which require preferential release of Cd relative to POy, but benthic fluxes are
known to be an important source of dissolved marine phosphorous (Ruttenberg 2003). In
addition, all but one of the East Siberian Sea and Lena samples with anomalous Cd contents
were collected more than 7 m above the seafloor (Table 2.4), such that the stratification of the

water column will essentially prevent the incorporation of benthic fluxes.

Together, these results provide firm evidence against the interpretation that either further

rivers or benthic fluxes from sediments can account for the anomalous Lena and East
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Siberian Sea samples. Hence, it is more likely that the excess Cd contents of these waters are
due to non-conservative behaviour of Cd in the mixing zone. This inference is in accord with
the results of previous studies of Arctic (Fig. 2.2a) and numerous other rivers, which have
found evidence for the release of Cd from suspended riverine particles during mixing with
seawater (Boyle et al. 1982; Elbaz-Poulichet et al. 1987; Shiller and Boyle 1991; Martin et al.
1993; Dai and Martin 1995; Guieu et al. 1996). A number of explanations have been put
forward to account for this behaviour, including (i) the formation of stable Cd chloro- and
sulfato-complexes in seawater (Elbaz-Poulichet et al. 1987; Comans and Vandijk 1988;
Waeles et al. 2005), (ii) the competition between Cd*" and major seawater cations, such as
Ca”" and Mg”", as a driver for the desorption of Cd from particles (Paalman et al. 1994), and
(ii1) the presence of organic matter supplied by rivers (Elbaz-Poulichet et al. 1996; Waeles et
al. 2004; Waeles et al. 2005; Waeles et al. 2009).

Regardless of the mechanism, non-conservative behaviour of riverine Cd during mixing
with seawater is important, because this can significantly increase the riverine Cd fluxes that
are delivered to the oceans beyond the levels which are expected from the generally low
dissolved Cd contents of the rivers (Figs. 2.2, 2.3; Table 2.1). Processes such as complexation
and ion exchange may furthermore be associated with significant isotope fractionation, and
hence it will be useful to evaluate the isotopic impact of the Cd fluxes that are derived by
release from particles. Extrapolation of our data to a zero-salinity concentration for the Lena
suggests that this river may deliver a net Cd input concentration of >0.2 nmol/kg to the
Siberian Shelf and even higher values are implied by the East Siberian Sea results (Figs. 2.2,
2.3). Such inputs exceed the typical dissolved Cd content of ~0.05 nmol/L for Siberian rivers
(Tables 2.1 and 2.4) by more than a factor of four. In comparison, previous studies have
found that the effect of estuarine processes on dissolved Cd fluxes differs widely between
rivers but increases in the net Cd fluxes by factors of between 2 and 20 (in comparison to the
riverine fluxes) were inferred for many localities (Elbaz-Poulichet et al. 1987; Guieu et al.

1996).

2.4.4. The &"""’cd of the riverine input to the ocean

The conservative behaviour of Cd which is observed for the mixing zone of the Siberian
Shelf is of particular significance because it provides a well-defined average composition of
e"1%Cd = +2 £ 1 for the dissolved riverine Cd flux, which characterises several large

Siberian rivers. This estimate is valuable because it can be compared with the isotope
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composition of e""1%Cd = +0.5 + 1.0 that was previously inferred for average continental
crust (Schmitt et al. 2009; Rehkdmper et al. 2011), even though such a comparison must be
undertaken with care, as both values are derived from limited and geographically unrelated
datasets. Taken at face value, the dissolved Cd of the Siberian rivers is either identical to or
slightly heavier than the crustal composition and this implies that Cd isotope fractionation
during weathering is either minor or insignificant. The Lena and East Siberian Sea data of
Figures 2.2 and 2.3 also suggest that the Cd desorbed from particles features an ¢''*''°Cd
value of about +2 to +3, to account for the measured isotope data of ¢''¥''°Cd = +2.4 to +3.4
(Table 2.4). This result indicates that the isotope composition of desorbed Cd is identical to
or only slightly heavier compared to the dissolved riverine Cd, which was inferred to feature
¢""1"%Cd =~ +2 + 1. This lack of isotopic contrast is in accord with the observation that
adsorption of dissolved Cd from seawater onto ferromanganese sediments is not accompanied
by isotope fractionation (Schmitt et al. 2009; Horner et al. 2010) and it thus supports the

conclusion that weathering is associated with no or only minor Cd isotope effects.

If these above results are taken as representative, they can be applied to further develop
models of the global marine Cd isotope mass balance. In particular, they suggest that release
of particle-bound Cd during mixing with seawater will primarily increase the net Cd fluxes to
the oceans from rivers, whilst the £''*¥"'°Cd value will be unchanged or experience only a
marginal increase with respect to the dissolved riverine isotope composition. Hence, the total
riverine Cd fluxes to the Siberian Shelf will also exhibit an isotope composition that is either
identical to or slightly heavier than average continental crust (&' WI0Cd =~ —0.5 to +1 .5). In the
latter case, the Cd fluxes of the Siberian rivers would closely resemble the well-characterized
and nearly constant Cd isotope composition of marine deep waters, which feature g'"10cd =

+3.0 (Ripperger et al. 2007b; Xue et al. 2013).

In contrast to the Siberian rivers, the Kalix River features a significantly lower &''*''°Cd
value of —3.8, coupled with a relatively high Cd concentration of 0.235 nmol/kg (Table 2.4).
Given this significant difference in composition, it is reasonable to consider whether the three
Kalix samples (Table 2.3) were potentially contaminated during collection and/or storage.
This possibility is underlined by the observation that the Kalix samples feature Cd
systematics which resemble the Mouth of Ob sample aliquot that was thought to be
contaminated with isotopically light anthropogenic Cd (Table 2.3). Whilst contamination
cannot be ruled out completely it is, however, probably not (primarily) responsible for the

distinct composition of the Kalix River samples because sample collection and storage used
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techniques and materials that are very similar to those of other sampling campaigns, which
yielded water samples that did not feature significant Cd contamination (e.g., Semiletov et al.
2008 and Ripperger et al. 2007b). Hence, it is more likely that the distinct Cd systematics of
the Kalix are a true signature of the river, which could either have a natural or anthropogenic
origin.

The Kalix River is part of a large unregulated water system, which drains a rural region
without larger settlements and industrial plants, and that features only minor agricultural
activity. It is nonetheless conceivable that the Aitik open-pit porphyry Cu-Ag-Au mine,
which is situated about 100 km upriver from the Kamlunge sampling station on a tributary of
the Kalix, has an impact on the riverine budgets of Cd and other metals. Published
geochemical data, which has been obtained for various elements (including Zn and Pb but not
Cd) provide no evidence, however, that this mine is a significant source of riverine
contamination. As a consequence, the Kalix River is generally considered to be in a pristine,
natural state (Ingri 1996; Ingri et al. 1997; Andersson et al. 2001; Ingri et al. 2005; Dahlqvist
et al. 2007; Pekka et al. 2008).

Importantly, our samples were collected in early June, when the Kalix featured the
particularly high water discharge rates that are characteristic of the spring snowmelt. This
annual melt phase is accompanied by high riverine TOC (total organic carbon) contents that
are thought to reflect a surge of organic material, which is flushed from the peatlands that
cover about 20% of the drainage basin (Ingri et al. 1997; Andersson et al. 2001; Ingri et al.
2005; Dahlqvist et al. 2007). The high Cd concentrations of our Kalix River samples are thus
thought to represent a seasonal peak, which is caused by or related to this flushing. Support
for this conclusion is provided by (i) the observation that mire environments can act to both
accumulate and release large quantities of Cd and other metals depending on environmental
conditions, such as outflow intensity (Kruk and Podbielska 2005) and (ii) previous work,
which has shown that seasonal peaks also occur for Zn, whereby the maximum Zn contents
exceed the average baseflow value, which resembles the Zn concentration of the Lena River
at 0.74 pg/L, by about a factor of 10 (Guieu et al. 1996; Ingri 1996; Pekka et al. 2008).
Whilst these conditions can account for the high Cd content of the Kalix River, it is currently
not possible to identify the origin of the distinct negative £''*''°Cd value of —3.8 (Table 2.4).
It is conceivable, however, that this result reflects biological isotope fractionations that took
place in the mire setting and/or preferential leaching of isotopically light Cd from peatland

stores, such as minerals and/or organic matter with high contents of (adsorbed) Cd.
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Regardless of the origin of the light isotope signature, the Kalix data suggest that local
hydro-geological conditions may have a profound impact on the Cd isotope composition of
rivers. It will hence be important to sample rivers that drain regions with distinct geological
and environmental features and which may thus be expected to produce different Cd
signatures, to obtain a more reliable estimate of the global average Cd isotope composition
for the dissolved riverine flux to the ocean. Such studies should furthermore consider the role
of anthropogenic inputs, as these may also have an important impact on both riverine Cd

concentrations and isotope compositions.

2.5. Conclusion

Nineteen water samples that were collected along the Siberian Shelf reveal highly variable
salinities and Cd concentrations, as they sample the mixing zones of four large Siberian rivers
with the coastal seas of the Arctic Ocean. The waters also exhibit small, but resolvable, Cd
isotope fractionations with ¢''*''°Cd values ranging from about +1.4 to +5.7. The data for the
majority of the samples are in accord with the systematics expected for quasi-binary mixing
between Arctic seawater, characterized by [Cd] = 0.10 to 0.25 nmol/kg, £"'¥'"°Cd = +5.5 +
0.5, and river waters with Cd contents of 0.02 to 0.06 nmol/kg and &'"¥''°Cd ~+2 + 1. The
latter result implies that the Siberian rivers have an isotope composition that is similar to or
only slightly heavier than average continental crust, which was previously inferred to be
characterized by e''1cd = +05 £ 1.0 (Rehkdmper et al. 2011). This suggests that
weathering processes generate no significant or only relatively minor Cd isotope

fractionations.

Five water samples from the Lena and East Siberian Sea areas have excess Cd contents,
which reveal non-conservative Cd behaviour in the mixing zone. Our data thus concur with
previous studies that provided evidence for the release of Cd from suspended riverine
particles during mixing with seawater and which have suggested that the net riverine Cd
fluxes to the oceans may be significantly affected by this reactive behaviour. The isotopic
data obtained for these samples show that the released particulate Cd is characterized by
g'"1%Cd ~ +3. This implies that the net Cd fluxes of the Siberian rivers to seawater are also
likely be to characterized by &"'*''°Cd ~ +2 + 1, a value that is either identical to or

intermediate between the composition of the continental crust and marine deep waters that

49



Myriam Liliane Lambelet, Ph.D. Thesis, 2014 — Chapter 2

were previously demonstrated to feature e"M0cd ~ +3.0 (Ripperger et al. 2007b; Xue et al.
2013).

Triplicate analyses of a sample from the pristine boreal Kalix River yielded a Cd
concentration much higher than that observed in the Siberian rivers and a distinct light
isotope composition of &''*'"'°Cd ~ —3.8. Whilst we currently cannot exclude that these
systematics reflect anthropogenic contamination of either the river or the sample (during
collection/storage), they are most likely a consequence of the distinct hydrological and
geological setting of the Kalix catchment basin. If correct, this conclusion indicates that the
Cd isotope composition of rivers may display significant regional variability, such that more
river samples from distinct areas will need to be analysed before the global average Cd

isotope composition of the riverine flux to the ocean can be determined with certainty.

In summary, these observations emphasize the importance of stable isotope analyses for
investigations of the biogeochemical cycles of trace metals. In particular, the Cd isotope
results are shown to provide important constraints, which are not available from
concentration data alone, for studying the behaviour and distribution of Cd in a shelf

environment.
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Modified from: Crocket K. C., Lambelet M., van de Flierdt T., Rehkdmper M., Robinson L.
F.: Measurement of fossil deep-sea coral Nd isotopic compositions and concentrations by
TIMS as NdO", with evaluation of cleaning protocols. Chemical Geology, 2014, 374-375,
128-140.

Abstract

Precise and accurate measurements of neodymium (Nd) isotopic compositions and
concentrations of small sample masses (<30 ng Nd) are increasingly necessary in the
geosciences. This chapter presents the method established in the MAGIC laboratory for the
simultaneous analysis of seawater Nd isotopic compositions and concentrations. Five to ten
litres seawater samples are spiked with '"°Nd, equilibrated, and pumped through Cg
cartridges loaded with a complexing agent to isolate the rare earth elements (REE) from the
seawater matrix. Neodymium is subsequently isolated using TRU spec and Ln spec
chemistries, with an important oxidation step (HCIO4) inbetween to ensure good yields.
Neodymium isotopes and concentrations are subsequently analysed as NdO" on a Trition
TIMS using a micro-loading technique and TaFs activator on single W filaments. Long term
external reproducibility obtained for 5 ng pure metal standard (JNdi-1) is 23 ppm (2sd) and
repeated measurements of our in-house seawater standard (~10-15 ng Nd) yielded 31 ppm (2
sd), and <0.1 ppt for Nd concentrations over the course of 19 months. Accuracy of results has
been verified during the international GEOTRACES intercalibration and is continuously

monitored using certified rock standard BCR-2.

3.1. Introduction

The neodymium isotopic composition of seawater has spurred a wide interest in the
scientific community for more than 30 years (Piepgras et al. 1979; Piepgras and Wasserburg
1980). However, the amount of data available so far is relatively scarce, and not
homogenously distributed in the ocean basins: ~ 880 measurements have been carried out on
dissolved Nd isotopes, a quarter of which are surface samples, and about half of the deep
water analyses are coming from the North Atlantic and North Pacific Ocean (Lacan et al.
2012). This scarcity of data is related to the low concentration of neodymium in seawater,
which is in the order of ~ 1 to ~ 10 ppt (107 to 10" g/g). The isotopic analysis of low
abundance Nd samples from the ocean is not trivial and typically large volumes of seawater

are required (~10 litres).
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Neodymium isotopic ratios are typically measured by Thermal Ionisation Mass
Spectrometry (TIMS) or by Multiple Collector Inductively Coupled Mass Spectrometry (MC-
ICP-MS). Whereas arguments in favour of MC-ICP-MS are a significantly reduced analysis
and sample preparation time, the advantage of TIMS measurement, especially when
considering improved ionization efficiency during NdO" measurements compared with metal
runs (Nd"), is the ability to obtain high precision data on small abundance samples (e.g., Li et
al. 2007; Chu et al. 2009; Harvey and Baxter 2009; van de Flierdt et al. 2012). However,
these days the most sensitive MC-ICP-MS instruments can compete with the precision
achievable by TIMS. Practically, the choice of measurement method is limited by the
instruments available in the laboratory. For the present study, a Thermo Finnigan Triton
TIMS and a Nu Plasma HR MC-ICP-MS were at disposition. While an internal precision of
0.5 epsilon units can be achieved for ~10ng Nd samples on the Nu Plasma instrument, an
internal precision of 0.1 epsilon units for samples as small as 2-5 ng on the Triton TIMS offer
the superior data quality. We therefore chose to develop a NdO" methodology to analyse
small abundance Nd isotope samples on the TIMS in the MAGIC laboratory. The goal of
analysing seawater samples with less than 10 ng of Nd using this methodology required (i) to
develop an efficient separation of Nd from the other rare earth elements (REE), (ii) to
establish well characterised oxygen isotope ratios and, (iii) to perform an efficient separation

of the REE from the seawater matrix (i.e. high Nd recovery and time-efficient).

This chapter presents in detail how the separation of REE from seawater has been
achieved, and gives details about the chemistries used to further isolate the Nd. The method
development for measurements of Nd as NdO" by TIMS is only described briefly, as a detail
account can be found elsewhere (Crocket et al. 2014). Figure 3.1 presents an overview of the
method used in the present study. Other methods to analyse the Nd isotopic composition of

seawater used by the international community are described in van de Flierdt et al. (2012).
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3.2. Reagents

Concentrated HNO; (15.4 M) and 6 M HCI were purified by distillation in quartz stills,
while concentrated HCl was distilled in a Savillex elbow-style assembly. Diluted acids were
prepared using ultrapure water (18.2 MQ cm, Milli-Q®, Millipore, USA; called MQ-H,O
hereafter). The following additional reagents were purchased from Fisher Scientific (i—iv) and
Merck (v-vi): (1) perchloric acid, 65-71% HClO4, Optima grade; (ii) hydrogen fluoride, 47-
51% HF, Optima grade; (iii) sulphuric acid, 93-98% H,SO,4, Optima grade; (iv) ammonia
solution, 20-22% NH;, Optima grade; (v) hydrogen peroxide, 30% H,0O,, Suprapur; (vi)
ortho-phosphoric acid, 85% H3;PO4. Acid-cleaned Savilex Teflon vials were used throughout
the entire study.

3.3. Preconcentration of REE from seawater samples

3.3.1. Materials and preparation

Sep-Pak® C18 Classic cartridges were purchased from Waters. They consist of silica-
based bonded phase with strong hydrophobicity, used to adsorb analytes of even weak
hydrophobicity from aqueous solutions. Prior to use, cartridges were cleaned by filling them
with 0.5 M distilled HCl and allowing equilibration for 24 hours in a Class 100 Laminar Flow

hood within a general wet chemistry laboratory with pre-filtered air. Following several rinses

54



Myriam Liliane Lambelet, Ph.D. Thesis, 2014 — Chapter 3

with MQ-H,O0, the cartridges were left to equilibrate with ultrapure water for 24 hours. After
another rinse with about 10 mL MQ-H,O, the pH of the deionised water dripping from the
cartridges was checked to ensure all HCl had been washed off. If the pH was found to be
lower than that of MQ-H,O, the cartridges were further rinsed. The cleaned cartridges were
then wrapped individually in cling film and stored in a sealed plastic bag until loading with

the complexing agent.

The complexing agent consisted of a mixture of 65% bis(2-ethylhexyl) hydrogen
phosphate and 35% 2-ethylhexyl dihydrogen phosphate. It was purchased from TCI Europe
N.V. and used as received. 300 mg (~300 pL) of this agent was loaded into the long end of
each cartridge using a 10-100 pL pipette. The mixture was then pushed using a 100-1000 pL.
pipette, the tip of which had been cut off, and penetration levels down to two thirds of the
cartridge volume were monitored through discolouration (glassy look). This step had to be
done under an extraction hood due to the potential toxicity of the reagent. In order to use the
loaded cartridges to pre-concentrate REE from up to 10 L of seawater samples, a peristaltic
pump was used (Masterflex” L/S® Series Precision Pump Drives mounted with four pump
heads (Masterflex” L/S® Easy—Load®), purchased from Cole-Parmer through Fisher
Scientific). The tubing used for pumping was tygon Masterflex” L/S 16 (inner diameter of
3.2 mm) ordered from Cole-Palmer (UK). Prior to use, it was leached for 2 days in IM
distilled HCI, followed by repeated rinsing with MQ-H,O. Importantly, the tubing was not
reused for different samples, since the blank was higher when the tubing was reused (~ 150
pg Nd for a new tubing (0.016 pg(Nd) / g(MQ-H,0)) against ~ 420 pg for a tubing used
previously for another sample and cleaned with 1M HCI afterwards (0.047 pg(Nd) / g(MQ-
H,0))).

Cartridges and tubing were connected via PVDF straight connectors (barbed fittings, 1/8")
purchased from Cole-Parmer, leached for 48 hours in 3M HCI distilled and rinsed with MQ-
H,O before use.

3.3.2. Working procedure

The working procedure to use C18 cartridges to pre-concentrate REE from seawater

samples was based on the method of Shabani et al. (1992).
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All seawater samples were first weighted, and then spiked with '"°Nd spike in order to
achieve a ratio 150Ndsample/ 15ONdspike = 1. The samples were then let to equilibrate for at least

one week.

The pH of the samples, which were typically acidified at sea to pH < 2, was raised to 3.5 a
couple of days before pumping using NH4OH, and checked again just before starting the
procedure (Shabani et al. 1992). Typically between 1 and 2 mL of ammonium hydroxide had
to be added per L of seawater to achieve the right pH. Seawater was pumped through the
cartridges (typically two in sequence) at a flow rate of 40 mL/min. Neodymium recovery was
about 90% when the sample was pumped at 20 mL/min or at 40 mL/min, and it dropped to
about 80% when pumped at 60 mL/min. It is important to note that the set up should pump
the seawater into the cartridge through the longer end. The shorter end was connected to
tubing which was reused and channelled the waste water (i.e. REE-free seawater) into a waste
container. Since only up to 5 L of seawater can be pumped through one cartridge (Jeandel et
al. 1998), two cartridges connected via PVDF straight connectors were mounted in sequence
for larger seawater samples (up to 10 L). The cartridges were not reused for different

samples.

The REE retained on the complexing agent were subsequently eluted with 5 mL 0.01M
HCI (with a pipette) in order to remove most of Ba, followed by 35 mL 6M HCI (10 mL/min)
to collect the REE. Following elution, the samples were dried at 160°C, and refluxed with 4
mL aqua regia (3 mL concentrated HCI + 1 mL concentrated HNO3) at 120°C for about 24
hours. This drying step, as well as all the following steps and the column chemistries, was
performed in a class 10 laminar flow hood in the Class 1000 clean room laboratory of the
MAGIC facilities at Imperial College London (UK). The samples were subsequently
converted to nitric form by dissolving/drying three times in ~15M HNOs

3.4. Preparation of in-house and certified rock standards

3.4.2. In-house seawater standard

In order to set up the pumping method, and to assess reproducibility of the entire
procedure, two in-house seawater standards were used: BATS 15 m depth, and BATS 2000 m
depth, both collected on the R/V Knorr in June-July 2008 in the Atlantic Ocean (Bermuda-
Norfolk; KN193-6) during the first GEOTRACES intercalibration cruise. Sub-surface waters
were collected using the UCSC designed ‘GeoFish’ towed sampling system, while deep

56



Myriam Liliane Lambelet, Ph.D. Thesis, 2014 — Chapter 3

waters were collected using multiple casts of the trace metal clean GEOTRACES rosette.
Samples were filtered using 0.2 um Osmonics cartridge filters in a portable clean van
environment and homogenised in two interconnected 500 L LDPE tanks (UCSC SAFe tanks)
(van de Flierdt et al. 2012).

3.4.3. Rock standard

In order to monitor each batch of column chemistry and mass spectrometry we used the
certified USGS Columbia River basalt BCR-2 as standard reference material. Either about 18
mg or 36 mg of powdered BCR-2 was weighted into a Savilex vial and dissolved using a
mixture of HF : HNO; (4 : 1) by refluxing for 3 days at 120°C. The solution was then dried
down at 120°C. To ensure that all fluorides are converted to nitrates, the samples were
redissolved in concentrated nitric and dried down three times (Thirlwall 1991). The samples
were finally taken up in 10 mL 6 M HCI, and this served as a stock solution for column
chemistry aliquots (50 ng(Nd)/ mL(HCI) and 100 ng(Nd)/ mL(HCI) stock solutions

respectively).

3.5. Column chemistry

Neodymium from seawater samples and rock standards was isolated using two stages of
ion chromatography. In the first stage REEs were separated from any residual samples
matrix, and the second stage was performed to purify Nd from the other REE elements (Table

3.1).

3.5.1. TRU spec chemistry

The first stage used 100-uL Teflon columns, made from shrink Teflon, with a reservoir of ~3
mL, ~ 2.3 cm in length and 3.0 mm inner diameter. Columns were cleaned with 6M HCI,
MQ-H,0 and 1M HNOs, and then filled with about 100 pL of Eichrom TRU spec resin (100-
150 um bead size). The resin was cleaned with 750 uL. 4M HCI and 500 uL MQ-H,O, and
was then charged with 500 pL 1M HNOj; before loading the samples in 300 uL. 1M HNOs.
The matrix was eluted in 1 mL 1M HNO; and the REE were collected in 600 uL. 4M HCI.
The REE fraction was then dried at 120°C. The TRU spec chemistry showed Nd yields of ~
95%.
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Table 3.1: Column chemistries for REE and Nd purification.

REE purification (100-pl Teflon columns: 3 mm id, ~ 2.3 cm capillary length)

Resin loading Eichrom TRU-spec, 100-150 pm, stored in MQ-H,0O
. . 750 uL 4M HCI
Resin cleaning 500 uL MQ-H,0
Resin conditioning 500 uL IM HNO;
Sample loading 300 pL 1M HNO;
Matrix elution 1000 uL 1M HNO;
REE collection 600 uL 4M HC1

Nd purification (Savilex Teflon columns: 3.2 mm id, 4 cm capillary length)

0.142M HCI 0.139M HCI

Resin loading Eichrom Ln-spec, 20-50 um, stored in MQ-H,0

1 mL 6M HCI
Resin cleaning 1 mL MQ-H,0

Resin conditioning 1 mL 0.142M HCl 1 mL 0.139M HCl

Sample loading 0.2 mL 0.142M HC1 0.2 mL 0.139M HCI
Matrix elution 8.25 mL 0.142M HCl 9.8 mL 0.139M HCI
Nd collection 3.4 mL 0.142M HCI 3.4 mL 0.139M HCI

1 mL 6M HCI
Resin cleaning | mL MQ-H,0

3.5.2. Post TRU spec oxidation

The TRU spec resin is known to leak organics (Gault-Ringold et al. 2012b). Yield tests on
the second stage of column chemistry (Ln spec) showed a high variability (between 2 and
80% Nd recovery), presumably due to the presence of organic compounds. Four different

oxidants were tested in order to destroy these organics (Table 3.2):

(1) Refluxing in aqua regia (150 pL concentrated HNO; + 450 pL concentrated HCI)
overnight at 80°C followed by 48 hours at 120°C, and drying down at 150°C proved not to be
very efficient, as three samples featured a yield > 40%, while one sample had a yield as low

as ~ 20%. Therefore, this method was dismissed.

(11) Sulfuric acid (50 pL concentrated H,SOj4 refluxing overnight at 80°C followed by 48
hours at 120°C, and dried down at 250°C) showed improved efficiency. All samples
processed (n = 4) showed yields > 40%, and three samples even showed yields of > 60%.
However, it was decided to not use this method on a routine basis due to the high boiling

point of H,SO4 (330°C), making it difficult to evaporate this acid.
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(ii1)) Reacting samples with hydrogen peroxide (250 pL concentrated H,O, + 250 uL
concentrated HNOj3) overnight at 80°C, and then for about 48 hours at 120°C, followed by
drying down at 150°C produced yields > 40% for all the samples (n = 5), but yields for three

samples were below 60%.

(iv) The final method tested was to use perchloric acid (250 pL concentrated HC1O4 + 1
mL concentrated HNO3), refluxing in an open beaker at 80°C, 120°C, 180°C and 225°C. All
the samples processed showed yields > 60% (n = 18) and it was therefore decided to use the
latter method to oxidise the organics leached from the TRU spec resin. Blanks measurements
showed that the addition of the perchloric acid step did not add significant contamination (Nd
~ 3 pg, n = 3). After the oxidation of the organics, the samples were converted back to

chloride form using concentrated HCL.

Table 3.2: Results obtained for various oxidation tests after TRU spec columns. All tests were
performed using 10 ng Nd (BCR-2). Yields from the TRU spec chemistry (~ 95%) have been taken

into account to calculate Ln spec yields.

Ln spec Ln spec

Oxidant  &xa I“‘Ze::al [lid yie{)d Oxidant Exa I“tzer“al Nd [ng] yie{’d

gl (%] se [%]

0.10 0.12 5.25 48.4 0.05 0.15 7.33 68.2

Aqua 0.05 0.22 4.61 42.6 0.07 0.16 9.21 85.6

Regia -0.07 0.15 6.09 56.4 0.05 0.18 7.55 70.1

0.10 0.15 2.39 22.2 0.10 0.10 9.45 87.4

0.03 0.12 8.02 74.8 0.04 0.12 7.58 70.6

-0.05 0.15 7.56 69.6 0.07 0.22 8.21 76.6

H:50, 0.11 0.15 4.65 433 -0.50 0.36 6.75 63.7

0.00 0.16 7.14 66.6 HCIO, -0.02 0.17 7.75 72.2

0.23 0.11 5.99 55.1 | (continued) .01 0.23 8.13 77.1

0.14 0.14 8.53 78.3 -0.10 0.25 9.40 88.6

H,0, 0.00 0.17 5.20 48.0 0.03 0.20 7.08 66.7

0.09 0.12 8.77 80.6 0.37 0.14 8.49 79.3

0.14 0.14 4.62 42.8 0.02 0.09 8.28 78.6

-0.09 0.12 8.53 81.2 0.01 0.11 8.07 76.7

HClO, -0.12 0.16 8.13 76.3 0.14 0.12 8.99 84.2
-0.04 0.10 9.40 88.6
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3.5.3. Ln spec chemistry

The second stage used Savillex Teflon columns, with a reservoir of about 6 mL, 4 cm in
length and 3.2 mm inner diameter (resin bed volume: ~0.32 mL), filled with Eichrom Ln spec
resin (20 — 50 um bead size). The stopping frits used in the columns were cut from a 1.5 mm
thick Ultra-Fine PE sheet, having a maximum pore size of 25 um and a mean pore size of 21
um (SPC technologies, UK). It is essential that the pore size of the frits is not too large
compared to the resin bead size in order to avoid leaching of resin grains in the samples.
Importantly, every new batch of resin should be tested with some pure metal standard, such
as JNdi-1, prior to use with samples. During the course of this study we witnessed a batch of
resin of poor quality, making TIMS analyses almost unfeasible due to poor Nd yields and

unresolved matrix effect from the Ln column.

The columns were cleaned with 6M HCI and MQ-H,O. The resin was cleaned with 1 mL
6M HCI and 1 mL MQ-H,O, and it was subsequently charged with 1 mL ~0.14M HCI. The
choice of the acid concentration is very important for the separation of Nd from the lighter
REE. Indeed, the less concentrated the acid, the better the separation of Nd from Pr and Ce.
However the less concentrated the acid, the longer the time required to perform the
chemistry. About one third of the samples were processed with 0.142M HCI (Crocket et al.
2014). After loading the sample in 200 pL 0.142M HCI, the LREE were eluted in a total of
8.35 mL 0.142M HCI, and Nd was collected in 3.4 mL 0.142M HCI (Fig. 3.2a). When using
0.139M HCI, the elution of the LREE required a total of 9.8 mL 0.139M HCI, and Nd

a b
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\ swannn P wenen P

% 8O --Ce 80 -
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o - o . 1 0 A . %\'L .
55 65 75 85 35 105 15 75 BS 35 105 115 125
Cumnulative volume 0.142M HCI [mL] Cumulative volume 0.139M HCI [mL]

Figure 3.2: Calibration curves for Ln spec separation of Nd from Pr and Ce using (a) 0.142M HCI on
two different columns, and (b) 0.139M HCI on 12 different columns (only three shown for

simplicity).
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was collected in 3.4 mL (Fig. 3.2b). It has to be mentioned that every column might be
different, due to small differences in column diameter and/or position of frit material and that
the calibration of each column might be recommended (Fig. 3.3). Neodymium recovery will
depend on the exact quantity of HCI eluted prior to Nd collection since the Pr peak will
always overlap with the Nd peak (see Figs. 3.2 and 3.3). The decision to be made is how
much of the Nd cut is sacrificed in order to achieve the smallest amount of Pr acceptable for
mass spectrometry (see section 3.6.3). Since the samples are measured as NdO" on the TIMS,
the separation of Nd from other REE must be more efficient than when measured as Nd" due
to the greater number of isobaric interferences created with the different oxygen isotopes
combinations (see section 3.6.3 and Table 3.3). Therefore, the Ln spec calibration has to be
such that the Nd fraction is Sm free, and has minimal amount of Ce and Pr. Getting a Sm free
fraction was not a problem, as Sm has never been detected in the column calibration. Spiked
samples have shown that the Nd yields were about 60 to 80% when 0.139M HCI was used as

described above, and when the HC104 was used prior the Ln spec.

After collection of the Nd cut, 10 pL 0.001M H3;PO4 was added to the samples in order to
contract the samples in a visible dot while drying. The resin was cleaned in the columns by
adding 1 mL 6M HCI followed by 1 mL MQ-H,O. The columns were cleaned by
backwashing them with MQ-H,O (squeeze bottle), let them sit in 1 M HCI in an ultrasonic
bath for about 30 minutes and backwashing them again with MQ-H,O in order to dislodge all
the resin grains that might be stuck in the frits. After that, a full reservoir of 6M HCI was let
through the columns, followed by a full reservoir of MQ-H,O. The columns were stored in

0.5M HCL
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Figure 3.3: Calibration curves for five columns that proved to behave differently from the other 12
columns during elution with 0.139M. Black line: Nd, dotted line: Pr. a = column #8 (elution = 9.25
mL 0.139M HCI); b = column #13 (elution = 9.75 mL 0.139M HCI); ¢ = column #14 (elution = 9.75
mL 0.139M HCI); d = column #16 (elution = 9.5 mL 0.139M HCI) and e = column #17 (elution =
8.75 mL 0.139M HCI). The grey area represents the fraction that was eluted, and the white area the

fraction that was collected.

3.6. Measurements by Thermal Ionization Mass Spectrometry (TIMS)

Neodymium isotopic compositions and concentrations were collected over a 19 months
period on a Thermo Finnigan Triton thermal ionization mass spectrometer (TIMS) equipped
with a pyrometer at the MAGIC facilities at Imperial College London (UK). More details
about the different tests made in order to develop the used measurement protocol can be

found in Crocket et al., 2014, and are summarised in brief below.

3.6.1. Filament loading

The samples were dissolved in 1 pL of 2.5 M HCI and loaded on single W filaments
(0.025 mm thick, 0.51 mm wide, 99.95% pure from H. Cross Company) using TaFs as
emitter (Chu et al. 2009). Samples measured until early 2012 were loaded with a purified
TaFs emitter (Charlier et al. 2006). However, since the Nd blank was measured to be ~ 1.7 pg

for non-purified TaFs and ~1.1 pg for the purified emitter, the purification step was no longer
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performed after early 2012. Using a micro syringe, 0.5 uL of the TaFs emitter was loaded as
the smallest spot possible onto a degassed W filament at a current of 0.9A. The activator was
allowed to dry between each loaded drop (typically 0.5 pL were loaded in ~ 10 drops).
Subsequently, 2 x 0.5 pL of the sample was loaded followed by a second layer of 0.5 pL
TaFs. This “sandwich” was allowed to dry before increasing the current to about 2.0A. It was
noticed that the sample had a tendency to spread when it was not dry before increasing the

current.

3.6.2. NdO" measurements

The cup configuration used to measure Nd oxides can be found in Table 3.3. Filaments
were preheated before opening the analyzer gate. Prior to the acquisition of a pre-heater
device in summer 2012 (and for the 1% filament of each measurement session), samples were
heated at 60 mA/min up to 980 °C (~ 30 minutes), and then left at this temperature for 30
minutes. For the samples run with the help of the pre-heater device, they were heated at 60
mA/min up to 1500 mA, and left there for at least 30 minutes (longer if the previous
measurement was taking more than 9 blocks). After opening the analyser gate, the filaments
were further heated up to 1100 °C, and the SEM was used to find and tune the beam in order
to get between 2.5 and 3.5 mV on the central cup ('**Nd'°0). After switching over to Faraday
mode, the sample beam in the central cup was tuned at ~3, 20, 100-300 mV and prior to the
start of the analysis. All filaments were peak centred at about 20 mV and before starting the
measurement. A peak scan was performed on the pure standards (JNdi-1) to make sure that

the peaks were properly aligned in the beginning of each day.

Running conditions (e.g., '*°Nd'®0/"*Nd'°O = 0.719) were typically achieved at ~
1500°C. Data were collected in blocks of 20 integration cycles of 8.389 s. The number of
blocks depended on the central cup intensity ('**Nd'®0™"): if the average intensity was < 1 V
after 9 blocks and enough sample Nd was still present, the measurement was continued to
increase counting statistic (a maximum of 18 blocks was measured on one sample). Baselines
were measured between each block, and an amplifier rotation to the left was done in order to
eliminate gain biases and associated uncertainties. Monitoring of the HV pressure showed
that it did not exceed 2 - 10 mbar throughout the cause of an analysis. Central cup
intensities were variable, ranging from 0.1 to 1.4 V on '**Nd'®O" per ng for pure metal
standards (JNdi-1) (average = 0.6 V/ng, n = 70). The intensities were kept as close as possible
to the samples intensities for one measurement session. Column processed samples yielded

63



Myriam Liliane Lambelet, Ph.D. Thesis, 2014 — Chapter 3

lower intensities than pure JNdi-1 standards. Seawater samples measured before adding the
post TRU-spec oxidation step were giving ~0.01 to 0.26 V/ng on "**Nd'°0" (average = 0.04
V/ng, n = 59), while the ones measured once HCIO4 was used lead to 0.02 to 0.49 V/ng
(average = 0.12 V/ng, n = 104). This calculation is however based on total sample Nd, which
does not take into account sample loss from the Ln columns. Column processed BCR-2
standards, used to determine the yields of the Ln columns after oxidation with HCl1O4 gave
0.04 to 0.44 V/ng (average = 0.19 V/ng, n = 19). It seems that efficiency of the activator
(batch synthesized, age) and the way the aliquot was loaded was often more important for the
beam obtained than the actual amount of Nd loaded onto the filament. It was for example
noticed that the activator lost efficiency with time, requiring reviving with small amount of
concentrated HF and H3POy,. For unresolved reasons it however proofed difficult to produce a

high-quality activator each time a new batch was synthesised.

Figure 3.4 documents the expected exponential correlation between beam intensity and
internal uncertainty on measured '*“Nd/'**Nd ratios, but also highlights that loaded Nd
quantity [ng] not always correlated with measured beam intensity. For example, some 5 ng
JNdi-1 loads yielded higher beam intensity than 15 ng JNdi-1 loads, therefore providing a

smaller internal uncertainty.

i 05 ng INGI Figure 3.4: Internal precision (2se

| 3 O1sngINdi | gyy) of the corrected NA/"Nd

? :::::Cc: ratio vs. uncorrected '*Nd'°O
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é Aéom ng: grey circles; 15 ng Nd: open
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3.6.3. Interference and mass bias corrections

Interference and mass bias corrections were performed offline cycle by cycle. The oxide
masses from 156 (***Ce’®0") to 166 (*°Nd'®0") were collected, one in each cup (nine in
total, since mass 161 (***Nd'°O") was not collected) (Table 3.3). In order to correct for the
mass spectrometer bias, samples were normalized to a JNdi-1 reference value of 0.512115
(Tanaka et al. 2000). To do this, five filaments of 5 ng or 15 ng JNdi-1 were measured with
each turret. The long term average '*Nd/"**Nd ratio is 0.512103 + 0.000011 (2sd, n = 70).

An important assumption for the isobaric interference corrections is that the intensity
measured on cup L1 (mass 156) corresponds only to '*Ce'®O". LaO", BaO" and BaF"
contributions were considered to be insignificant due to (i) the efficiency of the chemistries to
separate these elements from Nd and (ii) the low beam intensity measured on this cup. Mass
156 (**°Ce'°0") was monitored to allow corrections for the isobaric interferences on masses
157 (**°ce'’0), 158 (**ce'*0"), 159 (**Ce'’0") and 160 (**Ce'®0") and mass 157
("*'Pr'°0") was measured to correct for the masses 158 (**'Pr'’0") and 159 (**'Pr'*0").
JNdi-1 doped with Ce showed that if the raw '*°Ce'°0/'**Nd'°0 ratio was below 0.148, the
combined interference and mass bias corrections yielded an accurate 'Nd/'**Nd ratio.
Similarly, column processed BCR-2 proved that raw '*'Pr'®0/'**Nd'®O ratio as high as 0.54
would lead to accurate '*Nd/'**Nd ratio (Crocket et al. 2014). Mass 163 was measured to
monitor the interference from '“*Sm'°0" on '**Nd'®0". No Sm correction was made due to
excellent separation of Nd and Sm achieved during the Ln chemistry. Mass 161 was not
measured (145Nd160+), and interferences from '*Nd'’O" and '*Nd'"®0" on masses 162 and
"Nd'°0" based on multiplying the
interference-corrected value for '*Nd'®0" by a '**Nd/'"**Nd ratio of 0.305123 (Andreasen and
Sharma 2006).

163 were corrected by calculating a value for

To determine the Nd concentrations, the samples were spiked with '*°Nd spike (97.8%
purity) provided by Derek Vance (ETH Zurich), aiming for a spike *’Nd : sample '*°Nd ratio
of ~ 1 in order to minimise the error magnification on the '**Nd/'**Nd ratio. The exponential
law was used to correct for the mass bias and normalisation to '**Nd/"*'Nd was applied

(Wasserburg et al. 1981; Thirlwall 1991; Li et al. 2007).
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Table 3.3: Cup configuration for the measurement of NdO" with isobaric interferences present on each cup.

Cup: L4 L3 L2 L1 C H1 H2 H3 H4
Oxide mass 156 157 158 159 160 162 163 164 166
Metal mass 140 141 142 143 144 146 147 148 150

Tsotopes 14006190 141pL160) NG90 BNd0 MNdO N0 'YsSm'’0 '8Nd'°O 150Nd°0
Interferences | La’0  ce0  Mp’0  Nd70  Nd70 N0 Nd®0  “Nd"0 148480
B8r 180 191480 Mce30  Mprlfo  NdB0 M™Nd*0 MNdO0  '¥sm'’0 8¢ 1180
B8p I8 138p, 9 1420160 1206l 14g 160 144g 18 43¢ 150 W9¢n'"0
192,180y 1506160
Table 3.4: Cup configuration for the measurement of the oxygen ratios.
Cup L4 L3 L2 L1* C HI1 H2 H3 H4"
Oxide mass 162 163 164 165 166 167 168 169 170
Tsotopes BNGIO  YSm'%0  NdO  Sm'®0  Nd'*0  °Nd7O  “ONd'fO 154gm!0
145370 NGO 8sm'f0 8Nd70 %Sm0 1526 11160y
Interferences | '“Nd'*0  'Nd®0  '*Nd'*0O 148480

*In cup L1, "*Nd'’O was monitored to calculate the interference of **Nd'*0 on '*’Nd'°0.

® The oxide '**Sm'°O was collected in H4 to monitor if any Sm was present.

66



Myriam Liliane Lambelet, Ph.D. Thesis, 2014 — Chapter 3

3.6.4. Oxygen isotope ratio

All isobaric interferences outlined above require precise knowledge of the oxygen isotopic
composition of the oxygen in the TIMS source. In order to measure this oxygen isotopic
composition, an aliquot of ~ 100 ng ""°Nd spike was processed through the Ln-spec
chemistry, in order to remove any trace of Sm. This aliquot was then split and loaded on 10
different filaments in sandwich-style as described above. The cup configuration used to
measure the oxygen ratio, which can be found in Table 3.4, used *°Nd'®0 in the central cup.
Filaments were run at several different mean temperatures (1450 °C to 1640 °C), currents
(2309 to 2611 mA) and intensities (0.3 to 44 V) in order to mimic the conditions found
during sample measurements. The oxygen isotope ratios were calculated from the beam
intensities measured in the central cup, Hl and H2. The measured oxygen isotope
compositions are 0.000390 + 0.000003 for "0/'°O and 0.002073 + 0.000007 for '*0/'°O
(2sd, n = 12; Fig. 3.5; see also Crocket et al., 2014 for more details). These values were

applied for all of the data reduction.
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180/160

3.6.5. Blanks

Total blanks were obtained by processing about 10 L of MQ-H»O through 2 cartridges
followed by the above described two stage ion chromatography. Some of these blanks were
processed before including the HCIO, oxidizing step and some afterwards. The average Nd
content is 163 pg (= 20 pg 2se, n = 16), or 0.020 pg(Nd) / g(MQ-H,0) (= 0.02 pg/g 2se).
Eleven blanks were < 0.020 pg/g, but one blank yielded 0.028 pg/g (205 pg Nd), one 0.029
pg/g (215 pg Nd) and one was as high as 0.043 pg/g (236 pg Nd). These high blanks could
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not be linked with a particular batch of complexing agent (4 different batches used in this
study). The Nd blank of MQ-H,O has been measured at two different times during this study.
The first measurement was performed in December 2011 and the result was 0.009 pg(Nd) /
g(MQ-H,0O). The second attempt was made in November 2012 and the results were
0.001 pg/g and 0.002 pg/g for 2 different samples. Therefore, if the MQ-H,O blank is
subtracted from the total blanks, the average Nd content ranges from 83 (£ 24 pg 2se) to 158
pg Nd (£ 20 pg 2se).

Chemistry blanks were determined by processing an aliquot of "°Nd spike through TRU
spec and Ln spec. Some were processed before including the HC1O4 oxidizing step and some
afterwards. The average Nd content was 5.1 pg (+ 2.4 pg, 2se, n = 11), ranging from 0.8 pg to
11.2 pg Nd.

Loading Nd blanks were ~ 1.7 pg for non-purified TaFs and ~1.1 pg for the purified
emitter (see paragraph 3.6.1).

3.7. Reproducibility

The long term reproducibility obtained for combined 15 ng and 5 ng JNdi-1 loads is 22
ppm (2 rsd) on '**Nd/'**Nd (Fig. 3.6).

Beside the fact that some activator batches were less efficient than others, some standards
were run at lower intensities in order to match sample beams. Only one turret was normalized
using 15 ng JNdi-1, and the 2rsd was 6.4 ppm. Thirteen turrets included 5 ng JNdi-1 loads,
yielding an overall 2rsd of 23 ppm, ranging from 5.6 to 32.7 ppm within individual turrets.
This large range is correlated with the intensities at which the standards were run: when they
were deliberately run at an average intensity below 1 V on '**Nd'°O, the 2rsd was typically
above 25 ppm. The average '*Nd/"**Nd ratio of 0.512103 + 0.000011 (2sd, n = 70) deviates
by 24 ppm from the reference value of 0.512115 + 0.000007 (Tanaka et al. 2000). The exact
offset between published and measured JNdi-1 (per turret) has been used to correct all sample

results reported in the following.

It is however well known that pure standards tend to reproduce better than natural

samples. In order to determine the reproducibility of combined ion exchange chromatography
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Figure 3.6: Interference and mass bias corrected '*Nd/'**Nd values for 15 ng (open circles) and 5 ng
(closed circles) Nd JNdi-1 runs. Error bars represent the internal 2se. Open diamonds represent 5 ng
JNdi-1 runs preformed at an average '**Nd'°0 intensity of less than 1 V. The average '*Nd/'**Nd ratio
of 0.512103 £ 0.000011 for all JNdi-1 results (n = 70) is represented by the filled square, and the
corresponding uncertainty (2sd) is marked by the grey area. The recommended literature value for
INdi-1 "*Nd/"**Nd is 0.512115 + 0.000007 (2sd) (Tanaka et al. 2000) and is represented by the open
square. Averages for JNdi-1 runs at different concentrations: 15 ng Nd: &yqg = 0.512102 £ 0.000003
(2sd, n=5); 5 ng Nd: eng=0.512103 + 0.000012 (2sd, n = 65). All "*Nd/'**Nd values reported in this
thesis are corrected for the offset of the respective measurement session to the published JNdi-1 value

by Tanaka et al. (2000).

and mass spectrometry, rock standard BCR-2 was processed along with every batch of
samples (Fig. 3.7). The external reproducibility obtained this way was 20 ppm on '**Nd/'**Nd
(2sd, n = 12). More precisely, the external reproducibility for 10 ng runs was 23 ppm (2sd, n
= 6), and for the 15 ng loads was 15 ppm (2sd, n = 6). JNdi-1 corrected values show
excellent accuracy and agree within uncertainty with published values by Weis et al. (2006)

(0.512639 = 0.000010 and 0.512637 + 0.000012 respectively).

As mentioned in paragraph 3.4.3, two batches of BCR-2 solution have been prepared and
hence the reproducibility of sample digestion could not be tested with this set up. The BCR-2
samples however provided the additional opportunity to test how accurate Nd concentration
measurements by isotope dilution were. Batch 1 yielded concentrations of 29.0 + 0.2 ng/g
(2sd, n = 4), and concentrations of 26.4 + 0.2 ng/g (2sd, n = 8) were obtained for batch 2.
Both of these results are in excellent agreement with the certified BCR-2 Nd concentration of

28 £2 pg/g (1sd).
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Figure 3.7: "*Nd/'”Nd ratios derived for the BCR-2 rock standard, corrected for mass bias,
interferences, and offset from the recommended JNdi-1 value (see Figure 3.6). Open circles = 15 ng
Nd; closed circles = 10 ng Nd. The average of all BCR-2 results (n = 12) and associated uncertainty
(2sd) is represented by the filled square and the grey shading respectively. The recommended BCR-2

reference value is shown as open square (Weis et al. 2006).

Finally, an attempt to determine the true external reproducibility of the presented method
has been undertaken by repeat analyses of multiple seawater samples. For this purpose two
large homogeneous water samples from the Bermuda Atlantic Time Series Station BATS (15
m and 2000 m depth) were used as in-house seawater standard and results are reported in
Table 3.5. As these samples were collected on the same cruise as the international
GEOTRACES intercalibration samples in 2008, albeit from a different tank, we here combine
them with the results reported for our laboratory in the intercalibration exercise (Pahnke et al.
2012; van de Flierdt et al. 2012) (Table 3.5, Figs. 3.8 and 3.9). For BATS 15 m depth waters,
the average eng 1s -9.17 £+ 0.05 and the average Nd concentration is 2.06 + 0.08 ppt (2sd, n =
6 and n = 3 respectively, Table 3.5). Both values are in good agreement with the average Nd
isotopic composition of -9.19 + 0.57 and the average concentration of 2.04 + 0.18 ppt (2sd for
13 and 11 labs respectively) obtained during the international intercalibration exercise (van
de Flierdt et al. 2012). For BATS 2000 m depth, the average values obtained during the
course of our study are exg =-13.17 = 0.31 and Nd concentrations of 2.53 + 0.09 ppt (2sd, n =
5). Similarly to the first sample, these results are in excellent agreement with the results of the
international intercalibration exercise (exg =-13.14 + 0.57 and [Nd] = 2.50 £ 0.18 ppt, 2sd for

13 and 11 labs respectively). It is worth noting that the samples were purified and analysed
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over a duration of 19 months (Table 3.5), and that the TIMS analyses were performed
between 3 and 5 years after initial sample collection. Hence the present results show that
storage in pre-cleaned container for up to five years does not affect the isotopic composition
nor the concentration of Nd (Table 3.5). Finally, one single sample from the Pacific Ocean
(SAFe station, 3000 m) was also analysed for its Nd isotopic composition during the
intercalibration exercise for which we measured an isotopic composition of -3.12 + 0.16
(internal 2se, Table 3.5), comparing well with the average value of -3.17 + 0.47 (2sd)
obtained by eight different laboratories (van de Flierdt et al. 2012).

Table 3.5: Nd isotopic composition measured in the present study for the international

intercalibration exercise and for in-house monitoring of sample reproducibility.

Sample

Analysis lum e Internal External Nd Internal
date VO[E] ¢ Nd 2se” 2sd’ [ppt]* 2se’
SAF
Intercalibration 3900 fn 19/12/2011 5 312 016 0.06 6.42 0.003
o BATS  29/09/2011 107  -9.17  0.06 0.19 2.05 0.001
Intercalibration 35 17100011 7.6 913 0.08 0.13 2.10 0.001
18/10/2011 95 920 006 0.13 - -
In-house
monitoring of ~ BATS  23/11/2011 9 917  0.16 0.16 2.02 0.001
sample 15m  02/02/2012 52 9.16 026 0.08 - -
reproducibility 02/02/2012 5 919 021 0.08 : -
Average and 2sd BATS 15 m -9.17 0.05 2.06 0.08
- BATS  29/09/2011 104  -13.07  0.08 0.19 2.60 0.001
[mercalibration 3000 m 177100011 72 1327 009 0.13 256 0.002
In-house 28/02/2013 49  -1334  0.10 0.14 2.49 0.0002
monitoring of ~ BATS  11/04/2013 45  -1323  0.11 0.14 2.50 0.0003
sample 2000 m 0.0003
reproducibility 25/04/2013 48  -1296  0.08 0.06 2.50 :
Average and 2sd BATS 2000 m -13.17  0.31 2.53 0.09

* Normalized to 5 analyses of JNdi-1 relative to JNdi-1 value of 0.512115 (Tanaka et al., 2000).

€ng values were calculated relative to a CHUR of 0.512638 (Jacobsen and Wasserburg, 1980).

® Internal error are derived from the 2 sigma error on the instrument measurement (< 360 cycles).

¢ The external errors are derived from the analysis of repeat standards (JNdi-1) during the measurement session.

4 Some samples from BATS 15 m were used to test the yields obtained with different pumping flow rates during

the development of the present method; therefore, their Nd concentration is not available.

¢ The internal errors for the concentration is the absolute uncertainty [ppt] and takes into account the relative
uncertainty on the weighing of the sample and of the spike, as well as the relative uncertainty of the

measurement on the TIMS.
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Figure 3.8: Dissolved neodymium isotopic composition derived for seawater samples from 2000 m
depth (upper panel) and 15 m depth (lower panel) at the Bermuda Atlantic Time-series Study (BATS).
The values are corrected for mass bias, interferences, and offset of the JNdi-1 during the analytical
session from the published value (see Figure 3.6). Open circles = intercalibration samples (van de
Flierdt et al. 2012); closed circles = in-house seawater standard; error bars represent the internal 2se.
The average of all BATS results (n = 5 for 2000 m depth and n = 6 for 15 m depth) and associated
uncertainty (2sd) is represented by the filled square and the grey shading respectively: eng (BATS,
2000 m) = -13.17 £ 0.31 (2sd) and eng (BATS, 15 m) =-9.17 £ 0.05 (2sd). The average Nd isotopic
composition obtained from 13 laboratories during the intercalibration exercise is represented by the
open squares: €xg (BATS, 2000 m) = -13.14 + 0.57 (2sd) and eng (BATS, 15 m) =-9.19 £ 0.57 (2sd)
(van de Flierdt et al. 2012).
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Figure 3.9: Dissolved neodymium concentration derived for seawater samples from 2000 m depth
(upper panel) and 15 m depth (lower panel) at the Bermuda Atlantic Time-series Study (BATS). Open
circles = intercalibration samples (van de Flierdt et al. 2012); closed circles = in-house seawater
standard; error bars, representing the internal 2se, are smaller than the symbols. The average of all
BATS results (n = 5 for 2000 m depth and n = 3 for 15 m depth) and associated uncertainty (2sd) is
represented by the filled square and the grey shading respectively: [Nd] (BATS, 2000 m) = 2.53 +
0.09 ppt (2sd) and [Nd] (BATS, 15 m) = 2.06 + 0.08 ppt (2sd). The average Nd isotopic composition
obtained from 11 laboratories during the intercalibration exercise is represented by the open squares:
[Nd] (BATS, 2000 m) = 2.5 + 0.18 ppt (2sd) and [Nd] (BATS, 15 m) =2.04 + 0.18 ppt (2sd) (van de
Flierdt et al. 2012).
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3.8. Conclusions

The method presented here proved efficient to purify Nd and analyse its isotopic
compositions and concentrations in low abundance Nd seawater and rock samples. This
achievement is demonstrated by (i) the external reproducibility of 20 ppm (2sd) on combined
10 and 15 ng Nd BCR-2 samples (n = 12), (ii) the external reproducibility of 30 ppm and 5
ppm (2sd) on seawater samples (BATS, 2000 m, n=5 and BATS, 15 m, n = 6 respectively),
(ii1) the excellent agreement between the Nd concentrations measured in the present study

and the certified BCR-2 values or the seawater samples from BATS.

Moreover, the new method shows that an internal error of ~ 10 ppm (2se) can be achieved
on samples containing ~ 11 ng Nd before being processed (Table 3.5, BATS 2000 m). This
demonstrates that the volume required for the analyses using this method could be decreased

to 5 L for future GEOTRACES cruises.

Finally, this method allows the measurement of Nd isotopic composition and
concentration at the same time using one single sample, which makes it very time and labour

effective.

A further improvement for this method would be to understand why the activators
synthesised are not always efficient. Indeed, as mentioned in paragraph 3.6.2, the precision of
a measurement is not only dependent on the quantity of Nd loaded on the filament, but also
on the efficiency of the activator batch. More tests would be needed to identify a way to

synthesise highly efficient activators.
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Abstract

The neodymium (Nd) isotopic composition of seawater is commonly used as a proxy to
study changes in the thermohaline circulation in the past. The modern data base for such
reconstructions, as well as the understanding of the underlying processes, is however still
sparse. We here present new observational data for Nd isotopes from twelve seawater depth
profiles, which follow the flow path of North Atlantic Deep Water (NADW) from its
formation region in the North Atlantic to the northern equatorial Atlantic. Samples were
collected during the Dutch GEOTRACES cruise GA02 in 2010. The results show that the
different water masses in the subpolar North Atlantic Ocean, which ultimately constitute
NADW, have the following Nd isotope characteristics: Upper Labrador Sea Water (ULSW) -
end = -14.24 £ 0.26; Labrador Sea Water (LSW) - exg = -13.67 £ 0.86; Northeast Atlantic
Deep Water (NEADW) - eng = -12.48 £+ 0.59; Northwest Atlantic Bottom Water (NWABW) -
eng = -11.82 = 1.38. In the subtropics, where the source water masses described above have
mixed to the signal of NADW, which is exported to the global ocean, Nd isotopes can
distinguish between upper-NADW (eng = -13.20 + 1.00) and lower-NADW (eng = -12.44 £
0.39). This is an important observation, as in many previous studies NADW got treated as
one homogenous water mass with a Nd isotopic composition of -13.5. We here however
show that lower-NADW is significantly more radiogenic due to the dominance of source
waters from the Nordic Seas (NWABW and NEADW). While our data set provides
additional insights into the contribution of boundary exchange in areas of sediment
resuspension, the results for open ocean seawater below 2500 m showcase at an
unprecedented level the ability of Nd isotopes to trace water masses in the strongly advecting

western Atlantic Ocean.

4.1. Introduction

The ocean plays a central role for the climate system, as it stores and transports heat,
freshwater and carbon (Alley et al. 2003). In particular, the global thermohaline circulation is
a key concept of water mass transport as it brings warm and salty surface waters to northern
high latitudes where they cool down, sink, and return as deep waters to the global ocean.
Ultimately, these deep waters upwell in the Indian and Pacific Oceans and return to the North
Atlantic as intermediate and surface waters. The formation and spreading of North Atlantic

Deep Water (NADW, Table 4.1) has hence often been considered as the ‘motor of the
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thermohaline circulation’ or the ‘global conveyor belt’(Broecker 1991). Over the past decade
or so, the more detailed picture of a two-cell meridional overturning circulation (MOC) in the
Atlantic Ocean has emerged from many tracer fields, with the upper cell being fed by warm
and salty waters from the north and the lower cell being fed by carbon and nutrient-rich
waters from the south (see Marshall and Speer 2012 for a recent summary). While the role of
Southern Ocean upwelling of the MOC has received a lot of recent attention, and is without
doubt an important player in understanding past and present climate change, we will here
focus on the upper cell of the MOC and the part of the lower cell that is present in the North
Atlantic.

The most prominent water mass to discuss is hence North Atlantic Deep Water, which is
formed from a variety of water masses in the subpolar North Atlantic (see section 4.2), mixed
in the subpolar gyre, and exported to the rest of the global ocean. In the Atlantic Ocean,
NADW is characterised by a prominent salinity maximum between 2000 to 3000 m (Schmitz
1996). Salinity, as temperature, is one of the so-called conservative properties of seawater,
which are used by oceanographers to identify water masses. A conservative property is
altered only by processes occurring at the boundaries of the ocean, and hence, within the
ocean, changes occur only as a result of mixing with water masses with different
characteristics. On the other hand, a non-conservative property will be subject to alteration
due to internal processes (e.g., physical, chemical or biological processes occurring within the
ocean). Prominent examples are concentrations of the macro-nutrients silicate, nitrate, and
phosphate, which are all majorly governed by uptake by marine organism and release upon

regeneration in the water column.

One of the major hurdles in reconstructing water masses and ocean circulation back in
time is to find a proxy for a conservative water mass property such as salinity. The
neodymium (Nd) isotopic composition of seawater has been suggested to be a strong
candidate. The oceanic residence time of Nd is about 300-1000 years, which is shorter than
the mean oceanic mixing time (about 1500 years), and Nd isotopes seem to not be affected by
biological fractionation (Piepgras et al. 1979; Piepgras and Wasserburg 1980; Tachikawa et
al. 2003; Arsouze et al. 2009). Co-variation of seawater Nd isotopes and salinity in the
Atlantic Ocean has furthermore created the notion of Nd isotopes being a ‘quasi-
conservative’ tracer for ocean circulation (von Blanckenburg 1999; see also Goldstein and
Hemming 2003). The term ‘quasi-conservative’ goes back to the fact that dissolved Nd

isotopes seem to behave conservatively in the ocean, but that concentration profiles of Nd
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resemble nutrient-type behaviour, and that exchange with margins can lead to additional
modification (i.e. non-conservative components). This so-called ‘Nd paradox’ (decoupling of
Nd isotopes and concentrations; Goldstein and Hemming, 2003) will be discussed in more

detail in Chapter 5.

Neodymium belongs to the group of rare earth elements (REE) and is mostly found in
dissolved form in the ocean with concentrations in the order of ppt [ng/kg; ~15-45 pmol/kg]
(Goldstein and Hemming 2003; Lacan et al. 2012). The Nd isotopic composition is expressed

as

143Nd
144pnq

Evg = T -1 x10* (41

14—4Nd
CHUR

where CHUR (Chondritic Uniform Reservoir) represents a present day average earth value
("*Nd/"™*Nd)cpur = 0.512638 (Jacobsen and Wasserburg 1980)). The major source of Nd to
the ocean is the continents, and the Nd isotopic composition of seawater hence reflects age
and lithology of the surrounding continents: eyg = -10 to -25 in the North Atlantic to exg = 0

to -5 in the Pacific (Goldstein and Hemming 2003; Lacan et al. 2012).

However, our understanding of the modern distribution of Nd isotopes in the ocean relies
on a relatively limited observational data base. For example, only ~90 measurements exist on
seawater in the North Atlantic Subpolar Gyre, including the Labrador Sea, and less than 40
data points are available for the entire western subtropical North Atlantic. For seawater Nd
isotopes to be used as a proxy for past ocean circulation, its behaviour and geochemical cycle

in the modern ocean needs to be better constrained.

With this motivation in mind, we present twelve depth profiles of seawater Nd isotopic
compositions along the flow path of NADW in the western Atlantic Ocean, from Iceland in
the north, to the equator in the south. Six profiles of 10 to 13 water depths each were taken in
the subpolar North Atlantic, thus almost doubling the available dataset, whereas the rest of
the profiles are from the western subtropical Atlantic, hence tripling the number of data
available in this area. Improved vertical sampling resolution as well as analytical precision
allows us to reassess the Nd isotopic composition of NADW and the assumption that Nd
isotopes behave like a quasi-conservative tracer of water masses away from continental
inputs (von Blanckenburg 1999; van de Flierdt and Frank 2010). Our new results confirm that
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water masses in the North Atlantic can be depicted based on their Nd isotopic composition,
except in some areas where vigorous bottom currents lead to sediment resuspension. Our data
furthermore reveal for the first time a clearly resolvable difference between upper-NADW
and lower-NADW in the western Atlantic Ocean, with the value for lower-NADW deviating
markedly from the commonly used values for NADW (eng = -13.5; Piepgras and Wasserburg,
1987). Comparison to more traditionally used water mass tracers in the modern ocean
highlights the utility of the Nd isotopic composition of seawater as a water mass tracer in the

strongly advecting western Atlantic Ocean to an unprecedented level of detail.

Whereas the present chapter deals with the Nd isotopic composition measured for the
water masses constituting NADW, Chapter 5 is complementary and contains the Nd
concentrations corresponding to the present samples as well as Nd isotope and concentration
data for the surface waters of the studied profiles. We chose to separate our data set in this
way because the focus of the present chapter is (i) to evaluate if Nd isotopes behave
conservatively in deep waters away from ocean margin, (ii) to determine whether Nd isotopes
feature the same behaviour in the subpolar formation region of NADW constituents
compared to the export area, and (iii) to assess the ability of the Nd isotopic composition of
seawater to trace water masses. Chapter 5 will subsequently use the Nd concentration results

to investigate other questions, such as the “Nd paradox” (see Chapter 5).

4.2. Hydrological context

The cruise track for GA02 followed the deepest part of the North Atlantic Ocean and the
flow path of NADW (Fig. 4.1), starting from the Irminger Sea (station 2: 64.00° N, 34.25°W)
down to the south of the Sargasso Sea (station 30: 18.57° N, 57.61°W) (Table 4.2). Below we
will outline the major hydrology of the area as constructed from the literature. We will focus
our discussion on intermediate, deep, and bottom water masses. Surface currents will be

discussed elsewhere (Chapter 5).

4.2.1. North Atlantic Deep Water (NADW) and its constituents

In the subtropical western Atlantic Ocean, NADW is subdivided into three main layers:
upper-, middle-, and lower-NADW (Schmitz 1996). These three components refer to the

source water masses which constitute NADW and are formed in the subpolar region. The
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name NADW is used for intermediate to deep waters once they leave the mixing area of the

subpolar gyre and are advected south in the deep western boundary current.

Table 4.1: Abbreviations of names of water masses and surface water currents.

Abbreviations Full name

AABW Antarctic Bottom Water

AAIW Antarctic Intermediate Water

AW Atlantic Water

cC Canary Current

DSOW Denmark Strait Overflow Water
DWBC Deep Western Boundary Current
EDW Eighteen Degree Water (also called STMW)
EGC East Greenland Current

FC Florida Current

GS Gulf Stream

IC Irminger Current

ISOW Iceland Scotland Overflow Water
LC Labrador Current

LDW Lower Deep Water

LSW Labrador Sea Water

MOW Mediterranean Outflow Water
NAC North Atlantic Current

NADW North Atlantic Deep Water

NAO North Atlantic Oscillation

NC Norwegian Current

NEADW North East Atlantic Deep Water
NEC North Equatorial Current
NWABW North West Atlantic Bottom Water
OW Overflow Waters

SPMW Subpolar Mode Water

STMW Subtropical Mode Water (also called EDW)
ULSW Upper Labrador Sea Water

WGC Western Greenland Current

4.2.1.1. Upper-NADW

The least dense components of NADW in the northern North Atlantic are the two classes
of Labrador Sea Water: Upper-LSW (ULSW) and Classical-LSW (which will be called LSW
hereafter). Upper Labrador Sea Water is formed every winter by convection in newly

generated eddies in the southern, central and northern Labrador Sea (Smethie et al. 2000;
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Stramma et al. 2004; Kieke et al. 2006). ULSW is less dense than LSW and shows higher
CFC concentrations indicating that it was ventilated more recently (Swift 1984; Smethie et al.

2000; Steinfeldt and Rhein 2004; Stramma et al. 2004; Kieke et al. 2006).

Labrador Sea Water is formed by deep convection due to surface water cooling during winter
time in the central Labrador Sea (Talley and McCartney 1982; Sy et al. 1997; Yashayaev and
Loder 2009). It is characterised by low salinity, high oxygen content and high anthropogenic
chlorofluorocarbons (CFC) concentrations, and a potential density centred at oy = 27.78
kg/m®. It can be distinguished from ULSW by an O, maximum (Talley and McCartney 1982;
Swift 1984; Sy et al. 1997; Smethie et al. 2000; Steinfeldt and Rhein 2004; Kieke et al.
2006). Since the formation process of LSW is coupled to climatic conditions, such as the
strength of the North Atlantic Oscillation (NAO), the depth to which this water mass is
convected may change from one year to another, including years with absent LSW
convection (Smethie et al. 2000). The thickness of LSW is anticorrelated to that of ULSW
(Kieke et al. 2006). Both ULSW and LSW spread at mid-depth in three principal directions in
the North Atlantic Ocean: northeastward into the Irminger Basin, southeastward across the
Mid Atlantic Ridge, and south within the deep western boundary current (Lavender et al.
2000; Kieke et al. 2006; Kieke et al. 2009; Rhein et al. 2011) (Fig. 4.1). Labrador Sea Water
(LSW) is considered to be the densest variety of Subpolar Mode Water (SPMW), followed by
ULSW. At latitudes south of 35°N, Mediterranean Outflow Water (MOW), characterised by
high salinity and high potential temperature, mixes with both ULSW and LSW to form 4 Sv
of the water mass called upper-NADW (Schmitz 1996).

4.2.1.2. Middle-NADW

Middle-NADW s called North East Atlantic Deep Water (NEADW) in the northern North
Atlantic, and it is a mixture of 2 Sv Iceland Scotland Overflow Waters (ISOW), 2 Sv Lower
Deep Water (LDW), and 2 Sv of a mixture of Atlantic Water (AW) and LSW (Schmitz
1996). Dense water masses formed in the Greenland and Norwegian Seas overflow the Faroe
Bank Channel and the Iceland-Faroe Ridge (Fig. 4.1). While sinking into the Iceland Basin
due to their high density, the Overflow Waters (OW) drag saltier Atlantic Water (coming
from the Subtropical Atlantic) and LSW along and form the so-called ISOW (Swift 1984;
Dickson and Brown 1994; Smethie et al. 2000). ISOW then splits and one part flows through
the Charlie Gibbs Fracture Zone into the Irminger Sea while the other part recirculates in the

Iceland and West Europe Basin, where it mixes with LSW and Lower Deep Water (LDW) to
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Figure 4.1: Map of the North Atlantic Ocean indicating the location of seawater profiles used in this
study and the literature. Black dots with numbers stand for the stations where seawater was collected
for this study (Table 4.2). White triangles with letters refer to stations from the literature, the data of
which are used for comparison in this study. a: Signature station 30 (Lacan and Jeandel 2004a); b:
Signature station 55 (Lacan and Jeandel 2004a); c: TTO/NAS station 167 (Piepgras and Wasserburg
1987); d: Signature station 9 (Lacan and Jeandel 2005b); e: Thalahassa station 15 (Rickli et al. 2009);
f: Hudson 83-036 station 11 (Piepgras and Wasserburg 1987); g: Signature station 6 (Lacan and
Jeandel 2005b); h: AIl 109-1 station 30 (Piepgras and Wasserbug, 1987); i: BATS (Pahnke et al.
2012); j: OCE 63 station 1-4 (Piepgras and Wasserburg, 1980, 1987). The grey dots represent
literature data where at least three depths were sampled for Nd isotopic compositions, but which are

not further discussed in this chapter.

Purple (thicker) arrows represent schematically the spreading of Labrador Sea Water (LSW). Blue
(thinner) arrows symbolise overflow of waters from the Greenland and Norwegian Seas (DSOW:
Denmark Strait Overflow Water; ISOW: Iceland-Scotland Overflow Water). Black (thinner) arrows
mark the northward flow of southern-derived water masses (w-LDW and e-LDW: western and eastern
Lower Deep Water, respectively). Dotted grey lines represent deep recirculation cells. DS: Denmark
Strait; [-F ridge: Iceland Faroe ridge; F-B channel: Faroe Bank channel; CGFZ: Charlie Gibbs

Fracture Zone.

Map done with the software ODV, available at http://odv.awi.de/ (Schlitzer 2012).
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become North East Atlantic Deep Water (NEADW) (LDW is the name for modified AABW,
after its northward flow through the Atlantic Ocean). The characteristics of NEADW are a
salinity maximum (due to the Atlantic Water coming from the Subtropical Atlantic), an
oxygen minimum (due to the LDW), a CFC concentration lower than LSW and Denmark
Strait Overflow Water (DSOW; see next section) and an intermediate potential density
between LSW and North West Atlantic Bottom Water (NWABW) (Swift 1984; Dickson and
Brown 1994; Smethie et al. 2000; Stramma et al. 2004).

4.2.1.3. Lower-NADW

Lower-NADW originates in the northern North Atlantic as North West Atlantic Bottom
Water. Its main contributor is Denmark Strait Overflow Water (DSOW), a dense water mass
that overflows the Denmark Strait (sill depth of ~600 m, Fig. 4.1). When sinking to the
bottom of the Irminger Sea, DSOW entrains LSW and SPMW, to become NWABW. This
water mass is the densest component of NADW, and is characterized by a salinity minimum,
an oxygen maximum, and high CFC content (Swift 1984; Dickson and Brown 1994; Smethie
et al. 2000; Stramma et al. 2004). In the subpolar Atlantic, NWABW is composed of 3 Sv
DSOW, 3 Sv of entrained LSW and SPMW, and 1 Sv western LDW joining at about 50°N.
Further south, in the Subtropical Atlantic, another 1 Sv of western LDW mixes with
NWABW around 30°N, forming 8 Sv lower-NADW (Schmitz 1996).

4.2.2. Southern Ocean water masses: AAIW and AABW

Antarctic Intermediate Water (AAIW) and Antarctic Bottom Water (AABW) are both
formed in the Southern Ocean and exported northward in all ocean basins. AAIW is formed
in the southeast Pacific and southwest Atlantic Ocean from subduction of Antarctic surface
waters at the Subantarctic Front (Sloyan and Rintoul 2001; Hartin et al. 2011). The
subduction of Antarctic surface water to intermediate depths is linked with the deep winter
mixed layer (>500 m), but the exact processes implicated are not fully understood, and they
encompass convection driven by air-sea fluxes, eddy and turbulent mixing, Ekman transport,
and mixing at the base of the mixed layer (Bostock et al. 2013). Due to its recent ventilation
age, AAIW is characterised by a relative maximum in dissolved oxygen content. In the
Atlantic Ocean it can be depicted as a tongue of low salinity and high nutrients (phosphate,

nitrate and silicate) water spreading northwards at about 1000 m depth up to ~25-30°N.
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Antarctic Bottom Water is formed over the Antarctic continental shelf as well as in deeper
water. South of 60°S, there is only a slight difference in density between the surface layer,
which is cold and fresh, and the underlying layer, which is warmer and more saline (Antarctic
Circumpolar Water), and therefore the stratification is easily destabilized, by mixing due to
strong winds for example. When this mixing is combined with increase in density of the
surface layer, due to heat loss and sea-ice formation that rejects salt, or from surface water
cooling in open ocean polynas, which are areas of open water surrounded by sea ice, then a
dense water mass is produced, and it sinks and mixes with underlying waters to form AABW
(England 1992; Brown et al. 2001). In the Atlantic sector of the Southern Ocean, the Weddell
Sea is the major location of AABW formation. Northward advection of AABW into the
Atlantic Ocean (up to 45°N) can typically be recognised by relative high nutrient contents and

by a low salinity.

4.3. Samples

Twelve depth profiles of seawater samples were collected for Nd concentrations and
isotopes on the RV Pelagia during the first two legs of the Dutch GEOTRACES cruise GA02
(PE319 and PE321), that took place between the 28" of April and the 8" of July 2010 from
Scrabster (Scotland) to Fortaleze (Brazil), via Bermuda (Fig. 4.1). Seawater samples for Nd
isotope and concentration measurements were collected using either an ultraclean all-titanium
frame CTD system (24 x 27L), or a Niskin-type sampler mounted on a stainless steel rosette
(24 x 25L), and between 10 and 13 depths were sampled for Nd. During the GEOTRACES
intercalibration exercise it was shown that Niskin-type samples are sufficiently clean for
sampling seawater for REE concentrations and Nd isotopic compositions (Pahnke et al.
2012). Ten litres samples were filtered on board of the Pelagia using 0.2 pum Sartorius
Sartoban 300 cartridges filters, which were rinsed with several litres of seawater prior to use.
The samples were acidified on board to pH ~2 with subboiled distilled HCI (2 mL/L). Back
in the home laboratory, between five and ten litres of seawater were weighted, spiked with
150

Nd spike, and equilibrated for at least one week. Details on sample treatment, purification

and measurement techniques are provided in Chapter 3.

The filtration step was not tested in Chapter 3. However, extensive filtration tests were
carried out as part of the international GEOTRACES intercalibration (Pahnke et al., 2012).
While these tests revealed that the choice of filter has no effect on Nd isotope and
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concentration measurements, the fact whether filtration altogether is necessary or not has to

be evaluated on a case by case basis. This topic is revisited in paragraph 4.6.

4.4. Results

The Nd isotopic compositions and hydrological characteristics (salinity, potential
temperature, potential density, and oxygen content) for all samples are reported in Table 4.2,
and sections for eng and salinity for the whole transect can be found in Figure 4.2. 6-S plots
for every station are shown in Figure 4.3. Surface and upper-ocean water masses, as well as
bottom waters and Nd concentrations, will be discussed elsewhere (Chapter 5). In the
following we will focus our discussion on NADW-relevant layers and their Nd isotopic

composition.

In the present study, we chose water mass boundaries based on potential density (o)
following Rhein et al. (2011) (Tables 4.2 and 4.3). In general, potential density ranges can
vary depending on the area or the time of the year during which sampling happens. We chose
to follow Rhein et al. (2011) because (i) the data set these authors used is recent (until 2009)
(i) the same density boundaries were used in previous publications (Rhein et al. 2002;
Stramma et al. 2004; Kieke et al. 2006; Rhein et al. 2011) (iii) other observed physical
characteristics (e.g., salinity maximum, O, minimum) of the water masses encountered
during our cruises agree quite well with these boundaries. We are aware that the density
ranges chosen are broad and can therefore overestimate the thickness of certain water masses,
e.g., LSW (Yashayaev et al. 2007). However, the idea was to assign every sample measured

in the present study to a water mass.
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Table 4.2: Location, depth, hydrological properties and Nd isotopic composition for 12 depth profiles
collected on GEOTRACES cruise GA02 on the Pelagia in 2010.

S I Pot. Pot.
ample . .. . Temp. Dens. 2 143xr 3 1ddnr b c 2se 2sd Water
depth  Salinity ©) (60) “LI;]?‘]/ Nd/™Nd €Na @int)! (ext.)* mass
m] [C]*_ [kg/m’]

Station 2 (2 May 2010; 64.0003°N — 34.2505 W: 2215 m)
802 34932 410 27726 2694 0511920 -14.00 024  0.14 ULSW
1000 34927  3.86 27745 2644 0511950 -13.42 033  0.14 LSW
1901 34929  3.02 27830 2713 0512009 -1228 025 0.15 NEADW
2151  34.880  1.85 27.891 2957  0.512038 -11.70 042 0.15 NWABW
2206 34884 126 27938 301.6 0512057 -11.33 0.62 0.5 NWABW

Station 5 (4 May 2010; 60.4277°N — 37.9078 "W: 2943 m)
417 34920  4.19 27705 269.0 0511915  -14.11 0.10  0.14 ULSW
1001 34878  3.55 27738 2738 0511915  -14.11 0.13  0.14 ULSW
1502 34919 344 27782 2672 0511959  -1325 0.09  0.14 LSW
2001 34.924  3.08 27.821 2720 0511992 -12.60 0.10 0.14 NEADW
2499 34928 268 27860 2744 0512006 -1233 0.09 0.14 NEADW
2799  34.899 201 27.893 288.0  0.512054 -11.39 0.11 0.14 NWABW
2924  34.888 123 27943 2982  0.512086 -10.76 020 0.14 NWABW

Station 6 (5 May 2010; 58.6027°N — 39.7064°W; 3101 m)
399 34908  4.08 27707 2688 0511910 -1420 0.12  0.06 ULSW
801 34863 354 27726 2773 0511908 -14.24  0.09  0.06 ULSW
1499 34914 343 27778 2670 0511962  -13.19 0.08  0.06 LSW
1998 34919  3.03 27.821 271.8 0511984 -12.75 0.12 006 NEADW
2495 34931 271 27860 2742 0512019 -12.08 0.8 006 NEADW
29099 34891  1.66 27914 2943 0512064 -1120 0.11 006 NWABW
3086  34.884 125 27938 297.8  0.512092 -10.64 0.10 006 NWABW

Station 9 (9 May 2010; 51.8203°N —45.7325°"W; 4052 m)

805 34.901 396  27.715  263.6 0.511901 -1438 0.12 0.20 ULSW
993 34.890 3.73 27.730  267.6 0.511905 -14.29  0.12 0.20 ULSW

1247 34.898 3.60  27.749  267.7 0.511911 -14.18  0.13 0.20 LSW
1735 34914 3.31 27.790  269.9 0.511914  -14.13  0.16 0.20 LSW
2252 34.916 291 27.830 0.511978 -12.87  0.11 0.20 NEADW

2997 34.907 2.14 27.890  277.8 0.512014 -12.18  0.14 0.20 NWABW
3745 34.898 1.70 27917 2879 0.512034 -11.79  0.12 0.20 NWABW
4041 34.898 1.64 27.922  290.5 0.512031 -11.84  0.12 0.20 NWABW
Station 11 (11 May 2010, 47.7996°N — 39.4001 "W, 4570 m)
1001 34.966 4.60 27.697 2434 0.511901 -14.38  0.16 0.13 ULSW
1501 34.927 3.80 27752 261.1 0.511912 -14.15  0.35 0.13 LSW
1998 34.922 3.41 27.786  264.7 0.511954 -13.34  0.25 0.13 LSW
3000 34919 2.74 27.847 2718 0.511985 -12.74 041 0.14 NEADW
4000 34.899 1.99 27.896 2755 0.511993 -12.58  0.23 0.14 NWABW
4251 34.895 1.90 27900 2752 0.512009 -12.28  0.38 0.14 NWABW
4547 34.895 1.84 27.905  278.9 0.511996 -12.52 0.33 0.14 NWABW
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Table 4.2 (continued)

S I Pot. Pot.
ample . .. a Temp. Dens. 2 143 1 Addnr 3b . 2se 2sd Water
depth  Salinity ©) (60) [;Lm](;l/ Nd/™Nd €Na @int)! (ext.)* mass
[m] ['C]* _ [kgm’] &
Station 13 (13 May 2010, 44.8442°N —42.5260°W; 4751 m)
1003 34977 4.68 27.696  240.1 0.511901 -14.38 0.18 0.28 ULSW
1256 34973 4.28 27.738 248.7 0.511906 -14.28 0.15 0.28 ULSW
1750 34,942 3.70 27.774  258.9 0.511934 -13.73  0.22 0.28 LSW
3501 34913 2.34 27.879 272.6 0.512012 -12.22  0.13 0.28 NEADW
4499 34.892 1.85 27903 272.8 0.511991 -12.62  0.13 0.33 NWABW
4726 34.893 1.82 27906 276.3 0.511986 -12.73  0.47 0.33 NWABW
Station 15 (19 May 2010, 37.5164°N — 50.8906 "W, 5441 m)
uNADW
2003 34.949 3.49 27.801 257.2 0.511950 -13.41 0.13 0.08 (LSW)
mNADW
3002 34,937 2.66 27.870  258.5 0.512011 -12.23  0.12 0.08 (NEADW)
INADW
3999 34.896 1.96 27.898 262.0 0.511991 -12.62  0.10 0.20 (NWABW)
modified-
5001 34.877 1.76 27.900 255.5 0.511989 -12.66 0.12 0.20 AABW
modified-
5364 34.870 1.71 27.899  250.4 0.511997 -12.50  0.12 0.06 AABW
modified-
5414 34.869 1.70 27.899 250.3 0.511997 -12.50 0.11 0.06 AABW
Station 19 (23 May 2010; 32.5514°N — 61.0986 "W; 4683 m)
149 36.627 18.76 26.331 193.6 0.512148 -9.56 0.09 0.06 STMW
251 36.588 1833 26411 193.1 0.512143 -9.66  0.08 0.06 STMW
401 36.541 17.88 26.487 189.1 0.512142 -9.67 0.08 0.06 STMW
866 35.261 9.47 27.250 1382 0.512038 -11.71  0.13 0.06
1001 35.120 7.25 27482 168.6 0.511971 -13.01 0.08 0.06
uNADW
1251 35.055 5.18 27.701 2214 0.511929 -13.84 0.12 0.06 (ULSW)
uNADW
1750 34,983 3.92 27.784 2484 0.511944 -13.54  0.07 0.06 (LSW)
mNADW
2500 34,959 3.10 27.847 2542 0.511991 -12.62  0.11 0.06 (NEADW)
INADW
3501 34.907 2.14 27.891 263.0 0.511994 -12.56  0.07 0.06 (NWABW)
INADW
4250 34.890 1.89 27.898 261.4 0.511986 -12.72  0.09 0.06 (NWABW)
modified-
4655 34.881 1.81 27.899 2575 0.511985 -12.74  0.09 0.06 AABW
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Table 4.2 (continued)

S I Pot. Pot.
ample . .. a Temp. Dens. 2 43144 ab c 2se 2sd Water
dﬁ[:lih Salinity ©) (60)3 “LI;]?‘]/ Nd/™'Nd End (in t.)d (ext.)’ mass
[[C]* [kg/m’]
Station 21 (BATS; 13 June 2010, 31.6669°N — 64.1664°W; 4567 m)
75 36.613 18.70 26335 2234 0.512148 -9.56  0.09 0.06 STMW
201 36.566 18.05 26.464  210.8 0.512154 -9.44 0.18 0.33 STMW
297 36.521 17.74  26.507 207.3 0.512149 -9.55  0.13 0.33 STMW
500 36.298 16.54  26.626 192.0 0.512124 -10.03 0.12 0.33
1001 35.071 6.03 27.608 207.1 0.511949 -13.44  0.56 0.33
uNADW
1249 35.008 4.64 27.726  243.7 0.511933 -13.75  0.13 0.33 (ULSW)
uNADW
1749 34.968 3.71 27.793 258.4 0.511951 -13.39  0.11 0.33 (LSW)
mNADW
2501 34.962 2.99 27.859  254.7 0.512022 -12.01 0.26 0.33 (NEADW)
INADW
3500 34.902 2.04 27.895 263.3 0.511995 -12.54  0.23 0.33 (NWABW)
INADW
4249 34.885 1.84 27.899  259.3 0.512003 -12.40 0.27 0.33 (NWABW)
modified-
4474 34.877 1.77 27.898 256.0 0.512009 -12.28 0.23 0.33 AABW
Station 25 (17 June 2010; 24.7147°N — 67.0728°W; 5575 m)
modified-
767 35.289 9.86 27.206 138.6 0.512073 -11.02  0.10 0.14 AATW
uNADW
1250 35.062 5.27 27.696 2174 0.511990 -12.64 0.12 0.14 (ULSW)
uNADW
1751 34.994 3.82 27.803 251.1 0.511964 -13.14  0.08 0.14 (LSW)
mNADW
2500 34.961 2.94 27.863  250.6 0.512006 -12.34  0.09 0.14 (NEADW)
INADW
3499 34912 2.19 27.891 258.8 0.512007 -12.31  0.11 0.14 (NWABW)
INADW
4500 34.890 1.87 27.900 258.8 0.511988 -12.68 0.08 0.08 (NWABW)
modified-
5551 34.852 1.57 27.896 247.1 0.512034 -11.79  0.11 0.08 AABW
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Table 4.2 (continued)

S I Pot. Pot.
ample . .. 2 Temp. Dens. 2 143w 1 144~ 1b . 2se 2sd Water
dﬁ%h Salinity ©) (09)3 [;;(1;1](;1/ Nd/™'Nd ENd (int.)d (ext)® mass
[[CI" [kg/m’]
Station 28 (20 June 2010; 21.7764°N — 61.8438°W; 5795 m)
modified-
785 35.106 8.27 27.321 133.5 0.512069 -11.09 0.09 0.13 AAIW
modified-
998 34.995 6.30 27.514  160.8 0.512057 -11.33  0.10 0.13 AATW
uNADW
1752 34.984 3.70 27.808 2533 0.511968 -13.08 0.10 0.13 (LSW)
mNADW
2501 34.952 2.84 27.866  253.3 0.512008 -12.29  0.09 0.13 (NEADW)
INADW
3499 34,907 2.11 27.893  259.8 0.511999 -12.46  0.09 0.13 (NWABW)
INADW
4501 34.891 1.87 27901 2594 0.511994 -12.57  0.09 0.14 (NWABW)
modified-
5775 34.845 1.50 27.896 2449 0.512045 -11.57 0.09 0.14 AABW
Station 30 (22 June 2010, 18.5724°N — 57.6121°W; 5280 m)
uNADW
1250 35.028 4.97 27.704  216.0 0.512012 -12.21  0.30 0.15 (ULSW)
uNADW
1749 34.997 3.81 27.806 2474 0.511971 -13.00 0.12 0.08 (LSW)
mNADW
2502 34.951 2.83 27.866 2499 0.512012 -12.21  0.15 0.08 (NEADW)
INADW
3500 34,909 2.16 27.891  256.7 0.511999 -12.46  0.09 0.08 (NWABW)
modified-
4499 34.871 1.73 27.896  250.7 0.512016 -12.13  0.10 0.08 AABW
modified-
5067 34.837 1.45 27.892  242.0 0.512053 -1142 0.11 0.08 AABW

a Hydrological properties measured on board the Pelagia by H. M. van Aken (Royal NIOZ).

b Normalized to 5 analyses of JNdi relative to JNdi value of 0.512115 (Tanaka et al., 2000).

¢ eNd values were calculated relative to a CHUR of 0.512638 (Jacobsen and Wasserburg, 1980).

d The internal errors are derived from the 2 sigma standard error on the measurement (maximum 360 cycles).

e External errors are the two sigma standard deviations derived from repeat analyses of Nd standard JNdi (n =

5).

The uncertainty plotted and quoted in the text is the larger one between internal and external error.
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4.4.1. Upper-NADW
4.4.1.1. Subpolar — source area (ULSW, LSW)

In the Irminger Basin (stations 2, 5 and 6, Fig. 4.1), the potential density range
corresponding to ULSW (27.68 < o4 < 27.74 kg/m”) is situated at a depth of 800 m (station
2), and at depths between 300 m and 1000 m (stations 5 and 6; Tables 4.2 and 4.3). This
corresponds to a well-defined salinity minimum (34.90 £+ 0.02 (1sd), n = 14) and a potential
temperature of 3.92 + 0.29°C (1sd) (Fig. 4.3a), and a small but resolvable O, maximum. The

Nd isotopic composition measured for this water mass is -14.13 £0.19 (2sd, n =5).

At station 9, located in the southeastern part of the Labrador Sea, ULSW is found between
800 and 1000 m, with S = 34.90 £ 0.01 (1sd), 6 = 3.84 + 0.16°C (1sd) and a Nd isotopic
composition of -14.38 = 0.20 (800 m) and -14.29 + 0.20 (1000 m, Table 4.2) .

East of the Grand Bank (stations 11 and 13), ULSW flows between 1000 m and 1250 m
and features a higher salinity (34.97 £ 0.01, 1sd) and potential temperature (4.52 + 0.21°C,
1sd) compared to the southeastern Labrador Sea station (Tables 4.2 and 4.3). Its Nd isotopic
composition ranges between -14.38 + 0.28 and -14.28 + 0.28.

Overall, ULSW in the subpolar region of the present study is characterised by a Nd
isotopic composition of -14.24 + 0.26 (2sd, n = 10, Table 4.3).

The layer corresponding to LSW (27.74 < oo < 27.809 kg/m’) is found in the Irminger
Basin at depths between 1000 and 1500 m (station 2) and between 1250 and 1750 m
southeast of Greenland (stations 5 and 6, Tables 4.2 and 4.3). The salinity ranges from 34.89
to 34.96 and the potential temperature between 3.20 and 3.86°C (Fig. 4.3a). The Nd isotopic
composition ranges from -13.42 to -13.19 (Table 4.2).

In the southeastern Labrador Sea (station 9), the potential density of LSW was sampled
between 1250 and 2000 m, and S = 34.91 and 6 = 3.11 to 3.60°C (Fig. 4.3a). The Nd isotopic
composition measured is -14.18 £ 0.20 at 1250 m and -14.13 + 0.20 at 1735 m (Table 4.2).

East of Grand Bank (stations 11 and 13), LSW is found at depths between 1500 and 2000
m, and is characterized by S = 34.92 to 34.95 and 0 = 3.41 to 3.95°C (Fig. 4.3a). The Nd
isotopic composition is ranging from -14.15 to -13.34 (Table 4.2), with the deeper sample
being the less radiogenic (lower) one. This is in agreement with the results for station 9 and
mixing with less radiogenic NEADW flowing beneath LSW (see below).

Overall, the LSW Nd signature in the subpolar area of the present study is -13.67 £ 0.86
(2sd, n = 8).
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Figure 4.2: (a) Neodymium isotopic composition and (b) salinity section for the north to equatorial
western Atlantic Ocean (this study). The black lines are the isopycnals oy 27.68, 27.74, 27.81 and
27.88 kg/m’ defining water mass boundaries (Table 4.3). The principle water masses are quoted on
the salinity section, which is based on all 39 stations collected between Scrabster (Scotland) and
Fortaleza (Brazil) during the two first legs of the Dutch GEOTRACES section GA02 (39 in

comparison to 12 stations sampled for Nd isotopes and concentrations).

4.4.1.2. Subtropics — downstream area (upper-NADW)

At station 15, south of the Grand Bank, the density range of ULSW was not sampled,
since no samples were taken between 800 m and 2000 m (Table 4.2). In the Sargasso Sea, the
density layer of ULSW was sampled at 1250 m (stations 19 to 30, Fig. 4.1, Tables 4.2 and
4.3), lying below the well-defined silicate maximum corresponding to AAIW. In this area,

ULSW is characterized by S = 35.04 £ 0.02 (1sd) and 6 = 5.02 = 0.24°C (1sd) (Fig. 4.3b). The
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Figure 4.3: Potential temperature — salinity diagrams for (a) subpolar and (b) subtropical stations of
the present study. a: light green dots = station 2; green squares = station 5; black triangles = station 6;
red dots = station 9; orange squares = station 11; and grey triangles = station 13. b: yellow dots =
station 15; turquoise squares = station 19; blue triangles = station 21; pink diamonds = station 25;
grey dots = station 28; and purple squares = station 30. Diagrams done with the software ODV,
available at http://odv.awi.de/ (Schlitzer 2012).

Nd isotopic composition is getting progressively more radiogenic when flowing southward,
from -13.84 £ 0.12 at station 19 to -12.21 £ 0.30 at station 30.

In the Subtropical section of the Pelagia cruise, the LSW density range is found at depths
between 1500 and 2000 m, and a small, but resolvable, O, maximum is observed. The
salinity ranges from 34.95 to 35.03 and the potential temperature from 3.49 to 4.35°C (Table
4.2, Fig. 4.3b). The Nd isotopic composition of LSW is -13.26 + 0.43 (2sd, n = 6), and as for

ULSW it is getting slightly more radiogenic when flowing southward.

Overall, the Nd isotopic signature of upper-NADW, encompassing ULSW and LSW in the
subtropical North Atlantic, is -13.20 £ 1.00 (2sd, n = 10).
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4.4.2. Middle-NADW
4.4.2.1. Subpolar — source area (NEADW)

In the Irminger Basin, NEADW (27.809 < oy < 27.88 kg/m’) is detected at 1900 m (station
2) and between 2000 and 2750 m (stations 5 and 6; Fig. 4.1, Table 4.2). Even though the
typical salinity maximum is less pronounced at station 2, it can be clearly observed at station
5 and 6 at 6y ~ 27.86 kg/m’ (Fig. 4.3a). The salinity measured for this water mass in the
Irminger Sea is around 34.93 and 6 = 2.81 + 0.21°C (1sd). The Nd isotopic composition
ranges from -12.75 £ 0.12 to -12.08 £ 0.08, and for the stations where two depths have been
sampled, the shallower one is less radiogenic, probably due to mixing with overlying LSW.

At station 9 (southeastern Labrador Sea), NEADW is found between 2250 and 2550 m and
features a salinity of 34.92, a potential temperature of 2.78 = 0.18°C (1sd) and an exq value of
-12.87 + 0.20 (Nd sample collected only at 2250 m, Table 4.2).

NEADW is found at deeper depth east of the Grand Bank (between 2500 and 3500 m)
compared with the southeastern Labrador Sea (station 9), and has the following
characteristics: S = 34.92, 0 =2.71 = 0.32°C (1sd), Nd isotopic composition between -12.74 +
0.41 (station 11, 3000 m) and -12.22 £ 0.28 (station 13, 3500 m), in good agreement with the
Nd signature observed at station 9 (Table 4.2).

In summary, NEADW is recognised in the subpolar area of the Pelagia cruise by a salinity
maximum at cy~ 27.85 to 27.86 kg/m3 (Fig. 4.3a) and features exg = -12.48 + 0.59 (2sd, n =
8).

4.4.2.2. Subtropics — downstream area (middle-NADW)

In the Subtropical area (stations 15 to 30, Fig. 4.1, Table 4.2), middle-NADW is flowing
between 2000 and 3000 m depth and is characterised by a small O, minimum. It is slightly
saltier than in the subpolar area (S = 34.96 + 0.02 (1sd)), and has a potential temperature of
2.99 £0.35°C (1sd). Its Nd isotopic composition is -12.28 + 0.40 (2sd, n = 6).

4.4.3. Lower-NADW
4.4.3.1. Subpolar - source area

In the subpolar stations, NWABW is found between NEADW and the seafloor (cy > 27.88
kg/m’, Fig. 4.3a), and is characterised by higher O, concentrations due to the presence of
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recently ventilated DSOW. It has a salinity about 34.89 + 0.01 (1sd) and 6 = 1.55 = 0.30°C
(1sd) in the Irminger Sea. Neodymium isotopic compositions measured range between -11.70

and -10.64 (n = 6), with the sample closer to the bottom being more radiogenic at all three
stations (Table 4.2).

North West Atlantic Bottom Water can be found at station 9 (southeastern of Labrador
Sea) with a salinity of 34.90 &+ 0.00 (1sd), a potential temperature of 1.79 = 0.20°C (1sd), and
a Nd isotopic composition of -11.94 £ 0.43 (2sd, n = 3, Table 4.2).

East of the Grand Bank the potential temperature is slightly warmer (6 = 1.88 £ 0.07°C)
and the Nd isotopic composition less radiogenic (exg =-12.54 £ 0.34; 2sd, n = 5). These
results are consistent, within error, with the values obtained for NWABW in the southeastern

Labrador Sea.

Overall, the Nd isotopic composition of NWADW in the subpolar area of the present study
is-11.82 £ 1.38 (2sd, n = 14).

4.4.3.2. Subtropics — downstream area

In the subtropical area, lower-NADW flows below middle-NADW and above modified-
AABW, at depths between 3000 and 4500 m. It is characterised by a small, but resolvable, O,
maximum. The boundary between lower-NADW and modified-AABW in the present study is
defined by 6 > 1.82°C (van Aken 2010). The salinity and potential temperature measured are
very similar to that found in the subpolar area (S=34.90 = 0.01 and 6 = 1.88 + 0.07°C, 1sd),
as is the Nd isotopic composition (eng = -12.53 + 0.25, 2sd, n = 10). The deepest samples of
this water mass are getting slightly more radiogenic when flowing southward (Table 4.2),
probably due to mixing with the underlying, northward flowing AABW (exg =-8.5 £ 0.3 in
the South Atlantic, Jeandel 1993).

The Nd isotopic composition of lower-NADW is -12.53 + 0.25 (n = 10). Since this
average value is within error the same as the one derived for middle-NADW (eng = -12.28 £
0.40, 2sd, n = 6), we will combine them in the following under the name of lower-NADW
with a Nd isotopic composition of -12.44 + 0.39 (2sd, n = 16).
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Table 4.3: Water masses encountered in the present study together with their characteristics. Grey areas represent locations closest to the formation areas of

the respective water masses.

Water Mass 6([?{);;;2;’;6 Location Sz(‘il;:;)ty ?llsg)] Depth range [m] &ng (28d) Stations Remarks
. 34.90 3.92 800 (st. 2) o
Irminger Sea (0.02) (0.29) 300 — 1000 (st. 5&6) -14.13 (0.19;n=15) 2,5,6
34.90 3.84 €ng Subpolar
ULSW - SE Labrador Sea (0.01) (0.16) 800-1000 -14.38 to -14.29 9 -14.24 (£ 0.26;n = 10)
(u-NADW) East Grand Bank 0/ 432 1000 - 1250 1438 to -14.28 11,13
(0.01) (0.21)
Sargasso Sea (305602‘; (g'gi) 1250 -13.84 to -12.21 15t030 St. 15 & 28 no ULSW,n=4
. 34.92 3.51 1000-1500 (st. 2)
Irminger Sea (0.02) (0.23) 1250-1750 (st. 5&6) -13.42 to -13.19 2,5,6 s subpolar
Lsw SE Labrador Sea (3(;‘ 6911) ((3)'32) 1250-2000 -14.13 to -14.18 9 -13.67 (+ 0.86, n = 8)
27.74 —27.809 1 i
(u-NADW) East Grand Bank (3(;‘ 6913) (gg;) 1500-2000 -14.15 t0 -13.34 11,13
34.99 3.94 eng U-NADW
Sargasso Sea (0.02) (0.29) 1500-2000 -13.26 (0.43, n=6) 15 to 30 -13.20 (= 1.00, n = 10)
. 34.93 2.81 1900 (st. 2)
Irminger Sea (0.00 0.21) 2000-2750 (st. 5&6) -12.75 to -12.08 2,5,6
€ng Subpolar
SE Labrador Sea 34.92 2.78 2250-2550 -12.87 9 -12.48 (£ 0.59,n =)
NEADW  5q) 5788 (0.00)  (0.18)
(m-NADW) ’ ' 34.92 2.71 i -12.74 (st 11, 3000 m)
East Grand Bank (0.00) (032) 2500-3500 112.22 (st 13. 3500 m) 11, 13
Sargasso Sea (3;0926) (3'22) 2000-3000 -12.28 (0.40,n = 6) 15 to 30
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Water Mass 6([2;::12;3 Location Sz(‘;i;:li)ty (21[;5)] Depth range [m] exa (25d) Stations Remarks
Irminger Sea (330819) ((1);5)) < 26301—3(;(5)(58(23?5&6) -11.70 to -10.64 2,56
NWABW >27.88 oF fbrador Sea (20:1620(0; ((}ég) Below 2330 -11.94(043,n=3) ? -1 1.8;N(dﬁ:511l?3p$0,12r= 14)
(I-NADW) East Grand Bank o0 ooy Below 3500 -12.54 (0.34,n=5) 11,13
Sargasso Sea (3é 691(; (é:g?) zg%%fjggg 212,53 (0.25, n = 10) 15 0 30 _fgfﬁ'(in(f 319Nﬁ E‘f‘;)
STMW 26.33 -26.55 Sargasso Sea (30§6557) (10?;‘123) 17550_;‘500001;“((:;'2119)) -9.57(0.17, n = 6) 19221nd
MAoflfif,d' 27.21-27.54  Sargasso Sea (305"1047) (ES) 750-1000 m -11.15 (0.32,n=3) 25 t0 30
“ﬁ’ﬁ;ﬁ\?f S 27.89-27.90 Sargasso Sea (35 6817) ((1):?2) Below -NADW -12.18 (0.96,n = 9) 15 to 30 9<1.82°C
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4.4.4. Other water masses encountered in the present study
4.4.4.1. Subtropical Mode Water (STMW)

In the present study, STMW is only observed at station 19 (150-500 m, Table 4.2) and
station 21 (75 to 400 m, Table 4.2). The salinity for this water mass is 36.57 + 0.05 (1sd) and
the potential temperature is 18.13 = 0.42°C (1sd, Table 4.2). The Nd isotopic composition
measured is -9.57 £ 0.17 (2sd, n = 6, Tables 4.2 and 4.3).

4.4.4.2. Modified-AATW

Modified-AAIW is recognised at stations 25 to 30 (Fig. 4.1) by a maximum in silicate,
nitrate and phosphate concentrations above upper-NADW at a depth between 750 and 1000
m. It is characterised by a salinity ranging from 34.94 and 35.29 and a potential temperature
ranging from 5.70 to 9.86°C. Deeper samples are colder and less salty, and for the same water
depth, samples show warmer temperatures and higher salinities when flowing northwards,
suggesting dilution of the AAIW characteristics through mixing with NADW. Only three
samples were collected for Nd in this water mass, and the Nd isotopic composition measured

is-11.15+0.32 (2sd, n = 3, Tables 4.2 and 4.3).

4.4.4.3. Modified-AABW

Modified-AABW flows below lower-NADW, and is characterised by a high content in
silicate and phosphate, an increase in oxygen concentrations toward the bottom and a
potential temperature below 1.82°C (van Aken 2010). This water mass is found in the whole
subtropical area of the present study at depths below about 4500 m. The salinity measured is
34.87 = 0.01 (1sd) and the potential temperature is 1.68 + 0.12°C (1sd, Tables 4.2 and 4.3).
The Nd isotopic composition is -12.18 £ 0.96 (2sd, n =9, Tables 4.2 and 4.3), and it becomes

progressively less radiogenic towards the north.

4.4.5. Neodymium isotope depth profiles

In sections 4.4.1 to 4.4.4, the Nd isotopic composition of each water mass of interest was
stated. Here, a brief description of the Nd isotope depth profiles will be presented. For this
purpose, the data set will be split according to the general overall shape of the isotopic

profiles:
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Type I: Irminger Sea (stations 2 to 6, Figs. 4.1 and 4.4a).

All three stations show a smooth trend in Nd isotopes from less radiogenic surface water
values around -15.2 to -14.2 to more radiogenic bottom water values of -11.3 to -10.6. A
relative hold or a reversal of the trend can be observed in the depth range of ULSW (300-
1000 m). Furthermore all three profiles show a more rapid evolution towards more radiogenic

values in the lowermost 500 m of the profiles (Fig. 4.4a).

Type II: Southeastern Labrador Sea and Grand Bank (stations 9 to 13, Figs. 4.1 and 4.4b).

These three stations show Nd isotope depth profiles with a great amount of variability in the
uppermost 1000 m of the water column (eng = -17.0 to -11.5), relatively constant Nd isotopic
compositions from 1000 m to 2000 m depth in the depth range of ULSW and LSW (eng = -
14), a slight increase towards more radiogenic values down to about 3500 m (NEADW; exg =

-12.6), and a shift to slightly less radiogenic values at the very bottom (Fig. 4.4b).

Type III: Sargasso Sea (stations 15 to 30, Figs.4.1 and 4.4¢)

In the subtropics, seawater from the six depth profiles analysed for Nd isotopic composition
feature similar trends (Fig. 4.4c). The Nd isotopic composition is relatively constant for the
upper 500 m (eng = -10) and shifts to less radiogenic values of -13.8 to -12.2 in the depth
range of upper-NADW (~ 1000 to 2000 m depth, Fig. 4.4c). Below this depth, seawater Nd
isotopes display a trend towards more radiogenic values down to ~ 2500 m, and stay
relatively constant for the next 2000 m (lower-NADW, eng = -12.4, Fig. 4.4c), before
becoming slightly more radiogenic closer to the bottom (modified-AABW, Fig. 4.4c).
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Figure 4.4: Neodymium isotope ratios versus depth [m] (a) in the Irminger Sea (Type I), (b) in the
southeastern Labrador Sea and around Grand Bank (Type II), and (c) in the Sargasso Sea (Type III).
Error bars represent the largest uncertainty between internal and external errors (see Table 4.2). The
grey dotted line in (¢) represents the accepted value of NADW (eng = -13.5; Piepgras and Wasserburg,

1987). Note the change of scale in the x-axis.

4.5. Discussion

4.5.1. Assessment of the Nd isotopic composition of seawater as a water mass proxy

In this section, the question whether the Nd isotopic composition of seawater can be used
as a quasi-conservative water mass tracer will be further discussed. To test this hypothesis,
we will discuss our new Nd isotopic data in relation to (i) distance from the source region of
the principle water masses constituting NADW, (ii) previously published Nd isotopic
compositions of deep waters from the whole Atlantic Ocean, and (iii) conservative and non-

conservative seawater properties such as salinity and silicate concentrations.
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4.5.1.1. Evolution of the Nd isotope signature with distance from the source area

When a water mass, such as NADW, leaves its formation region and is advected into the
global ocean, it gradually mixes with surrounding water masses, leading to a loss of its
original characteristics. While, for example, the core of NADW is still characterised by a
salinity maximum in the South Atlantic (Schmitz 1996; Lacan and Jeandel 2005b), Figures
4.2b and 4.5a show that already in the relatively small area investigated here, LSW shows an
increase in salinity from close to its source area in the southeastern Labrador Sea (station 9,
~52°N; S =34.91) to the subtropics (station 30, ~19°N; S = 35.00).

If truly conservative, the Nd isotope characteristics of a water mass should be equally
fading when flowing away from its source region through mixing with surrounding waters. A
prime example for this from our new data is the evolution of the Nd isotopic composition of
ULSW with latitude (Fig. 4.5b). Indeed, in the southeastern Labrador Sea, close to the source
region of ULSW, the Nd isotopic composition of this water mass is ~ -14.3 (station 9, Tables
4.2 and 4.3, Fig. 4.5b). ULSW subsequently enters the subpolar gyre, and is ultimately
exported within the western boundary current as part of upper-NADW (Fig. 4.1). When
flowing northeastwards towards the Irminger Sea, the Nd isotopic composition of ULSW gets
slightly more radiogenic and reaches a value of -14.00 + 0.24 at station 2, which is the
northernmost station of the present study. The same is true - and far more pronounced - when
observing the southward spread of ULSW. The Nd isotopic composition changes by ~2
epsilon units from station 9 at ~52°N to station 30 at ~19°N (exg= 12.21 £ 0.30, Table 4.2).
This Nd isotope evolution is consistent with fading of the ULSW signal on the one hand, and
mixing with more radiogenic AAIW on the other hand. AAIW has an isotopic composition of
about -8.7 in the South Atlantic (Jeandel 1993) close to its source region, but by the time it
reaches 9°N the signal is -10.1 (Huang et al. 2014). Labrador Sea Water (LSW) on the other
hand shows a similar, though less pronounced, evolution from eng = -14.2 close to its source
region (station 9, Table 4.2) to eng = -13.00 = 0.12 in the subtropics as component of upper-
NADW (station 30) (Fig. 4.5b).

Regarding the two source components of lower-NADW, NWABW and NEADW (Fig.
4.5c), we observe less of an evolution with latitude, but rather a drastic change for NWABW
from its values close to the source region (e.g., stations 2 to 6, exg = -11.7 to -10.6, n = 6,
Table 4.2; for comparison the main component of NWABW, Denmark Strait Overflow Water
(DSOW), has a Nd isotope signature of eng = -8.4 = 1.4; Lacan and Jeandel, 2004a) to values
outside the Irminger Sea (eng=-12.44 £ 0.54, 2sd, n = 18). Indeed, NWABW displays ~1.1
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Figure 4.5: (a) Latitude vs. salinity for all intermediate and deep waters collected during this study.
Samples are assigned to water masses according to Table 4.3. The study area can be separated in three
distinct areas: (i) Irminger Sea, (ii) southeastern Labrador Sea and area around Grand Bank, and (iii)
Sargasso Sea. (b) Latitude vs. Nd isotopic composition for ULSW (pink diamonds) and LSW (purple
squares) samples. (c) Latitude vs. Nd isotopic composition for NEADW (green triangles) and
NWABW (blue circles) samples. Thick stippled line separates the subtropical Atlantic to the right
from the subpolar gyre area to the left. Accordingly sample locations to the right are labelled with
upper- and lower-NADW and sample locations to the left are labelled with the name of the original
source water masses. Grey shaded areas in both panels mark the sample locations closest to the
formation areas of the respective water masses (e.g., station 9 in the southeastern Labrador Sea for
ULSW and LSW in panel b and stations 2, 5 and 6 in the Irminger Sea for NEADW and NWABW in

panel c). Note that the Irminger Sea samples were collected proximal to the overflow of DSOW, but
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not in the direct influence of ISOW, the major constituent of NEADW. ULSW = pink diamonds,
LSW = purple squares, NEADW = green triangles, NWABW = blue circles. Neodymium isotopic
composition (expressed as eyq) for the density layer of (d) ULSW and (e) NWABW. The grey circles
mark the sample locations closest to the formation areas, and the arrows shows the direction of the

flow path of the respective water masses.

epsilon unit variation for a flow path of ~650 km from station 2 to 6 in the Irminger Basin
(Fig. 4.1) whereas only a ~0.9 epsilon unit change over about 5500 km from station 9 to 30.
This observation is in agreement with constant salinity values for NWABW throughout the
North Atlantic (Fig. 4.5a) and indicates that efficient mixing with overlying and less
radiogenic water masses already happens in the subpolar gyre prior to export as part of lower-
NADW. North East Atlantic Deep Water (NEADW) on the other hand shows a rather
constant Nd isotopic composition throughout the study area (eng=-12.40 + 0.54, 2sd, n = 14;
all stations in subpolar and subtropical areas). The most likely explanation for this
observation is that none of our stations lie close to the actual source areas of the main
component of NEADW, Iceland-Scotland Overflow Water (ISOW; exg = -8.2 + 0.6; Lacan
and Jeandel, 2004b). Hence we are already recording a mixed signature as also evidenced by

the relatively weak salinity maximum of this water mass (Fig. 4.3).

It should be noted that the influence of MOW, characterised by higher salinity, higher
potential temperature, and a more radiogenic Nd isotopic composition (exng = -9.4 when
leaving the Mediterranean Sea, Spivack and Wasserburg 1988) does not feature prominently
in the physical properties and Nd isotopic compositions for any of our stations (Tables 4.2
and 4.3). The only indication for MOW being present in the western North Atlantic during
the time period of sampling is a small salinity maximum detected at station 19 (S = 35.055,
1250 m, Table 4.2, Fig. 4.3b), which goes with a slightly less radiogenic Nd isotopic
composition (-13.84 = 0.12 at 1250 m, Table 4.2) compared to the same water depths at
neighbouring stations (e.g., eng = -14.28 + 0.28 at 1250 m at station 13).

4.5.1.2. New data set in comparison to existing Atlantic Ocean data

Conservative behaviour of Nd isotopes in Atlantic seawater has been suggested for deep
waters below 2500 m by correlation with salinity (see Figs. 9 and 10 in Goldstein and
Hemming, 2003). Figure 4.6a shows an updated version of this figure, including our new

deep water data (>2500 m) from all stations in comparison to previously published data. As
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Figure 4.6: Neodymium isotope
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can be seen, all of the deep water data from the subpolar and subtropical North Atlantic fall
within the mixing envelop defined by Southern Ocean water (exg = -8.5) and North Atlantic
Deep Water (eng = -13.5). The utilisation of the latter, however, highlights that the approach
is problematic when considering data from subtropical and subpolar areas, which encompass
the various source components of NADW. For example, data for shallower ULSW wouldplot
outside the mixing envelop, as these waters are (i) fresher in the subpolar area and (ii) saltier
in the subtropical region for a given Nd isotopic composition as expected from the mixing
relationship. Another interesting correlation is the one observed between Nd isotope ratios
and potential temperature (Fig. 4.6b). Like salinity, potential temperature is a conservative
water mass property, and Figure 4.6b shows that the data of the present data set fall within
the mixing envelope defined by a northern end member and southern end member for water
depths below 2500 m. As for the relationship with salinity, results for the shallower ULSW
would plot outside the mixing array due to higher temperature for a given Nd isotopic

composition measured for this water mass.

It is furthermore interesting to repeat the exercise done in Goldstein and Hemming (2003)
to plot seawater Nd isotopic compositions versus silicate concentrations for waters below
2500 m (Fig. 4.6¢). Since silicate is a macro-nutrient, its concentration in the upper part of the
water column is governed by biological uptake. Concentrations in deeper waters are a
function of remineralised silicate, and show an increase along the global conveyor belt due to
the increasing age of water masses. For the Atlantic Ocean, two simple endmembers can be
assumed: one that shows high nutrient (and hence silicate) concentrations and relatively
radiogenic Nd isotopic compositions and is sourced in the south (AABW; exg = -8.5 and
[SiO;] = 125 pumol/kg) and one that shows lower nutrient concentrations and lower Nd
isotopic compositions and reflects NADW exported from the subpolar gyre (eng = -13.5 and
[Si0;] = 12 pmol/kg). The samples from our data set that plot outside the mixing envelop in
Figure 4.6c can be assigned to NWABW (Tables 4.2 and 4.3). There is, furthermore,

considerable structure to the data set, which will be discussed in detail below.

4.5.1.3. Relationship of seawater Nd isotopes and silicate concentrations

Figure 4.7 provides a closer look at the correlation between eng and silicate for all
intermediate to deep waters analysed in this study. Figure 4.7a highlights the source
composition of all water masses that contribute to the different individual components and

that are exported as NADW in terms of their Nd isotopic compositions and silicate
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Figure 4.7: Neodymium isotope ratios

(expressed as eyngq) versus silicate [umol/kg].

(a) represents the data of the present study for
the subpolar and subtropical regions (black
diamonds) as well as some end member water
masses; (b) data of the present study, but only
for the subpolar area, and (c) data of the

present study for the subtropical area.

(a) End members: pink circle: ULSW; purple
circle: LSW; green circle: ISOW; blue circle:
DSOW; yellow circle: MOW. (b) pink
LSW;
green triangles: NEADW; and blue dots:
NWABW. (¢) lilac diamonds: upper-NADW;

diamonds: ULSW; purple squares:

turquoise triangles: lower-NADW; and orange
squares: modified-AABW. Note the different
x-scale in (b).
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ULSW: AE7W Line (southeastern half) and
this study; LSW: (Tanhua et al. 2005) and this
study; ISOW: (Fogelqvist et al. 2003) and
(Lacan and Jeandel 2004b); DSOW: (Tanhua
et al. 2005) and (Lacan and Jeandel 2004a);
AABW: WOCE AOQ07 station 76 (1993) and
(Jeandel 1993); MOW: WOCE AO03 station 6
(1993) and (Spivack and Wasserburg 1988)).
Please note that the Nd isotopic composition
of ULSW and LSW are taken from this study
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concentrations (see figure caption for more detail). It illustrates that all known endmembers
encapsulate our data. In detail, there are three different trends visible: (i) NWABW samples
trending towards the overflow sources (DSOW and ISOW), with a broad spread in silicate
concentration (~7 pmol/kg at station 2 to ~21 umol/kg at station 13) and Nd isotope ratios (~
-11.5 to ~ -12.7 for stations 2 and 13 respectively; Fig. 4.7b and Table 4.2). This contrasts
with (i) ULSW and LSW, for which the spread in silicate concentrations (between 8 and 11
umol/kg, Table 4.2) and Nd isotope values (Fig. 4.7b) is small. In the subtropical area, upper-
NADW still trends towards the NW Atlantic sources, as these are partially exported
southward on a direct trajectory (see Fig. 4.1), but lower-NADW samples now point more in

the direction of western Lower Deep Water (w-LDW) and ultimately AABW (Fig. 4.7¢).

The fact that the NWABW samples from the Irminger Sea align with the endmember even
though they extend beyond the global mixing array defined for the Atlantic Ocean (Fig. 4.6¢)
may seem contradictory. However, the Nd isotopic signature of the endmember DSOW was
taken from Lacan and Jeandel (2004a), because this water mass was not sampled directly in
the present study. The Nd isotopic composition of DSOW is exg = -8.4 + 1.2 (2sd, n = 4),
measured in the bottom most samples collected in the Denmark Strait, where the current is

vigorous and where exchange processes with sediments occur (Lacan and Jeandel 2004a;

Lacan and Jeandel 2005b).

In summary, Figures 4.6a and 4.6b demonstrate that the Nd isotopic composition of
seawater correlates with salinity and potential temperature for water depth below 2500 m,
even in the subpolar area of the present study (e.g., close to the formation areas of some water
masses), thereby showing the ability of Nd isotopic composition of seawater to trace water
masses. A correlation is also observed for deep waters between their Nd isotopic composition
and silicate (Figs. 4.6¢ and 4.7), with the exception of NWABW close to its source area, due

to boundary exchange with the nearby margin.

4.6. Did Nd isotopic composition of seawater change over the last decades due to

climatic changes or due to changes in boundary exchange?

The properties of the water masses constituting NADW change over time (Sy et al. 1997;
Curry et al. 1998; Dickson et al. 2002; Curry et al. 2003; Stramma et al. 2004; Sarafanov et
al. 2007; Yashayaev and Loder 2009; Lozier et al. 2010; Sarafanov et al. 2010). The changes
in LSW have been shown to be related to changes in North Atlantic Oscillation (NAO) index,
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with about 1 year delay: a negative NAO index leads to warmer, saltier and thinner LSW,
while a positive NAO enhances the deep convection forming cooler, fresher and thicker LSW
(Dickson et al. 2002; Stramma et al. 2004; Yashayaev and Clarke 2006). Overall, LSW has
been getting cooler and fresher since the mid-1960s to the mid-1990s, and warmer and saltier

since the mid-1990s to the present days (Dickson et al. 2002).

The same trends have been noticed for ISOW and DSOW, with an overall freshening
between the 1960s and 1990s. This tendency has also been associated with the NAO, leading,
for example, to an increased export of sea ice from the Arctic Ocean and to an augmentation
of precipitation along the Norwegian Atlantic Current, causing a freshening of the upper layer

of the Nordic Seas (Dickson et al. 2002).

In the following we will compare our new Nd isotope data from the subpolar and
subtropical North Atlantic with available literature data in order to determine if changes in
physical water mass properties did affect the Nd isotopic composition of seawater. We will
furthermore consider boundary exchange, with oceanic margins as well as with suspended
particles in the nephloid layer, as an alternative mechanism to explain offsets between our

new data set and previously published results.

4.6.1. Subpolar region — source areas of North Atlantic Deep Water
4.6.1.1. Stations 2, 5 and 6 — Irminger Sea (Fig. 4.8a)

The values measured in the Irminger Basin (stations 2 to 6) are less radiogenic (enxg from
-11.70 to -10.64, Tables 4.2 and 4.3; Fig. 4.8a) than what can be found in the literature for
NWABW in the Irminger Sea: exg = -8.6 £ 0.5, 2310 m, station TTO/NAS 167 (64.05°N —
33.33°W, triangle ¢ in Fig. 4.1; Fig. 4.8a; Piepgras and Wasserburg (1987) and eng = -9.5 +
0.4, 2100 m, station Signature 9 (triangle d on Fig. 4.1; Fig. 4.8a; 62.7°N — 37.59°W, Lacan
and Jeandel (2005b)). The samples of these two studies were not filtered, whereas the ones
from the present study were. It is also worth noting that both of the literature studies, as well
as our station 2 are located closer to the continental shelf of Greenland than stations 5 and 6.
The Nd isotope signature of surface sediment in the Irminger Basin is -7.9 + 0.2 (station 91-
51, 60°N - 38°W, Innocent et al. 1997), and this could explain the shift towards the more
radiogenic values of Piepgras and Wasserburg (1987) and Lacan and Jeandel (2005b).
Indeed, the Nd isotopic signature of DSOW in the Denmark Strait sill is very heterogeneous

(eng ranges from -10.0 to -7.2, n = 4, unfiltered samples, Lacan and Jeandel 2004a), even
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Figure 4.8: Seawater Nd isotopes ratio depth profiles at (a) stations Pelagia 2, 5 and 6 (black circles,
see Table 4.2 and Fig. 4.1 for locations), TTO/NAS station 167 (grey dots, triangle ¢ on Fig. 4.1,
Piepgras and Wasserburg, 1987) and station Signature (SGN) 9 collected in July 1999 (grey triangle,
triangle d on Fig. 4.1, Lacan and Jeandel, 2005b) (b) station Pelagia 9 (black circles), station
Thalahassa 15 collected in July 2005 (black crosses, triangle ¢ on Fig. 4.1, Rickli et al., 2009),
Hudson 83-036 station 11 collected in November-December 1983 (grey triangles, triangle f on Fig.
4.1. Piepgras and Wasserburg, 1987), and station Signature (SGN) 6 collected in July 1999 (empty
squares, triangle g on Fig. 4.1, Lacan and Jeandel, 2005b) (c) station BATS from the present study
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(black circles) and station BATS from Pahnke et al (2012) (grey triangle, dot i on Fig. 4.1) (d) station
Pelagia 19 (black circles) and AIl 109-1-Station 30 collected in June-July 1981 (grey triangles,
triangle h on Fig. 4.1, Piepgras and Wasserburg, 1987) (e) station Pelagia 25 (black circles) and
OCE63-Stations 1-4 collected in May 1979 (grey triangle, triangles j on Fig. 4.1, Piepgras and
Wasserburg, 1980, 1987). Errors plotted for our own data are either internal two sigma standard errors
or external two sigma standard deviations, depended on which one is larger (this study, see Table 4.2).
For literature results the external two sigma standard deviations are given. In (a) and (b), the brown
bars represents the Nd isotopic composition of sediment collect in the area of the plotted stations (e.g.,

south-western Irminger Sea in (a) and southeastern Labrador Sea in (b)).

though the East Greenland Current precursor is homogenous (eng =-10.9 £ 0.2, n =11, Lacan
and Jeandel 2004a). Lacan and Jeandel (2004a) explained this heterogeneity by resuspension
of sediments of different origin: whereas the DSOW from a station on the western side of the
sill is influenced by unradiogenic sediments due to the presence of granitic Precambrian
formations, the station on the eastern side features radiogenic enrichments from basaltic
material (Lacan and Jeandel 2004a). Furthermore, these authors noticed a difference of ~2
epsilon unit in Nd isotope signature between filtered and unfiltered samples. Alibo and
Nozaki (1999) found a difference of about 0.8 ppt in Nd concentration between filtered (0.04
um) and unfiltered seawater samples collected close to the bottom of the water column in the
western north Pacific near Japan, where particulate abundance was large (Alibo and Nozaki
1999). This corroborates that the discrepancy between our results and previously published

data is most likely due to the fact that our samples were filtered and previous results were not.

The Nd released from the particulate phase can be calculated as follow:

Nd reieqsea = Nd final — Nd ipitiar (4.2)

where “final” refers either to Piepgras and Wasserburg (1987) TTO/NAS 167 (2310m, [Nd] =
3.0 ppt), or to Lacan and Jeandel (2005b) SGN 9 (2100m, [Nd] = 3.4 ppt) and the values for
the “initial” constituent are the data from either our station 2 (2206m, [Nd] = 2.34 ppt,
Chapter 5) or from our station 5 (2924m, 2.27 ppt, Chapter 5). Using equation 4.2, the Nd
released from the particulate phase is 0.6 ppt for TTO/NAS 167 and station Pelagia 2, and 1.1
ppt for SGN 9 and station Pelagia 5.
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4.6.1.2. Station 9 — southeastern Labrador Sea (Fig. 4.8b)

At station 9 in the southeastern Labrador Sea we see a clear offset between our samples
and the results obtained by Piepgras and Wasserburg (1987) and Lacan and Jeandel (2005b)
(Fig. 4.8b), whereby the latter are less radiogenic (e.g., systematic offset below 2500 m of up
to ~2.5 epsilon). Before exploring this offset, it is worth mentioning that all four studies so
far conducted in the area show an excellent agreement in seawater Nd isotopic compositions
between ~1000 and ~2500 m water depth (this study; Piepgras and Wasserburg, 1987; Lacan
and Jeandel, 2005b, Rickli et al., 2009). Following the water mass assignment performed in
section 4.4, the lowermost three samples at our station 9 are associated with NWABW (S =
34.90-34.91), which is lower in salinity compared to samples collected at similar depth in the
1980s (Piepgras and Wasserburg, 1987; S = 34.92), but more salty than the samples collected
in 1999 (Lacan and Jeandel, 2005b; S = 34.88). Even though this observation is in accord
with the global freshening of ISOW and DSOW in the subpolar North Atlantic until the early
2000s (Dickson et al. 2002), and reversal of this trend from there on (Sarafanov et al. 2010),
we do not consider such small shifts in salinity to be capable of creating significant
differences in Nd isotopic compositions. As discussed in the previous section, our preferred
interpretation is that the offset is related to the fact that many of the historical seawater Nd
isotope analyses were performed on unfiltered samples. Even though Pahnke et al. (2012)
have demonstrated that lack of filtration may not alter dissolved Nd isotopic compositions in
deep waters away from continental margins (i.e. BATS, 2000 m), this may not be true for
more continent-proximal locations and in areas with high particulate concentrations. Surface
sediments (< 2 um), collected from the bottom of the southeastern Labrador Sea, feature exg
= -20.1 = 0.1 and a Nd content of 29.23 ppm (station 91-93, Innocent et al. 1997). To
investigate if dissolution of resuspended sediments could explain the discrepancy between the
data of the present study and the literature results, the boundary exchange equation defined

by Lacan and Jeandel (2004a) is used:

. final initial
input _ €na " Nd finai—eNg " Nd initial (4.3)

&
Na Nd fingi— Nd initial

where “final” refers to Piepgras and Wasserburg (1987) Hudson 83-036 station 11 (3850 m:
eng = -13.4 £ 0.5; [Nd] = 2.8 ppt), and the values for the “initial” component are the data from
our station 9 (4041 m: eyg = -11.84 = 0.20, Table 4.2; [Nd] = 2.46 ppt, Chapter 5). The

110



Myriam Liliane Lambelet, Ph.D. Thesis, 2014 — Chapter 4

calculated Nd signature for the input sediment is exg = -24.5 + 4.3, which is, within error, the
same as the sediment measured around the studied area (e.g., eng = -20.1 = 0.1, Innocent et al.

1997). Using equation 4.2, the Nd released from the particulate phase is 0.3 ppt.

4.6.2. Subtropics — downstream area

Prior to our study there were only limited data available for seawater Nd isotopes in the
subtropical western North Atlantic Ocean. A ‘baseline‘ profile for Nd isotopes was recently
published for the Bermuda Atlantic Time-Series Study site (BATS, corresponding to station
21 in the present study, Table 4.2; Pahnke et al. (2012), dot i on Fig. 4.1; Fig. 4.8c), which
serves as a cross-over station for GEOTRACES cruises GAO02 (this study) and GAO3 (US
section). Intercalibration samples were collected in June-July 2008, and the results are in
excellent agreement with results from our study (Fig. 4.8c). The only other Nd isotope data
available for the subtropical western North Atlantic were measured by Piepgras and
Wasserburg (1980, 1987), and their samples were collected in the early 1980s. Here, it is
possible to compare station Pelagia 19 (32.55°N — 61.10°W, Table 4.2, Figs. 4.1 and 4.8d)
with AII 109-1-Station 30 collected in June-July 1981 (36.25°N — 61.97°W, triangle h on Fig.
4.1; Fig. 4.8d, Piepgras and Wasserburg 1987) and station Pelagia 25 (24.71°N — 67.07°W,
Table 4.2, Figs. 4.1 and 4.8e) with OCE63-Stations 1-4 collected in May 1979 (between
27.02 and 29.88°N — 70.38 and 76.23°W, triangle j on Fig. 4.1; Fig. 4.8e, Piepgras and
Wasserburg, 1980, 1987).

In the literature, the Nd isotopic composition of NADW in the subtropical area (referred to
as “mature-NADW?) is characterized by exg = -13.5 = 0.5 (Piepgras and Wasserburg 1987,
von Blanckenburg 1999). However, no difference is made between the Nd signature of
upper-NADW and lower-NADW. As shown previously, in the subtropical area of this study,
the Nd isotopic composition of ULSW is -13.11 £ 1.63 (2sd, n = 4) and that of LSW is -13.26
+ 0.43 (2sd, n = 6), leading to a upper-NADW Nd isotopic signature of -13.20 + 1.00 (2sd, n
= 10). The large uncertainty on the upper-NADW Nd isotopic composition reflects the
variability of Nd characteristics in ULSW, the signature of which is progressively diluted
when flowing southward, primarily due to mixing with AAIW (see paragraph 4.5.1.1). The
Nd isotopic signature in the subtropics of middle- and lower-NADW combined is -12.44 +
0.39 (2sd, n = 16).
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The values measured for upper-NADW match well the results of the present study for both
AIl 109-1-Station 30 and OCE63-Stations 1-4, even though these samples were collected
about 30 years apart. This suggests that the Nd isotopic signature of ULSW and LSW were

not affected by the changes in physical characteristics observed for these two water masses.

The samples encompassed in lower-NADW are, however, less radiogenic in the study of
Piepgras and Wasserburg (1980, 1987) compared with the present data set (Figs. 4.8d and e).
There is no salinity, temperature or nutrient data available for the seawater collected at the
OCE 63 stations to compare with station Pelagia 25. However, salinity, oxygen and nutrients
data are available for station AIl 109-1-Station 30 (Piepgras and Wasserburg 1987), and the
water mass sampled below 2000 m depth by these authors was slightly saltier, more
oxygenated and had a lower phosphate content compared to the samples collected in the
present study (Table 4.2). These changes in the water mass properties are similar to the ones
measured for NEADW and NWABW in the southeastern Labrador Sea, except for the
phosphate content. However, as shown in section 4.6.1.2, the Nd isotopic composition from
Piepgras and Wasserburg (1987) was already less radiogenic in the southeastern Labrador
Sea than the ones measured in the present study, and this was explained by sediment
resuspension having a more pronounced effect on their unfiltered samples than on the filtered
samples of this study. Moreover, the Nd concentration of the deepest sample from Piepgras
and Wasserburg ([Nd] = 9 ppt) is about twice as high as that of the bottom sample from
Pelagia station 19 ([Nd] = 4.27 ppt, Chapter 5), suggesting a thicker nepheloid layer and
more interaction with bottom sediment. Using equation 4.3, the Nd isotopic composition of
the input required is -14.4 + 0.8, which is in agreement with sediment collected in the

Sargasso Sea (eng =-13.3 £0.2, 36°N - 66°W, Jeandel et al. 1995).

In summary, even though changes in the water mass properties of ULSW, LSW, NEADW
and NWABW can be observed over the past 30 years, the changes do not seem to have a
measurable effect on the Nd isotope signature of the water masses. Furthermore, the present
data set allows us to redefine the Nd isotopic signature of NADW, and moreover to
distinguish between upper-NADW, with eyg = -13.20 £ 1.00, and lower-NADW, featuring
end = -12.44 £ 0.39.
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4.7. Conclusion

We presented new results on the Nd isotopic composition of seawater for twelve depth
profiles from the north to equatorial western Atlantic Ocean. Improved analytical precision
on seawater Nd isotope analyses (see Chapter 3), compared to pioneering studies in the
1980s, allow us to revisit the question of the Nd isotopic composition of North Atlantic Deep
Water (NADW) and its precursor water masses in the subpolar North Atlantic.

Starting in the subpolar area, Upper Labrador Sea Water carries a very well defined Nd
isotopic composition, while the original Labrador Sea Water (LSW) signature is being lost
more rapidly upon advection away from its source area in the Labrador Sea. Our stations are
not well situated to trace back North East Atlantic Deep Water (NEADW) to its formation
area. We only encountered already diluted NEADW in the Irminger Sea and further
downstream in the subpolar gyre. Resampling of stations in the Irminger Sea however reveals
that sediment resuspension and exchange with the continental margin plays an important role

in setting the Nd isotopic composition of the denser water masses NEADW and NWABW.

Leaving the subpolar gyre, exported North Atlantic Deep Water (NADW) can be
separated based on our new data into upper- and lower-NADW, with distinct Nd isotopic
compositions. While results for upper-NADW show excellent agreement with historical
measurements, our data for lower-NADW tend to be more radiogenic, most likely due to a
combination of procedural differences in sample collection (e.g., filtration vs. unfiltered

samples) and extent of boundary exchange in the source region of NWABW.

Overall, our new data reemphasise (at unprecedented resolution in the NW Atlantic) that
the Nd isotopic composition of seawater can serve as an excellent water mass tracer, if
sampled in areas away from oceanic margin, and particularly in areas of strong advection
(i.e., deep western boundary current). Our new results should not only aid to improve our
understanding of the marine biogeochemical cycle of Nd (see also Chapter 5) but provide a
more detailed framework for using the Nd isotopic composition of seawater to investigate

past variations of the global thermohaline circulation.
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Chapter 5

NEODYMIUM
GEOCHEMICAL CYCLING
IN THE
WESTERN
NORTH ATLANTIC OCEAN
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Abstract

The biogeochemical cycle of neodymium (Nd) in the modern ocean is not fully
understood. While the Nd isotopic composition of seawater traces water masses and the
composition of the continental margins, Nd concentrations in the open ocean feature an
increase with depth, as well as an increase along the global conveyor belt, similar to the
behaviour of the nutrient silicate. In order to further illuminate and understand this ‘Nd
paradox’ we here present Nd concentration data for twelve seawater depth profiles collected
in the equatorial to north western Atlantic Ocean during the Dutch GEOTRACES cruise
GAO02 in 2010. We furthermore report the Nd isotopic compositions for the surface and
bottom layers of all profiles, thus allowing an assessment of the Nd sources and sinks in the
studied area. Comparison between the new concentration profiles and the corresponding Nd
isotope profiles (Chapter 4) provides novel insights into the geochemical cycle of Nd and
reveals that different processes are necessary to account for the observed Nd characteristics.
Surface samples show that riverine inputs are important for the Nd budget in the Irminger
Basin and in the southern subtropical gyre. No direct proximal input sources need to be
invoked to account for the Nd characteristics in the vicinity of the Grand Bank and in the
northern subtropical gyre. Boundary exchanges is shown to act as a sink for Nd in the
subpolar area close to the East Greenland margin, and release of Nd from resuspended
sediments is observed in subtropical areas with a pronounced nepheloid layer. Whereas
boundary exchanges are required to account for the observed Nd isotope and concentration
profiles in subpolar regions, the profiles are decoupled in the open western North Atlantic,
where the prevailing process seems to be release from sinking particles (reversible

scavenging), except in the deep water layer of maximal lateral transport.

5.1. Introduction

The rare earth element (REE) neodymium (Nd) is mostly found in dissolved form in the
ocean and has concentrations in the order of ppt [ng/kg; ~15 - 45 pmol/kg] (Goldstein and
Hemming 2003).

The Nd isotopic composition is expressed as
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143Nd
1444
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where CHUR (Chondritic Uniform Reservoir) provides an estimate for the average
composition of the present day bulk (silicate) earth: (‘**Nd/'"*Nd)cpur = 0.512638 (Jacobsen
and Wasserburg 1980). The radioactive decay of '*’Sm to '"*Nd (t;»(**’Sm) = 1.06-10"
years) leads to changes in the '**Nd/"**Nd ratio with time, leading to a range of solid earth Nd
isotopic compositions from exg = -45 for old granitic cratons to exg = +12 for young mid-

oceanic ridge basalts (Goldstein and Hemming 2003).

Sources of dissolved Nd to the ocean encompass river runoff (6%), aeolian inputs (4%)
and dissolution of Nd from margin sediments (90%, Rempfer et al. 2011). The latter source is
referred to as boundary exchange, which is the strong interactions between continental
margins and water masses by co-occurrence of sediment dissolution and boundary
scavenging (Lacan and Jeandel 2005a). The continental margin includes the continental shelf,
the continental slope and the continental rise, and hence encompasses solid material delivered

by rivers through estuaries (Chester 2000).

The Nd isotopic composition of seawater reflects the age of the surrounding continents,
with eng = -10 to -25 in the North Atlantic to eng = 0 to -5 in the Pacific (see Chapter 4 and
Goldstein and Hemming (2003); Lacan et al. (2012)). Away from continental sources,
seawater Nd isotopic compositions seem to behave conservatively and can be used as a water
mass tracer (Piepgras and Wasserburg 1987; Lacan and Jeandel 2004a; Lacan and Jeandel
2004b; Lacan and Jeandel 2004c; Lacan and Jeandel 2005; Lacan et al. 2012). This behaviour
is, however, at odds with Nd concentrations profiles in the ocean, which are clearly
decoupled, an observation that has been termed the ‘Nd paradox’ (e.g., Jeandel et al. (1995);
Tachikawa et al. (2003); Siddall et al. (2008)). In detail, Nd concentration depth profiles
resemble silicate profiles in the open ocean, showing depletions at the surface and
enrichments with depth as well as an increase in bottom water concentrations along the
conveyor belt (Elderfield and Greaves 1982; de Baar et al. 1985; Elderfield 1988; Bertram
and Elderfield 1993). This type of behaviour is strongly suggestive of additional processes,
other than inputs to the surface and ocean boundaries, that influence the vertical cycling of

Nd in the ocean. Previous work suggested that Nd is scavenged at the surface, sinks with the
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particulate phase, and is released at depth, a process commonly called reversible scavenging

(Nozaki and Alibo 2003; Siddall et al. 2008; Arsouze et al. 2009; Oka et al. 2009).

However, most of the above cited studies on the problem are modelling studies, not at
least because observational data from the ocean are still sparse (i.e., 880 results for Nd
isotopes in September 2011, (Lacan et al. 2012)). Together, these studies have so far yielded
a number of important observations on the behaviour of Nd in the ocean: (i) hydrothermal
vent are considered as a negligible Nd source, but their impact on the Nd isotopic signature
may be important (Jeandel et al. 2013); (i1) submarine groundwater fluxes may be significant
Nd sources (Tachikawa et al. 2003; Johannesson and Burdige 2007; Arsouze et al. 2009));
(ii1) atmospheric and riverine Nd fluxes into the oceans are not sufficient to explain oceanic
budgets, and the missing flux is most likely provided by continental margin inputs,
representing about 90% of the total Nd flux (Tachikawa et al. 2003; Arsouze et al. 2009;
Rempfer et al. 2011)); (iv) vertical cycling (scavenging and remineralisation) is necessary to
balance both the marine Nd concentration and isotope budget (Siddall et al. 2008; Arsouze et
al. 2009; Oka et al. 2009; Rempfer et al. 2011); (v) to understand vertical cycling in detail, it
will be important to consider the effects of particle size and type (Siddall et al. 2008; Arsouze
et al. 2009)).

In order to shed further light on the vertical cycling of Nd in the water column, as well as
its input and output fluxes, we here present Nd concentration data for twelve depths profiles
from the north to equatorial western Atlantic Ocean. Surface and bottom waters are
specifically inspected for their Nd isotope compositions. The isotope signature of the
remainder of the water column was discussed in Chapter 4. Our results show that the
processes governing the geochemical cycling of Nd are different in the subpolar and
subtropical western North Atlantic Ocean. Indeed, one of the major differences is not the
latitudinal position, but rather the proximity of the sampling location to the continental
margin (Fig. 5.1a). For the subpolar stations, boundary exchange with the margins is
necessary to explain the observed Nd isotope and concentration values. In the subtropical
area, the Nd isotopic composition and concentration profiles are decoupled. Release from
suspended particles seems to account for the increase in Nd concentration with depth.
However, at depth where the maximum velocity of deep water masses is encountered, strong

lateral advection hinders the release of Nd from particles.
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5.2. Hydrological context

The cruise track for GA02 followed the deepest part of the North Atlantic Ocean and the flow
path of NADW (Fig. 5.1a), starting from the Irminger Sea (station 2: 64.00° N, 34.25°W)
down to the south of the Sargasso Sea (Station 30: 18.57° N, 57.61°W) (Table 5.1). Below we
outline the major hydrology of surface currents as constructed from the literature and direct
seaboard measurements of physical properties (Fig. 5.1b). Intermediate and deep water
masses were dealt with in Chapter 4. The abbreviations for the water masses and current

names can be found in Table 4.1 of Chapter 4.

5.2.1. Surface and upper-layer water masses
5.2.1.1. Subpolar Area

The most prominent current in the subpolar North Atlantic is the North Atlantic Current
(NAC), the northeastward extension of the Gulf Stream, which brings warm and salty water
of subtropical origins into the subpolar North Atlantic (Fig. 5.1b). West of Scotland, the NAC
splits into the Irminger Current (IC), which flows south of Iceland, and into a second branch
that continues its flow northeastward to become the Norwegian Current (NC). East of
Greenland, the subtropical waters brought northward into the Irminger Sea by the IC are
mixed with cold and fresh polar water carried southward in the East Greenland Current
(EGC). This current follows the Greenland coast in westward direction all the way up to
Baffin Bay under the name West Greenland Current (WGC). It then becomes the Labrador
Current (LC) for its southward return journey along the Labrador coast. Upon arrival in the
Newfoundland Basin the LC splits, with one part of it flowing southwards, while another part
flows east and rejoins the NAC, closing the loop of anti clockwise surface water flow, which
is called the North Atlantic Subpolar Gyre (Fig. 5.1b; (Schmitz 1996; Lacan and Jeandel
2004c)).

The subsurface layer (between 200 and 1000 m) of the subpolar gyre is composed of
Subpolar Mode Water (SPMW). This is formed by mixing of subtropical and polar water
masses followed by winter time convection, and is the precursor of Labrador Sea Water

(McCartney and Talley 1982; Hanawa and Talley 2001).
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Figure 5.1: (a) Map indicating samples locations in the North Atlantic. The black dots with numbers stand for the Pelagia stations (this study, Table 5.1). The
black triangles represent additional FISH samples collected for this study (Table 5.2). The grey dots represent literature data where at least three depths

throughout the water column were sampled for Nd isotopic composition, whereas the white dots represent literature data where less than three depths where
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sampled. White triangles with associated letters represent stations that are discussed in the text. a:
Signature station 30 (Lacan and Jeandel 2004a); b: TTO/NAS station 167 (Piepgras and Wasserburg,
1987); c: Signature station 9; d: Signature station 2; e: Signature station 3; f: Signature station 5; g:
Hudson 83-036 LC (Piepgras and Wasserburg, 1987); h: Thalahassa station 15 (Rickli et al. 2009); i:
Hudson 83-036 station 11 (Piepgras and Wasserburg, 1987); j: Signature station 6; k: AIl 109-1
station 30; 1: BATS (Pahnke et al. 2012); m: OCE 63 station 4 (Piepgras and Wasserburg, 1980,
1987); n: TTO/TAS station 63 (Piepgras and Wasserburg, 1987); o: NE Atl. E3 O (Tachikawa et al.
1999). Where not specified, station data are from Lacan and Jeandel (2005b) (Signature stations). (b)
Nd isotopic composition (expressed as eyg) for the surface most samples (max depth = 100 m) of the
present study and from the literature. The arrows represent surface currents (dashed lines for colder
waters), and the numbers represent the approximate Nd isotopic signature of the continents. Map
drawn after Schmitz, 1996. Currents names abbreviations: NC: Norwegian Current; IC: Irminger
Current; EGC: East Greenland Current; WGC: West Greenland Current; LC: Labrador Current; NAC:
North Atlantic Current; CC: Canary Current; NEC: North Equatorial Current; FC: Florida Current;
GS: Gulf Stream. Maps were realised using the ODV software (Schlitzer 2012).

5.2.1.2. Subtropical Area

In contrast to the subpolar gyre, the subtropical gyre circulates clockwise, and occupies the
latitudes from ~10°N to ~40°N in the North Atlantic basin. Its most prominent current is the
Gulf Stream (GS), which forms the western and northern part of the gyre. The Gulf Stream is
fed by warm and salty waters from the Gulf of Mexico. The western limb of the Gulf Stream
between the Gulf of Mexico and Cape Hatteras (~ 35°N) is constituted by the Florida Current
(FC), which separates from the coast at ~ 35°N. While part of it is recirculated southward to
rejoin the Gulf Stream, another part flows eastward and becomes the NAC. Much of the
water in the NAC turns south-eastwards to contribute to the Canary Current (CC), which
flows down the western margin of Southern Europe and western Africa (Fig 5.1b) (Reid
1994; Schmitz 1996). Ultimately the waters turn across the Atlantic again to join the North
Equatorial Current (NEC), most of which enters the Gulf of Mexico.

Below the surface layer of the northwestern part of the subtropical gyre, North Atlantic
Subtropical Mode Water (STMW), which is often called ‘Eighteen Degree Water’ (EDW,
(Worthington 1958)), is found as a vertically homogeneous water mass. It is formed each
year by winter convection south of the northern part of the Gulf Stream (~35°N), and
subsequently travels southwards, occupying water depths from ~50 m to ~500 m in the

western subtropical gyre. Variations in the STMW properties are associated with the North
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Atlantic Oscillation (NAO), and low NAO corresponds to strong STMW (Worthington 1958;
Hanawa and Talley 2001; Davis et al. 2013).

5.3. Samples

Twelve seawater depth profiles were collected for Nd concentrations (and isotopes) on the
RV Pelagia during the first two legs of the Dutch GEOTRACES cruise GA02 (PE319 and
PE321), that took place between the 28" of April and the 8™ of July 2010 from Scrabster
(Scotland) to Fortaleze (Brazil), via Bermuda (Fig. 5.1a). Details about the sampling protocol
are given in Chapter 4, and details on sample treatment, purification and measurement

techniques are provided in Chapter 3.

5.4. Results and discussion

In order to investigate the entire new dataset, we break down our observations and the
discussion into four major sections. Firstly, a Nd concentration section of the studied area is
presented and described in order to provide an overview of the data set (Fig. 5.2). Secondly,
the Nd isotopes and concentrations of the surface samples are presented, thus allowing
investigation of the Nd sources and transport at the surface of the North Atlantic Ocean.
Then, the Nd isotopic compositions and concentrations are discussed for the bottom water
samples in order to assess the Nd sources and sinks in the bottom layer of the studied area.
Finally, the Nd concentrations profiles are presented, and they are compared to the Nd
isotope profiles depicted in Chapter 4, enabling a discussion of the geochemical cycle of Nd
in both the subpolar and the subtropical western North Atlantic Ocean. Neodymium
concentrations for every sample and Nd isotopic data for the surface and subsurface layers
can be found in Table 5.1, together with hydrological properties and nutrient concentrations.

In Figure 5.3, 6-S plots are presented for every station.

5.4.1. Neodymium concentration section: overview of the present data set

Figure 5.2 presents the Nd concentrations for the entire study area in a section view.
Overall most of the section is dominated by Nd concentrations in the range of 2.4 to 2.9 ppt.

In detail, the northernmost profiles (e.g., north of 40°N) show a relatively small gradients in
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Nd concentrations from top to bottom, with the lowest concentrations being found in the deep
and bottom waters in the Irminger Basin (stations 2 to 6, [Nd] = 2.3 ppt) and the highest
values in the surface and subsurface of the Labrador Sea (station 9; [Nd] = 3.1 ppt) (Figs.
5.1a and 5.2). Stronger gradients in Nd concentrations and a first order increase of values
from top to bottom can be found in all stations of the western North Atlantic (stations 15 to
30; [Nd] = 1.9 ppt in surface waters, [Nd] = 4.6 ppt in bottom waters). As will be discussed
later in more detail, this increase is, however, not linear as constant Nd concentrations can be

found at intermediate to deep levels in the water column (1000-2500 m) (Fig. 5.2).

30 28 25 2119 15 13 11 9 65

Nd [ppt]

20°N 30°N 40°N 50°N 60°N

Figure 5.2: Neodymium concentration section for the north to equatorial western Atlantic Ocean (this
study). The black dots represent the location of actual samples which were analysed, and the numbers

above the section denote the station numbers (see Table 5.1).

5.4.2. Surface waters

In order to evaluate the importance of Nd inputs to the surface ocean, we will discuss
surface samples only in this section. The Nd isotopic compositions of the surface samples of
the present study are presented in Figure 5.1b, together with previously published data for the
North Atlantic Ocean. Overall, this map highlights that the subpolar gyre in the North
Atlantic is rather homogenous (eng = -15) and less radiogenic in its Nd isotopic composition

than the subtropical gyre (exg = -10).
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5.4.2.1. Subpolar area

5.4.2.1.1. Irminger Basin (stations 2 to 6)

Following surface waters in the Irminger Basin in southward direction, the water becomes
progressively less radiogenic, ranging from eng = -14.15 £ 0.29 at station 2 to eng = -15.17 £
0.11 at station 6, and the concentrations are identical within external reproducibility (2.54 -

2.46 ppt, Table 5.1).

The Nd isotopic compositions measured for the surface water of the Irminger Basin are in
agreement with previous results (exg = -14.6 + 0.4 at 25 m depth; station Signature 9, triangle
¢ on Fig. 5.1a, Lacan and Jeandel 2005b). The Nd concentrations, however, are
systematically lower in the present study. This can be explained by the fact that the samples
of Lacan and Jeandel (2005b) were not filtered, whereas the ones in the present investigation
were. Indeed, when Lacan and Jeandel (2004a) compare the Nd concentrations for a filtered
and an unfiltered sample from the same station and same depth (station Signature 30; triangle
a in Fig. 5.1a, 1840 m), these authors find that only 93% of the Nd is present in the filtered
sample, Lacan and Jeandel 2004a). Assuming that the data of Lacan and Jeandel (2005b)
show similar difference in Nd concentrations between hypothetical filtered seawater and
unfiltered seawater collected at station Signature 9, the calculated concentration is 2.51 ppt,

which is in good agreement with the samples of the present study.

Along with a decrease in the Nd isotopic composition, the salinity of surface waters also
decreases southwards in the Irminger Basin (35.13 at station 2 to 34.81 at station 6, all
samples from 10 m depth, Table 5.1, Fig. 5.3a). The potential temperature is highest at station
2 (6 = 6.78 °C) and lowest at station 5 (60 = 5.39°C), whilst the oxygen content features the
opposite trend (Table 5.1). These relatively high salinity and temperature characteristics show
that the samples from stations 2 to 6 were taken in the Irminger Current (IR) rather than in the
East Greenland Currant (EGC) (Fig. 5.1b). The coupled trend of decreasing salinity alongside
less radiogenic Nd isotopic compositions hints at the addition of an unradiogenic riverine
source. This idea is corroborated by both dissolved and particulate Nd isotopic compositions
from west Greenland rivers, which have been shown to be highly unradiogenic (eng = -43.3
1.25, 2sd, n = 3, (Goldstein and Jacobsen 1987) and eng = -41.5 = 2.72, 2sd, n = 3, (Goldstein
and Jacobsen 1988)) respectively).
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Table 5.1: Location, depth, hydrological properties, nutrient concentration, Nd concentrations and Nd isotopic compositions (in italic are the values already

presented in Chapter 4) for the 12 depth profiles collected on the GEOTRACES cruise GA02 on the Pelagia in 2010.

Pot. Pot. o Phosphate  Silicate  Nitrate
S(?:;:?tlne Salinity" TZ’GI;')I" D(z“s' [pmzol/ [plgol/ [mol/  [pmol/ 'SNA/MNAT ey 2S¢, 24 Nd Water mass
0) a b b b (int.)" (ext)  [ppt]
[m] [Cf  [kg/m] kgl kgl kgl kg
Station 02 (2 May 2010; 64.0003°N — 34.2505 °W; 2215m)
10 35.131 6.78 27.554  273.6 0.89 6.37 13.64 0511912 -14.15 029 0.14  2.54
50 35.149 6.71 27.579  268.8 0.91 6.32 13.98 0511926  -13.88 0.12 0.14 254
100 35.148 6.69 27581 2684 0.93 6.35 14.13 0511926  -13.88  0.08 0.14  2.54
302 35.100 6.15 27.616  269.0 0.99 7.23 1531 0.511953  -13.36 029 0.14 254
499 35.022 5.26 27.667 2454 1.10 9.21 16.67 0.511944  -13.55 0.14 0.14  2.54
802 34.932 4.10 27.726  269.4 1.08 8.88 16.46 0.511920  -14.00 024  0.14  2.55 ULSW
1000 34.927 3.86 27745 2644 1.09 9.69 16.63 0.511950  -13.42 033 014 251 LSW
1901 34.929 3.02 27.830 2713 1.08 11.46 16.31 0.512009  -12.28 025 015 230 NEADW
2151 34.880 1.85 27.891 2957 0.91 7.74 13.67 0.512038  -11.70 042 015 236 NWABW
2206 34.884 1.26 27.938  301.6 0.87 6.85 13.06 0.512057  -11.33  0.62 015 234 NWABW
Station 05 (4 May 2010; 60.4277°N — 37.9078 'W; 2943m)
10 34.892 5.39 27.546  298.5 0.81 4.17 12.10 0.511903  -1434 0.12 014 251
50 34913 4.94 27.616  295.1 0.85 4.66 12.99 0.511897  -1445 0.12 014 249
150 34.923 4.58 27.664  280.6 1.02 7.49 15.55 0511897  -1446 0.11  0.14  2.54
417 34.920 4.19 27.705  269.0 1.08 8.73 16.46 0.511915  -14.11 010 014  2.59 ULSW
1001 34.878 3.55 27.738  273.8 1.08 9.32 16.52 0.511915  -14.11 013 014 2.6l ULSW
1502 34.919 3.44 27782 2672 1.10 10.69 16.65 0.511959  -13.25  0.09 014 244 LSW
2001 34.924 3.08 27.821 272.0 1.09 11.52 16.57 0.511992  -12.60 0.10 0.14 236 NEADW
2499 34.928 2.68 27.860 2744 1.08 12.91 16.16 0.512006  -12.33  0.09 0.14 236 NEADW
2799 34.899 2.01 27.893  288.0 0.99 10.11 14.78 0.512054  -11.39 011 014 235 NWABW
2024 34.888 1.23 27.943 2982 0.93 8.71 13.80 0.512086  -10.76 020 0.14 227 NWABW
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Table 5.1 (continued)

Pot.

Pot. o Phosphate Silicate Nitrate
S;;;E)]If Salinity” ngl)p' Dens. (g.re) [pmz(i)il/ [p,IE(l))l/ [pm(l))l/ [p,m(l))l/ "SNd/MNAE ena’ (iis:j)e (ez;:)f [Ii\ll’(:]g Water mass
[m] CJ* [kg/m’] kg] kg] kg] kg]
Station 06 (5 May 2010; 58.6027°N — 39.7064 ‘W, 3101m)
10 34.811 5.84 27.426 287.5 0.82 4.71 12.01 0.511861 -15.17 0.11 0.06 2.46
74 34.839 5.20 27.526 286.7 0.89 5.27 12.89 0.511866 -15.05 0.12 0.06 2.47
152 34.848 4.27 27.638 283.4 0.99 7.01 15.04 0.511878 -14.82 0.09 0.06 2.54
399 34.908 4.08 27.707 268.8 1.06 8.69 16.59 0.511910 -14.20 0.12 0.06 2.61 ULSW
801 34.863 3.54 27.726 277.3 1.05 8.74 16.31 0.511908 -14.24 0.09 0.06 2.66 ULSW
1499 34914 3.43 27.778 267.0 1.10 10.74 16.92 0.511962 -13.19 0.08 0.06 2.48 LSW
1998 34919 3.03 27.821 271.8 1.09 11.59 16.52 0.511984 -12.75 0.12 0.06 2.37 NEADW
2495 34.931 2.71 27.860 274.2 1.08 13.09 16.45 0.512019 -12.08 0.08 0.06 2.31 NEADW
2999 34.891 1.66 27914 294.3 0.97 9.44 14.68 0.512064 -11.20 0.11 0.06 2.32 NWABW
3086 34.884 1.25 27.938 297.8 0.94 9.12 14.14 0.512092 -10.64 0.10 0.06 2.27 NWABW
Station 09 (9 May 2010; 51.8203°N — 45.7325°W; 4052m)
10 34.819 9.16 26.954 261.7 0.42 1.85 5.56 0.511768 -16.98 0.11 0.14 2.97
75 34.902 8.39 27.141 253.0 0.70 4.86 9.68 0.511776 -16.82 0.09 0.14 3.12
149 34.742 6.83 27.242 244 .4 0.86 6.12 12.54 0.511775 -16.83 0.12 0.06 3.14
400 34.923 4.97 27.621 231.3 1.13 9.74 17.39 0.511871 -14.96 0.14 0.20 2.79
805 34.901 3.96 27.715 263.6 1.09 9.31 16.81 0.511901 -14.38 0.12 0.20 2.67 ULSW
993 34.890 3.73 27.730 267.6 1.09 9.38 16.72 0.511905 -14.29 0.12 0.20 2.65 ULSW
1247 34.898 3.60 27.749 267.7 1.10 9.89 16.88 0511911 -14.18 0.13 0.20 2.61 LSW
1735 34914 3.31 27.790 269.9 1.11 11.26 17.08 0511914 -14.13 0.16 0.20 2.61 LSW
2252 34916 291 27.830 1.09 11.95 16.48 0.511978 -12.87 0.11 0.20 2.39 NEADW
2997 34.907 2.14 27.890 277.8 1.06 14.29 15.97 0.512014 -12.18 0.14 0.20 2.50 NWABW
3745 34.898 1.70 27.917 287.9 0.98 11.61 14.78 0.512034 -11.79 0.12 0.20 2.46 NWABW
4041 34.898 1.64 27.922 290.5 0.98 11.22 14.71 0.512031 -11.84 0.12 0.20 2.46 NWABW

126



Table 5.1 (continued)

Myriam Liliane Lambelet, Ph.D. Thesis, 2014 — Chapter 5

Pot. Pot. (0) Phosphate Silicate Nitrate
Sj;;i)]lle Salinity” E:({)n)p. Dens. (?9) [pmz(;l/ [plﬁ(t)’l/ [p,m(l))l/ [p,m(l))l/ Nd/**Nd ena’ (iis:)e (ezxsg)f [li\[l)(ti]g Water mass
[m] CJ* [kg/m’] kg] kg] kg] kg]
Station 11 (11 May 2010; 47.7996°N — 39.4001 ‘W; 4570m)
9 35.596 15.20 26.419 259.5 0.03 0.05 0.36 0.511936 -13.70 0.13 0.20 2.55
23 35.886 14.87 26.689 237.9 0.06 0.20 2.66 0.511987 -12.70 0.13 0.20 2.46
50 36.026 15.06 26.754 219.9 0.25 1.72 3.97 0.512043 -11.61 0.10 0.08 2.39
101 36.004 14.56 26.848 212.6 0.38 2.58 6.30 0.512047 -11.53 0.11 0.08 2.41
502 35.003 8.07 27.270 160.8 1.28 11.07 21.02 0.511887 -14.65 0.13 0.08 2.94
1001 34.966 4.60 27.697 243.4 1.12 10.34 17.17 0.511901 -14.38 0.16 0.13 2.70 ULSW
1501 34.927 3.80 27.752 261.1 1.13 10.63 17.06 0.511912 -14.15 0.35 0.13 2.60 LSW
1998 34.922 341 27.786 264.7 1.13 11.81 17.37 0.511954 -13.34 0.25 0.13 2.47 LSW
3000 34919 2.74 27.847 271.8 1.10 13.90 16.69 0.511985 -12.74 0.41 0.14 2.40 NEADW
4000 34.899 1.99 27.896 275.5 1.12 19.92 16.66 0.511993 -12.58 0.23 0.14 2.82 NWABW
4251 34.895 1.90 27.900 275.2 1.12 19.59 16.64 0.512009 -12.28 0.38 0.14 3.24 NWABW
4547 34.895 1.84 27.905 278.9 1.09 18.03 16.33 0.511996 -12.52 0.33 0.14 2.82 NWABW
Station 13 (13 May 2010; 44.8442°N —42.5260°W; 4751m)
10 35.112 13.21 26.440 270.2 0.04 0.18 0.00 0.511770 -16.93 0.13 0.28 3.04
77 35934 14.69 26.766 220.5 0.26 1.44 4.04 0.512021 -12.04 0.18 0.28 2.48
198 35.654 13.23 26.859 199.0 0.58 3.79 9.40 0.511987 -12.71 0.11 0.28 2.63
418 35.313 10.24 27.160 126.9 1.39 11.86 22.32 0.512049 -11.49 0.10 0.28 2.54
750 34.992 5.61 27.598 210.8 1.23 11.58 18.90 0.511870 -14.98 0.15 0.28 2.81
1003 34.977 4.68 27.696 240.1 1.15 10.85 17.80 0.511901 -14.38 0.18 0.28 2.70 ULSW
1256 34973 4.28 27.738 248.7 1.15 11.01 17.63 0.511906 -14.28 0.15 0.28 2.63 ULSW
1750 34.942 3.70 27.774 258.9 1.14 11.78 17.58 0.511934 -13.73 0.22 0.28 2.54 LSW
3501 34913 2.34 27.879 272.6 1.11 17.20 16.82 0.512012 -12.22 0.13 0.28 2.58 NEADW
4499 34.892 1.85 27.903 272.8 1.15 22.10 17.09 0.511991 -12.62 0.13 0.33 3.11 NWABW
4726 34.893 1.82 27.906 276.3 1.11 20.65 16.72 0.511986 -12.73 0.47 0.33 3.04 NWABW
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Pot. Pot. (0] Phosphate Silicate Nitrate
Sj;;i)]lle Salinity” f@l;l)p. Dens. (?9) [me(:ll/ [plgtt)’l/ [p,m(;l/ [p,m(l))l/ Nd/**Nd ena’ (iiste.:)e (3;3)f [ li\ll’ (tl] o Water mass
[m] CJ* [kg/m’] kg] kgl kgl kg]
Station 15 (19 May 2010; 37.5164°N — 50.8906°W; 5441m)
11 36.428  17.79  26.424 216.3 0.02 0.17 0.28 0.512131 -9.90 0.14 0.08 1.74
52 36.428 1776  26.429 214.5 0.03 0.18 0.34 0.512128 -9.96 0.11 0.08 1.75
153 36385  16.84  26.621 197.7 0.34 2.05 6.36 0.512117 -10.16 0.14 0.08 2.12
304 36.152 1574  26.699 180.3 0.51 3.04 8.90 0.512087 -10.75 0.13 0.08 2.27
629 35310  9.88 27.218 143.3 1.37 11.75 2178 0.512021 -12.04 0.12 0.08 2.56
885 35202 6.97 27.591 186.1 0.511948 -13.45 0.11 0.08 2.40
2003 34949 349 27.801 257.2 1.16 13.10  17.68 0.511950 -13.41 0.13 0.08 2.68 uNADW (LSW)
3002 34937  2.66 27.870 258.5 1.20 2040  18.15 0.512011 -12.23 0.12 0.08 2.69 ~mNADW (NEADW)
3999 34.896 1.96 27.898 262.0 1.26 28.8 18.68 0.511991 -12.62 0.10 0.20 3.65 INADW (NWABW)
5001 34.877 1.76 27.900 255.5 1.37 38.19  20.12 0.511989 -12.66 0.12 0.20 4.57 modified-AABW
5364 34.870 1.71 27.899 250.4 0.511997 -12.50 0.12 0.06 4.87 modified-AABW
5414 34.869 1.70 27.899 250.3 1.47 46.3 21.54 0.511997 -12.50 0.11 0.06 4.86 modified-AABW
Station 19 (23 May 2010; 32.5514°N — 61.0986 "W; 4683m)
10 36.795 2196  25.598 196.4 0.01 0.61 0.00 0.512139 9.72 0.10 0.06 1.96
50 36.762  20.72  25.917 200.4 0.01 0.61 0.01 0.512136 -9.80 0.10 0.06 1.93
149 36.627 1876  26.331 193.6 0.05 0.75 1.60 0.512148 -9.56 0.09 0.06 1.99 STMW
251 36.588  18.33 26.411 193.1 0.10 0.94 2.61 0.512143 -9.66 0.08 0.06 2.04 STMW
401 36.541  17.88 26.487 189.1 0.18 1.29 3.89 0.512142 -9.67 0.08 0.06 2.10 STMW
866 35.261 9.47 27.250 138.2 1.40 1229  22.39 0.512038 -11.71 0.13 0.06 2.52
1001 35.120 7.25 27.482 168.6 1.39 13.12  21.60 0.511971 -13.01 0.08 0.06 2.63
1251 35.055  5.18 27.701 221.4 1.22 1190  18.71 0.511929 -13.84 0.12 0.06 2.63 uNADW (ULSW)
1750 34.983 3.92 27.784 248 .4 1.17 1260  17.93 0.511944 -13.54 0.07 0.06 2.55 uNADW (LSW)
2500 34959  3.10 27.847 254.2 1.21 18.77  18.30 0.511991 -12.62 0.11 0.06 248  mNADW (NEADW)
3501 34907  2.14 27.891 263.0 1.22 2535 1830 0.511994 -12.56 0.07 0.06 323  INADW (NWABW)
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Pot. Pot. (0] Phosphate Silicate Nitrate
S;;;E)]If Salinity” ngl)p' Dens. (g.re) [umZ(:ll/ [p,IE(l))l/ [pm(l))l/ [p,m(l))l/ "N/ MNdE ena’ (iis:j)e (ezxsg)f [[i\ll)(tl]g Water mass
[m] CJ* [kg/m’] kg] kg] kg] kg]
Station 19 (continued)
4250 34.890 1.89 27.898 261.4 1.28 31.51 19.00 0.511986 -12.72 0.09 0.06 385 INADW (NWABW)
4655 34.881 1.81 27.899 257.5 1.33 36.01 19.75 0.511985 -12.74 0.09 0.06 427 modified-AABW
Station 21 (BATS; 13 June 2010; 31.6669°N — 64.1664°W; 4567m)
9 36.699  23.78 24.995 212.7 0.02 0.43 0.01 0.512154 -9.45 0.16 0.33 1.88
75 36.613 1870  26.335 223.4 0.01 0.46 0.19 0.512148 -9.56 0.09 0.06 1.88 STMW
201 36.566  18.05 26.464 210.8 0.14 1.10 3.17 0.512154 -9.44 0.18 0.33 2.09 STMW
297 36.521  17.74  26.507 207.3 0.20 1.34 4.06 0.512149 -9.55 0.13 0.33 2.12 STMW
500 36298  16.54  26.626 192.0 0.41 2.39 7.46 0.512124 -10.03 0.12 0.33 2.27
1001 35.071 6.03 27.608 207.1 1.34 12.78  20.55 0.511949 -13.44 0.56 0.33 2.66 uNADW
1249 35.008 4.64 27.726 243.7 1.20 11.67  18.42 0.511933 -13.75 0.13 0.33 2.64 uNADW (ULSW)
1749 34968  3.71 27.793 258.4 1.16 1295  17.97 0.511951 -13.39 0.11 0.33 2.53 uNADW (LSW)
2501 34962  2.99 27.859 254.7 1.24 2098  18.66 0.512022 -12.01 0.26 0.33 2.54 ~ mNADW (NEADW)
3500 34902  2.04 27.895 263.3 1.24 27.10  18.44 0.511995 -12.54 0.23 0.33 346  INADW (NWABW)
4249 34.885 1.84 27.899 259.3 1.31 34.61 19.69 0.512003 -12.40 0.27 0.33 4.10 INADW (NWABW)
4474 34.877 1.77 27.898 256.0 1.39 40.15  20.67 0.512009 -12.28 0.23 0.33 4.46 modified-AABW
Station 25 (17 June 2010; 24.7147°N — 67.0728 "'W; 5575m)
25 36.570  25.87  24.262 205.4 0.01 0.98 0.00 0.512108 -10.34 0.14 0.14 2.53
73 36.900  23.31 25.288 213.9 0.01 0.79 0.00 0.512118 -10.14 0.11 0.14 2.14
150 36.725  20.19  26.031 210.6 0.01 0.74 0.01 0.512141 -9.69 0.10 0.14 1.90
251 36.578  18.38 26.391 196.3 0.15 1.31 3.67 0.512130 991 0.12 0.14 2.10
400 36405  17.19  26.552 187.0 0.34 2.10 6.58 0.512123 -10.05 0.11 0.14 2.26
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Pot. Pot. (0] Phosphate Silicate Nitrate
S;;;E)]If Salinity” ngl)p' Dens. (g.re) [umZ(:ll/ [p,IE(l))l/ [pm(l))l/ [p,m(l))l/ "N/ MNdE ena’ (iis:j)e (ezxsg)f [[i\ll)(tl]g Water mass
[m] CJ* [kg/m’] kg] kg] kg] kg]
Station 25 (continued)
767 35289  9.86 27.206 138.6 1.49 1299  24.19 0.512073 -11.02 0.10 0.14 2.61 modified-AAIW
1250 35.062 5.27 27.696 217.4 1.31 14.10  20.47 0.511990 -12.64 0.12 0.14 2.48 uNADW (ULSW)
1751 34994  3.82 27.803 251.1 1.19 14.14 1833 0.511964 -13.14 0.08 0.14 2.48 uNADW (LSW)
2500 34.961 2.94 27.863 250.6 1.25 2269  19.17 0.512006 -12.34 0.09 0.14 2,59 ~ mNADW (NEADW)
3499 34912 219 27.891 258.8 1.25 27.05  18.84 0.512007 -12.31 0.11 0.14 332  INADW (NWABW)
4500 34.890 1.87 27.900 258.8 1.32 3385  19.58 0.511988 -12.68 0.08 0.08 403 INADW (NWABW)
5551 34.852 1.57 27.896 247.1 1.53 5295  22.51 0.512034 -11.79 0.11 0.08 4.75 modified-AABW
Station 28 (20 June 2010; 21.7764°N — 61.8438°'W; 5795m)
25 36218  27.72  23.404 197.1 0.01 1.06 0.00 0.512117 -10.17 0.10 0.13 3.04
74 36.887  23.51 25.218 210.2 0.01 0.75 0.00 0.512103 -10.43 0.09 0.13 2.20
150 36.889  20.84  25.979 182.5 0.03 0.78 1.06 0.512110 -10.30 0.11 0.13 1.97
251 36.575  18.23 26.424 188.2 0.20 1.41 4.39 0.512121 -10.09 0.12 0.13 2.15
401 36229  16.16  26.660 178.5 0.49 2.87 8.94 0.512099 -10.52 0.10 0.13 2.33
785 35.106 827 27.321 133.5 1.71 1653 27.03 0.512069 -11.09 0.09 0.13 2.63 modified-AAIW
998 34995  6.30 27.514 160.8 1.71 18.94  26.36 0.512057 -11.33 0.10 0.13 2.47 modified-AAIW
1752 34984  3.70 27.808 253.3 1.19 1449 1831 0.511968 -13.08 0.10 0.13 2.47 uNADW (LSW)
2501 34952  2.84 27.866 2533 1.24 22.08  18.69 0.512008 -12.29 0.09 0.13 2.62 ~mNADW (NEADW)
3499 34.907 2.11 27.893 259.8 1.25 27.23 18.65 0.511999 -12.46 0.09 0.13 334 INADW (NWABW)
4501 34.891 1.87 27.901 259.4 1.30 32.88  19.24 0.511994 -12.57 0.09 0.14 407 INADW (NWABW)
5775 34.845 1.50 27.896 2449 1.59 56.98  23.29 0.512045 -11.57 0.09 0.14 4.83 modified-AABW
Station 30 (22 June 2010, 18.5724°N — 57.6121 "W; 5280m)
11 35503  29.02  22.437 196.8 0.01 0.44 0.00 0.512084 -10.80 0.18 0.15 3.27
152 37.224 2290  25.654 190.1 0.02 0.60 0.25 0.512105 -10.40 0.23 0.15 2.18
249 36.626  18.45 26.409 154.5 0.41 2.05 7.83 0.512099 -10.51 0.19 0.15 2.28
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Pot. Pot. (0] Phosphate Silicate Nitrate

Sié‘;i’ﬁe Salinity® Tf(g‘)p' Dens. (50) (mol/ [mg(;l/ [umol/  [umol/ 'Na/Nd* e’ (iist?)e (jﬁg)f [;;I’(tl]g Water mass
[m] )’ [kg/m’] kgl kg] kg] kg]

Station 30 (continued)
402 35914 1436  26.821 133.5 0.95 5.36 16.55 0.512097 -10.56 0.21 0.15 2.61
499 35.650 1240  27.021 142.7 1.11 7.46 18.84 0.512076 -10.97 0.32 0.15 2.61
1250 35.028 4.97 27.704 216.0 1.37 1559  21.03 0.512012 -12.21 0.30 0.15 2.47 uNADW (ULSW)
1749 34997 381 27.806 247.4 1.23 1528  18.86 0.511971 -13.00 0.12 0.08 2.47 uNADW (LSW)
2502 34.951 2.83 27.866 249.9 1.27 23.77  19.30 0.512012 -12.21 0.15 0.08 2.64 ~mNADW (NEADW)
3500 34909  2.16 27.891 256.7 1.27 28.65  19.06 0.511999 -12.46 0.09 0.08 332  INADW (NWABW)
4499 34.871 1.73 27.896 250.7 1.45 44.89  21.38 0.512016 -12.13 0.10 0.08 4.24 modified-AABW
5067 34.837 1.45 27.892 242.0 1.61 59.67  23.75 0.512053 -11.42 0.11 0.08 4.52 modified-AABW

* Hydrological properties measured on board the Pelagia by H. M. van Aken (Royal NIOZ).
® Nutrients concentrations measured on board the Pelagia (within 3 hours after sampling) by K. Bakker (Royal NIOZ).

¢ Normalised relative to JNdi value of 0.512115 (Tanaka et al., 2000) using five runs of JNdi.

4 exa values were calculated relative to a CHUR of 0.512638 (Jacobsen and Wasserburg, 1980).

¢ The internal errors are derived from the 2 sigma error on the instrument measurement (maximum 360 cycles).

"External errors are the two sigma standard deviations derived from repeat standard analyses of INdi (n = 5).

The uncertainty plotted is the biggest between internal and external error.

£ Concentration uncertainties were calculated using the propagated absolute 2 sigma error [ppt] taking into account the error on the weighing of the sample, the error on the

weighing of the spike and the error on the data collection on the instrument (2se on up to 360 cycles). At a maximum they represent 0.03% of the samples concentrations and

therefore are not represented here. The external 2 sigma error is 0.09 ppt, and was obtained by the repeated measurement of an in house seawater sample (n = 5). The external

error is represented on the figures.
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The fact that the Nd concentration does not increase from station 2 to station 6 is not in
contradiction with riverine supply. Indeed, batch experiments performed with riverine
particles and seawater have shown that the seawater Nd content decreases, even if the
particles carry high Nd contents in the order of 10 ppm. This is thought to be due to the
formation of secondary phases such as REE phosphate minerals (Pearce et al. 2013).
Moreover, data for the beam attenuation coefficient, which is used as a measure of turbidity,
shows that this is twice as large for the surface waters of stations 5 and 6 compared to station

2 (data not shown here). This supports the idea of a riverine Nd supply.

In summary, unradiogenic riverine input can account for the Nd characteristics observed in

the surface waters of the Irminger Basin.

Subpolar Subtropics

15{ 90 %

-
=)
Y

Potential Temperature [*C]

w

Ocean Data View
Ocean Data View

35 35.5 36 3I5 35.5 56 36.5 3I7
Salinity Salinity
Figure 5.3: Potential temperature — salinity diagrams for (a) subpolar and (b) subtropical stations of
the present study. a: light green dots = station 2; green squares = station 5; black triangles = station 6;
red dots = station 9; orange squares = station 11; and grey triangles = station 13. b: yellow dots =
station 15; turquoise squares = station 19; blue triangles = station 21; pink diamonds = station 25;
grey dots = station 28; and purple squares = station 30. These diagrams were realised using the ODV

software (Schlitzer 2012).
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5.4.2.1.2. Around the Grand Bank (stations 9 to 13)

In the southeastern Labrador Sea and in the area east of Grand Bank (stations 9 to 13, Fig.
5.1a), the salinity is lowest at station 9 (S = 34.82), increasing to 35.60 at station 11 and is
lower again at station 13 (S = 35.11, Fig. 5.3a). The potential temperature features the same
trend (Fig. 5.3a), while dissolved oxygen shows the opposite trend (Table 5.1). This is due to
the encounter of the Gulf Stream at stations 11 and 13, carrying warmer and saltier waters
northward (van Aken 2010). The Nd isotopic composition is the same within error at stations
9 and 13 (eng = -16.98 £+ 0.14 and eng = -16.93 £ 0.28 respectively, Table 5.1), but is more
radiogenic at station 11 (exg = -13.70 £ 0.20). The Nd concentration is lowest at station 11

([Nd] = 2.55 ppt), and it is 2.97 ppt at station 9 and 3.04 ppt at station 13 (Table 5.1).

When comparing these surface data to results published in the literature, a good linear
correlation is obtained on a salinity vs. exg plot when the two following endmembers are
used: the Labrador Current (Hudson 83-036 LC, triangle g on Fig. 5.1a, Piepgras and
Wasserburg 1987) and modified Gulf Stream waters (Pelagia station 15, this study) (Fig. 5.4;
1 = 0.98). However, conservative binary mixing should lead to a non-linear correlation on a
salinity vs. eng plot (when the endmembers have different Nd concentrations) following the

equation (Mariotti et al. 1988):

eNdurin = ENdswi1 Nd swifswi + eNdswz Nd swz fswz (5.2)
Mix fswi Nd switfswz' Nd sw> '

Here, the subscripts ‘Mix’ refer to the mixture (stations Pelagia 9, 11 or 13), SW1 to the
seawater component 1 (Labrador Current: exg = -26.0 = 0.4, [Nd] = 4.3 ppt, assuming only
93% of the Nd would have been present in dissolved form following filtration, S = 32.69,
Piepgras and Wasserburg 1987), and SW2 to the seawater component 2 (modified Gulf
Stream water: eng = -9.90 + 0.14, [Nd] = 1.74 ppt, S = 36.43, Pelagia station 15, this study).

In addition, the parameter ‘f” denotes the respective mass fractions (fsw; + fsw2 = 1).

If the unradiogenic end-member with low salinity is not assumed to be the LC sample of
Piepgras and Wasserburg (1987) (triangle (g) on Fig. 5.1a), a good candidate would be SGN
5 sample from Lacan and Jeandel (2005b) (triangle (f) on Fig. 5.1a), which is characterised
by eng = -24.9 = 0.4, [Nd] = 6.3 ppt and S = 30.6 (Lacan and Jeandel 2005b). Both stations
were collected in close proximity, but during different times of the year (July for SGN5 and

November-December for Hudson-83-036 LC (BIO 1984)). Hence, ice melting could explain
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the lower salinity and higher Nd content measured in Lacan and Jeandel (2005b) sample.

Several literature data as well as the values for station 9 to 13 (this study) show a good non-

linear covariation on a salinity versus eng plot with Lacan and Jeandel (2005b) SGN 5 and

Pelagia station 15 end-members (Fig. 5.4, r* = 0.99). Moreover, mixing calculations using

equation 5.2 show that, within 10%, the results for the Nd isotopic composition,

concentration and salinity of Pelagia stations 9 to 13 can be explained using these end-

members. This shows that no external inputs, such as aerosols or rivers, are required to

account for the observed Nd characteristics in this area.

This study
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Figure 5.4: Neodymium
isotopic  composition  versus
salinity for surface samples in
the southern Labrador Sea and
in the vicinity of the Grand
Bank. Blue filled symbols are
data from the present study, and
open symbols are data taken
from the literature. For location
of literature samples and
references see Figure 5.1. For
details about samples from this
study (stations 9, 11, 13, and 15
annotated in the diagram) see
Table 5.1. Some error bars are
smaller than the size of the

symbol.

Importantly, Figure 5.4 shows that even if the salinity of the Labrador Current end-
member differs between summer (S = 30.6, SGN 5, Lacan and Jeandel 2005b) and winter (S
= 32.7, Hudson 83-036 LC, Piepgras and Wasserburg 1987), the Nd isotopic composition

remains similar (eng = -24.9 = 0.4 in summer, versus e&yg = -26.0 = 0.4 in winter). This

suggests that the Nd isotope signature of the Labrador Sea source area is quite robust.
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In summary, mixing between Labrador Current and Gulf Stream waters can explain the

measured Nd data from the vicinity of the Grand Bank, and no external inputs are required.

5.4.2.2. Subtropical area

5.4.2.2.1. Northern subtropical gyre (stations 15 to 21)

In the northern subtropical gyre (stations 15 to 21, Fig. 5.1a, Table 5.1), the potential
temperature and the potential density of the surface samples decrease when flowing
northwards, whereas the highest salinity is encountered at station 19 (Fig. 5.3b). Whilst some
Nd isotopic composition are identical within error, the data do show a gradual trend of less
radiogenic eng values during the northward flowpath (eng = -9.90 + 0.15 at station 15 and
-9.45 £ 0.33 at station 21, Table 5.1). The lowest Nd concentration is observed at station 15
(1.74 ppt) and highest at station 19 (1.96 ppt), but the results are almost identical within
external reproducibility (about £0.09 ppt, 2sd) for these three stations. The lack of variability
in the Nd isotope ratios and concentrations shows that the Nd properties of Gulf Stream
waters are quite uniform. The surface water Nd isotope signatures measured in the present
study are in accord with published data (Piepgras and Wasserburg 1987; Pahnke et al. 2012),
but the Nd concentrations are lower and the salinities higher for the former samples (Pelagia
station 21 (BATS): [Nd] = 1.88 ppt, S = 36.70 at 9 m depth, Table 5.1; Pahnke et al., (2012)
BATS: [Nd] = 2.0 ppt, S = 36.52 at 20 m depth, dot | on Fig. 5.1a). The discrepancies are
small, however, and they may be readily explained by natural variations in (sub)surface water

properties during different sampling years (e.g., 2010 versus 2008).

In summary, the Nd properties of the Gulf Stream are quite uniform and do not show signs

of direct external Nd inputs.

5.4.2.2.2. Southern subtropical gyre (stations 25 to 30)

In the southern subtropical gyre (station 25 to 30, Fig. 5.1a, Table 5.1), the surface water
becomes saltier, denser and colder when flowing northwestwards (Fig. 5.3b). The Nd isotopic
composition is -10.80 £ 0.18 at station 30, and is slightly more radiogenic at stations 25 and
28 (eng = -10.34 £ 0.14 and eng = -10.17 £ 0.13 respectively, Table 5.1). The Nd
concentrations decrease from station 30 (3.27 ppt) to station 25 (2.53 ppt). In this region of
the Sargasso Sea, there are several sources which may increase the seawater Nd concentration

and affect the Nd isotope signature. These inputs are from the Caribbean volcanic arc,
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Saharan dust deposition, and/or supply from the Amazon or Orinoco Rivers. These potential

sources are discussed below in more detail.

Volcanic ash input

It is conceivable that the Nd concentration increase observed in the surface waters close to
the Caribbean may be due to inputs from volcanic ash or from weathering of the Caribbean

Island arc.

The Soufriére Hills volcano, on the Caribbean island of Montserrat, came back to activity
in 1995, after having been dormant for centuries. In February 2010, an eruption sent large ash
clouds eastwards, reaching Antigua and Guadeloupe. The only surface seawater measurement
available for Nd in the vicinity of the Caribbean before 1995 is OCE 63-3, and it features eng
= -9.6 £ 0.9 (no concentration data available, triangle m on Fig. 5.1a, Piepgras and
Wasserburg 1987). In order to assess the potential impact of volcanic activity on seawater
Nd, one surface seawater sample was collected under the ash plume of the Eyjafjallajokull
2010 volcanic eruption (Achterberg et al. 2013). The data for this sample were compared to
surface seawater samples collected south of Iceland, outside the volcanic plume (Table 5.2,

black triangles Fig. 5.1a).

The one sample analysed shows a clear Fe fingerprint from the volcanic eruption
(Achterberg et al. 2013) and this features eng = -13.27 + 0.13 and [Nd] = 2.63 ppt (Table 5.2,
this study). The samples collected during the Pelagia cruise in the same area but outside the
influence of the ash plume feature exg = -14.15 £ 0.14, [Nd] = 2.49 ppt and exg = -13.02 £
0.16, [Nd] = 2.44 ppt. Importantly, all three samples have nearly identical Nd isotopic
compositions within uncertainty. Moreover, the enyg value for ash-affected surface waters is
consistent with the overall Nd isotope signature measured for surface waters of the North
Atlantic Subpolar Gyre (see Fig. 5.1b and Lacan and Jeandel 2004c). In contrast, tephra
samples collected in Eyjafjallajokull 2010 feature eng values of about +7 (Sigmarsson et al.
2011). According to experiments performed by Pearce et al (2013), dissolution of basaltic
material should lead to a more radiogenic Nd isotopic composition of seawater within 7 days.
As our sample was collected about 3 weeks after the first main eruption, these results appear
to suggest that volcanic ash does not influence the Nd signature of surface seawater. A
similar conclusion is reached when returning to the surface water samples from stations 25 to
30, in the vicinity of the Caribbean, which were collected in June 2010 (Table 5.1) about four
months after the Soufriére Hills volcano eruption. In detail, less radiogenic values were

observed than expected for any impact of volcanic ash, which is characterised by eng = +6.2 £
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0.2 on Montserrat (Kumar et al. 2014). We hence conclude that volcanic ash dissolution has
no significant impact on surface water Nd concentrations and isotopic compositions at
stations 25 to 30. This inference may potentially apply globally, given our results for the

seawater samples collected off Iceland.

Table 5.2: Location, collection date, Nd isotopic composition and concentration for seawater surface

samples collected in the vicinity of Iceland during the 2010 Eyjafjallajokull volcano eruption.

Latitude Longitude Sampling 143, 4 1447 42 b 2se 2sd Nd
Sample [°N] W] date N&/TNA™ #xa (int)*  (ext)*  [ppt]*
Pelagia
ISH 61.57 18.77 30/04/2010 0511912 -14.15 0.14 0.06 2.49
ng‘%‘a 62.51 24.58 01/05/2010  0.511971  -13.02 0.16 0.06 2.44
Pges‘ff’{‘a 36.73 32.51 02/05/2010  0.511900  -14.40 0.24 0.06 2.47
Volcano
ash 36.30 19.05 08/05/2010  0.511958  -13.27 0.13 0.06 2.63
plume

* Normalised relative to JNdi value of 0.512115 (Tanaka et al. 2000) using five runs of JNdi.

b ena values were calculated relative to a CHUR of 0.512638 (Jacobsen and Wasserburg 1980).

“The internal errors are derived from the 2 sigma error on the instrument measurement (maximum 360 cycles).
4 External errors are the two sigma standard deviations derived from repeat standard analyses of INdi (n = 5).

¢ Concentration uncertainties were calculated using the propagated absolute 2 sigma error [ppt] taking into
account the error on the weighing of the sample, the error on the weighing of the spike and the error on the data
collection on the instrument (2se on up to 360 cycles). At a maximum they represent 0.03% of the samples
concentrations and therefore are not represented here. The external 2 sigma error is 0.09 ppt, and was obtained

by the repeated measurement of an in house seawater sample (n =5).

Weathering from the Caribbean Island arc

It has been shown that weathering of volcanic islands can increase the Nd concentration of
surface waters and shift the Nd isotope ratios towards more radiogenic values (Rickli et al.
2010). In the present study, no samples were collected directly upstream of the Caribbean
volcanic islands to allow a direct comparison. However, Piepgras and Wasserburg (1987)
collected a surface seawater sample at 40.7°N and 7.73°W (TTO/TAS station 63, triangle n,
Fig. 5.1a), which features exg =-13.9 £ 0.5 and [Nd] = 2.6 ppt. Furthermore, Tachikawa et al.
(1999) provide data for a sample from 50 m depth at 21°N - 31°W (NE Atl. E30, triangle o
on Fig. 5.1a) and this is characterised by eng = -12.5 + 0.4 and [Nd] = 4.0 ppt. These results

demonstrate that the samples of the present study do show a more radiogenic Nd isotopic
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composition, whilst the concentrations are intermediate between samples upstream the North
Equatorial Current and the subtropical gyre to the south. Furthermore, no decrease in salinity
was observed for samples impacted by weathering in the study of Rickli et al. (2010),

whereas the samples of the present study show a salinity minimum at the surface (see below).

Dust inputs

Another potential source of Nd to the subtropical gyre is dust input, either from North

Africa or from the North American continent.

Dust input to the ocean is typically associated with elevated concentrations of dissolved
aluminium in surface waters (Measures and Vink 2000). Dissolved Al concentrations for
surface waters at stations 25 to 30 are between about 34 and 44 nmol/dm’, suggesting a
significant role of dust input (van Hulten et al. 2013). Similar Al concentrations are observed
at stations 19 and 21 ([Al]diss = 30 nmol/dm’, van Hulten et al. 2013). These observations
concur with the findings of Measures et al. (2008) that the surface water imprint of Saharan
dust is stronger in the western Atlantic Ocean than it is in the eastern basin, and the
observations of Kumar et al. (2014) that long range dust transport from the Sahara can be
traced in the Caribbean area (Measures et al. 2008; Kumar et al. 2014). The latter study
investigated the Nd isotopic composition of atmospheric total suspended particulates at three
locations from both sides of the Atlantic (Mali, Tobago and the U.S. Virgin Islands) and
found that summer dust reaching the Caribbean originates mainly from the Sahel region,
together with some contributions from northern Saharan sources (Kumar et al. 2014). These
authors also identified a temporal variability in the Nd isotope signature of the dust, and
suggested that it was most likely due to mixing of dust from different source regions during
transport as well as a shift in the origin of air masses (e.g., Sahel area versus the oceanic

region adjacent to north-west Africa, Kumar et al. 2014).

Air mass back trajectories obtained from the NOAA Air Resources Laboratory (Hysplit
model, Draxler and Rolph 1997) for the actual time of the Pelagia cruise show that stations
25 to 30 received dust from the oceanic region adjacent to north-west Africa, and not directly
from the Sahel (Fig. 5.5a). In contrast, stations 15 to 21 appear to have rather received dust
from the north-west (e.g., North America, Fig. 5.5b). This suggests that the higher Nd
concentrations measured in the surface of stations 25 to 30 are not directly due to Saharan
dust input. It does not, however, rule out that the entire subtropical gyre is influenced by such
aeolian inputs. Indeed, the Nd isotopic composition of North African dust collected on land in

the vicinity of the Sargasso Sea ranges from exg = -8.8 to -13.5 (Bermuda -13.2 (Jeandel et al.
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1995); Barbados -12.2 (Grousset et al. 1988); Caribbean Virgin Islands from -9.1 to -13.5 and
Tobago from -8.8 to -12.7 (Kumar et al. 2014)). For more labile Nd phases (leachable in 0.5N
HBr), the eng values range from -11.4 to -13 on the Caribbean Virgin Islands and Tobago
(Kumar et al. 2014). These values are consistent with the Nd isotopic signature measured in
the surface waters of the subtropical gyre (Fig. 5.1b), where no additional inputs are

encountered (as for example weathering from volcanic island, see Rickli et al. 2009).

In summary, the surface water samples of stations 25 to 30 are likely influenced by dust
inputs, but another source is required to account for the elevated Nd concentrations and the

shift toward slightly less radiogenic eng values.
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Figure 5.5: Air mass back trajectories obtained from NOAA Air Resources Laboratory (Hysplit
model, (Draxler and Rolph 1997)) done on 168 hours (7 days) for (a) stations 25 to 30 and (b) stations
15 to 21. Note that the ending date was chosen as the date of the middle sample (e.g., (a) station 28,
20™ of June 2010; (b) station 19, 23™ of May, 2010), but the back-trajectories were similar for other

sampling dates.

Riverine inputs
The last potential source that could contribute to elevated Nd concentrations encountered

in surface waters at stations 25 to 30 is input from the Orinoco and / or Amazon Rivers.
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The Nd characteristics of dissolved Amazon River water are eng = -9.2 £ 0.4 and [Nd] =
48.5 ppt (TTO/TAS station 46, Stordal and Wasserburg 1986). Concerning the Orinoco
River, only sediments samples have been analysed for their Nd isotopic composition and
concentration (exg = -13.9 £ 0.4, [Nd] = 35.08 ppm, Goldstein et al. 1997)). Due to the
prevailing clockwise water flow in the subtropical gyre, the Nd isotope signature of a
potential riverine input source from the south would have to be more radiogenic than the
values of Piepgras and Wasserburg (1987) TTO/TAS station 63 (eng = -13.9 = 0.5) or
Tachikawa et al. (1999) NE Atl E3 O (eng = -12.5 £+ 0.4), as well as more radiogenic than
what is measured at station 25 to 30 (eng = -10.5). Therefore, the Orinoco River is not a good
candidate to explain the present dataset. Assuming that 70% of dissolved Nd is removed from
river waters in estuaries (Goldstein and Jacobsen 1987), mixing calculations using equation
5.2 show that the Nd isotope ratio of station 30 can be explained by mixing between 75% of
seawater (TTO/TAS station 63 or NE Atl E3 O) and 25% of Amazon River water. Similarly,
the Nd isotopic composition of stations 25 and 28 are in accord with a mixture consisting of ~
90% seawater (Pelagia station 30, this study) and 10% Amazon River water. The calculated
concentrations are, however, higher than the measured values. This may be due to the
formation of REE phosphate minerals as this process may lower the actually observed Nd
contents (Pearce et al. 2013). Furthermore, the calculated salinity is significantly lower than
the measured one, e.g., Scac = 27 for 75% seawater (TTO/TAS station 63 or NE Atl E3 O)
and 25% Amazon River water and S¢,c = 31 for 90% seawater Pelagia station 30 and 10%
Amazon River water, whereas the measured salinity is 35.5 at station 30 and 36.2 at station
28. While the measured Nd characteristics and salinity measured in the surface waters of the
southern subtropical gyre of the present study hint towards a riverine input, the mixing
calculations show that the samples were probably collected too far from the Amazon mouth
as to be directly influenced by the latter. Another, more proximal, riverine source may be
from the Caribbean islands. Indeed, weathering of these volcanic islands by rivers could shift
the Nd isotopic composition of the surface waters towards more radiogenic values while
decreasing the salinity. However, to our knowledge, no Nd data are available in the literature

for the Caribbean rivers, and therefore this hypothesis cannot be assessed with certainty.

In summary, aside from the background input of North African dust to the whole
subtropical gyre, the riverine input, possibly from the Caribbean arc, appears to be an

important Nd source for the southern subtropical gyre of the Atlantic Ocean.
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5.4.3. Bottom layer

In order to assess Nd sources and sinks in the bottom layer of the study area, we will in the
following discuss the Nd concentrations and isotopic compositions of bottom water samples.
When considering our new results in the context of previously published data (see Lacan et
al. (2012) for a recent summary), we observe a range of exg values from about -20 to -5 in the
subpolar gyre, with very unradiogenic values in the northernmost Labrador Sea (e.g., exg = -
20, Stordal and Wasserburg 1986) and more radiogenic values around the ridges separating
the Nordic Seas from the open subpolar North Atlantic (e.g., eNd = -4 to -7, Lacan and
Jeandel 2004a; Lacan and Jeandel 2004b). In contrast, the Nd isotopic compositions of
bottom waters are rather homogenous in the subtropical gyre (eng = -12, Piepgras and
Wasserburg 1980; Piepgras and Wasserburg 1987; Spivack and Wasserburg 1988; Godfrey et
al. 2009; Rickli et al. 2009; Pahnke et al. 2012)).

5.4.3.1. Subpolar area

The bottom most samples of the three stations located in the Irminger Sea (Pelagia 2, 5
and 6, Fig. 5.1a) feature the same Nd isotopic composition within error (exg = -11.33 = 0.62
at station 2, eng = -10.76 = 0.20 at station 5 and exg = -10.64 £ 0.10 at station 6, Table 5.1).
The Nd concentration at station 2 is 2.34 ppt and slightly lower values are observed at
stations 5 and 6 ([Nd] = 2.27 ppt at both stations). When taking into account the entire
NWABW layer (depth > 1900 m, > 2600 m and > 2750 at station 2, 5 and 6, respectively,
Chapter 4), the Nd isotopic compositions are systematically more radiogenic for samples
collected closer to the bottom (e.g., station 6: exg =-11.20 £ 0.11 at 3000 m and eng = -10.64
+ 0.10 at 3086 m; Table 5.1). The Nd concentrations are, however, slightly lower for the
bottom most samples, and the biggest difference is observed at station 5: [Nd] = 2.35 ppt at
2799 m and [Nd] = 2.27 ppt at 2924 m). Surface sediments (< 2 um) collected in the Irminger
Basin close to stations 5 and 6 (60° N —38° W) feature eng =-7.9 + 0.2 and [Nd] = 30.33 ppm
(Innocent et al. 1997). Therefore, remobilisation of surface sediments may explain the shift to
more radiogenic Nd values for water samples collected near the sea floor. This is not in
contradiction with the decrease in Nd content. Indeed, it has been shown that variations in Nd
isotope signatures due to sediment remobilisation can be linked with Nd removal from

seawater (boundary exchange; Lacan and Jeandel, 2005a, 2005b).
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From station 6 in the south of the Irminger Basin (eng = -10.64 £ 0.11, [Nd] = 2.27 ppt,
Table 5.1) to station 9 in the southeastern Labrador Sea (exg = -11.84 + 0.20, [Nd] = 2.46 ppt,
Table 5.1, Fig. 5.1a), the Nd isotopic composition of bottom waters (NWABW; Chapter 4)
evolves to less radiogenic values by about 1 epsilon unit and the Nd concentrations increase
by ~0.2 ppt. The Nd concentrations of the deepest samples continue to increase when flowing
around the Grand Bank, with 2.82 ppt at station 11 and 3.04 ppt at station 13, whereas the Nd
isotopic ratio is only slightly less radiogenic at station 11 (eng =-12.52 + 0.33) but is identical
within error further south (eng =-12.73 + 0.47 at station 13, Table 5.1).

The process of boundary exchange has been shown to influence the Nd isotopic
composition of water masses along the Greenland margin (Lacan and Jeandel 2005b). In the
following, we explore whether the shift in Nd isotopic compositions from the southeastern
Labrador Sea to the Grand Bank region (stations 9 to 11) could also be due to boundary

exchange.

The external input flux of Nd required to influence the Nd isotope signature in the bottom

water sample at station 9 can be calculated using the equation (Lacan and Jeandel, 2005b):

eNd;* Nd ;F, +eNdy F, =eNd;+ Nd ;*F,+F,  (53)

where eNd; eNdrand eNd, represent the Nd isotopic composition of the water mass before (i)
and after (f) the external input and of the input material (a), respectively. [Nd]; is the Nd
concentration of the water mass before the input and F,, the water mass flux. The external
flux of Nd (F,) can be calculated using the following values: eNd; = -11.84 (Pelagia station 9,
4041 m, Table 5.1), eNd¢=-12.52 (Pelagia station 11, 4547 m, Table 5.1), eNd, =-20.1 (local
sediment around station 9; (Innocent et al. 1997)), [Nd]; = 2.46 ppt (Pelagia station 9, 4041
m, Table 5.1), and Fy, =7 Sv (3 Sv of DSOW, 3 Sv of entrained LSW and SPMW and 1 Sv of
western LWD (Schmitz 1996)). With these values, the calculated external flux of Nd is (F,) is
1.5 gfs.

To calculate the Nd flux corresponding to the sediment accumulation between stations 9
and 11 along the Labrador Shelf (Fig. 5.1a), we follow the reasoning of Lacan and Jeandel
(2005b). To do so, the following values are used: the sediment accumulation rate in the
deepest part of the Labrador Sea is about 40 cm/kyr (Innocent et al. 1997), the area of

interaction between station 9 and 11 is about 95 550 km” (e.g., 637 km for the distance
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between stations 9 and 11 and 150 km for the width of DWBC), the sediment density is about
2.5 g/lem’® (Jarrard et al. 1989), and the Nd sediment concentration is 29.23 ppm (Innocent et
al. 1997). This calculation shows that sediment accumulation in the southeastern Labrador
Sea corresponds to an Nd sink flux of about 88 g/s. This suggests that the remobilisation of
only 2% of the sediment flux would be enough to account for the Nd input flux that is

required to explain the changing Nd isotopic composition between stations 9 and 11.

Even though the above calculations encompass many assumptions, they show that
sediment resuspension can easily explain the slightly altered Nd isotopic signature found for
NWABW in the vicinity of the Grand Bank (stations 9 to 13). This finding is in agreement
with the previous study of Lacan and Jeandel (2005b), who identified the southern tip of the
Greenland margin as an area where boundary exchange happens. It should, however, be noted
that the changes imposed onto bottom water samples by sediment-seawater interaction are
relatively small in magnitude (~1 epsilon unit) in our study, whilst Lacan and Jeandel

(2005b) observed a change of ~4 epsilon units along the Greenland margin.

5.4.3.2. Subtropics

In the subtropics, the Nd isotopic composition of the bottom most samples are assigned to
modified-AABW, which evolves to less radiogenic values when flowing northward (Fig. 5.6a
and Table 5.1). This observation is in good agreement with gradual dilution of the radiogenic
AABW signature (eng (AABW) = -8.5 = 0.3 in the South Atlantic, Jeandel 1993) through
mixing with overlying lower-NADW (exng = -12.44 £+ 0.39, see Chapter 4). Neodymium
concentrations do not follow this dilution trend. The bottom water Nd concentration at station
30 ([Nd] = 4.52 ppt) is lower than at station 28 ([Nd] = 4.83 ppt) and station 15 ([Nd] = 4.86
ppt), whereby the latter shows the highest Nd content of the study area (Fig. 5.6b, Table 5.1).
In assessing Nd concentrations in bottom water samples it is important, however, to assess
how far above the seafloor the samples were collected, and this varies from station to station.
For example, the deepest sample of station 30 was collected more than 200 m above the
ocean floor, whereas at other stations, the deepest samples are from within 30 m or 90 m
(station 21) of the ocean floor (Table 5.1). Assuming a linear increase in Nd concentration
with water depth (see section 5.4.4) we can extrapolate a Nd concentration of 4.73 ppt for
station 30 at 30 m above the ocean floor. Figure 5.6b, however, highlights that even this

revised concentration looks too low for the expected bottom water trend with latitude (Fig.
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5.6b, empty square). So far, no suitable explanation could be found to explain why the

concentration of this particular bottom water sample is much lower than expected.

Subtropical area: bottom samples only
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Figure 5.6: (a) Neodymium isotopic composition and (b) Nd concentration versus the latitude north
for the bottom most sample from the subtropical area of the present study. Yellow dot: station 15;
dark blue square: station 19; blue triangle: station 21; pink diamond: station 25; light purple dot:
station 28; and purple square: station 30. The empty square in (b) represents the Nd concentration

extrapolated assuming linear increase for a sample closer to the bottom floor.

Station 15, on the other hand, reveals a higher than expected Nd concentration in the
bottommost seawater sample (Fig. 5.6b). In this case, however, a straightforward explanation

is possible. The shipboard beam attenuation coefficient, as a measure of turbidity in the water
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column, was very high with 0.23 m™ at this location. In comparison, the beam attenuation
coefficient was 0.07 m™ and 0.04 m™ at stations 19 and 28, respectively. This suggests that a
pronounced nepheloid layer was present as a result of increased sediment resuspension. In an
attempt to quantify the sediment input, we can use the boundary exchange equation from

Lacan and Jeandel (2004a):

. final initial
input _ &ng " Nd finai—endg " Nd initial (5.4)

&
Na Nd fingi— Nd initial

where initial represents the bottom water sample at station 19 (eng = -12.74 £ 0.09 and [Nd] =
4.27 ppt, 4655 m, Table 5.1), and final represents the bottom water sample at station 15 (eng
=-12.50 = 0.11 and [Nd] = 4.86 ppt, 5414 m, Table 5.1). Station 19 was chosen as the initial
station as it is located upstream of station 15 in terms of northward AABW flow. The
calculated Nd isotopic composition of the input between station 19 and station 15 is exg =
-10.7 £ 1.1, which is not too dissimilar to results obtained for surface sediments collected at
36°N and 66°W (eng = -13.3 = 0.2 and [Nd] = 20.4 ppm, (Jeandel et al. 1995)). Therefore,
sediment resuspension and Nd mobilisation within the nepheloid layer may explain the values

measured for the deepest sample from Pelagia station 15.

Only two studies are available in the literature, which report Nd concentrations in bottom
waters from the Sargasso Sea and the northwest Atlantic Ocean. For the GEOTRACES
intercalibration exercise, BATS was sampled in June 2008, and the data reported by Pahnke
et al. (2012) (dot | in Fig. 5.1a) ([Nd] = 4.0 ppt at 4280 m) agree well with the present study
(station 21, [Nd] = 4.10 ppt at 4249 m and [Nd] = 4.46 ppt at 4474 m). Piepgras and
Wasserburg (1987) published results for unfiltered samples from a station located north of
Pelagia station 19 (AIIl 109-1 station 30, triangle k on Fig. 5.1a) and reported Nd contents of
3.8 ppt at 4000 m and 9.0 ppt at 4850 m. While the value at 4000 m agrees favourably with
the present dataset (station Pelagia 19, [Nd] = 3.85 ppt at 4250 m, Table 5.1), the Nd
concentration of the deepest sample exceeds our result by a factor of more than two. There
are numerous possible explanations for this discrepancy making it impossible to pinpoint the
cause at present. For example, the different Nd contents may be due to the occurrence of
variable amounts of particles in the water column, whereby proximity to the ocean floor will
have a larger impact on Nd concentrations in unfiltered versus filtered seawater samples (see

section 5.4.2.1.1).
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This section focuses on the internal (bio)geochemical cycling of Nd in the water column

rather than the effects which are imposed by external inputs to the surface or bottom layer. In

order to do so, the present dataset is split in three areal groups, according to the overall shape

of the Nd concentration depth profiles (Fig. 5.7):

- Type I: Irminger Sea (stations 2 to 6, Figs. 5.1a and 5.7a): relatively constant Nd

concentration with depth, with a slight decrease visible only in the lowest 100 m.

- Type II: SE Labrador Sea and Grand Bank (stations 9 to 13, Figs. 5.1a and 5.7b):

variable Nd concentrations in the uppermost 500 m of the water column, constant Nd

concentrations for most of the intermediate to deep water column, and a sudden

increase and decrease in Nd concentrations in the bottom ~500 m (for stations 11 and

13).

- Type HI: Sargasso Sea (stations 15 to 30, Figs. 5.1a and 5.7c): increasing Nd

concentrations down to ~1000 m, constant values from ~1000 m down to ~2500 m,

and increasing values for the remainder of the water column (slope of Nd increase is

identical for subsurface and deep waters).
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Figure 5.7: Nd concentration depth profiles schematised for (a) the Irminger Sea, Type I (see text),

(b) south eastern Labrador Sea (red) and Grand Bank (orange), Type II, and (c) the Sargasso Sea,

Type II1.
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5.4.4.1. Subpolar: Type I (Irminger Sea)

5.4.4.1.1. Profile description

In the Irminger Basin (stations 2 to 6, Figs. 5.1a and 5.8b), the three depth profiles for
seawater Nd isotopes feature a similar overall shape. The surface samples have the least
radiogenic values of the profile (eng = -14.15 to -15.17), and higher values are observed
progressively down to 300 m (station 2) or to 500 m depth (stations 5 and 6). Between 300
and 800 m, station 2 shows an inverse trend in Nd isotopes, reaching near-surface values at
800 m (eng = -14.00 £ 0.24, Fig. 5.8b, Table 5.1). Stations 5 and 6 on the other hand feature a
rather constant Nd isotopic composition down to 800 m and 1000 m respectively. Below
these depths, all three profiles show a trend towards more radiogenic compositions with
depth, reaching values of exg = -11.3 (station 2) and eng = -10.7 (station 5 and 6) at the
bottom of the profiles.

Neodymium concentration profiles are relatively constant with depth (Fig. 5.7a and 5.8a),
with the largest variations found at station 6 with A(Ndone) = 0.39 ppt. In detail, Nd
concentrations at station 2 are relatively constant down to 800 m ([Nd] = 2.54 ppt, Table 5.1),
decrease to 2.30 ppt at 1900 m, increase again to 2.36 ppt at 2150 m, and slightly decrease to
2.34 ppt at the bottom of the profile (Table 5.1, Fig. 5.8a). At stations 5 and 6, Nd
concentrations increase from ~2.5 ppt at the subsurface to ~2.6 ppt at 1000 m and 800 m
depth, respectively. Lower in the water column, Nd concentrations decrease down to 2000 m
and 2500 m ([Nd] = 2.33 ppt), respectively, stay constant for about 1000 m or 500 m, and
finally decrease sharply for the last 100 m to reach bottom water concentrations of 2.27 ppt

(Table 5.1, Fig. 5.8a).

In summary, Nd isotope variations of about 4.5 €-units in the vertical water column of the
Irminger Sea are not accompanied by large changes in Nd concentrations. The concentration
profiles show rather small variations of up to A(Ndcenc) = 0.39 ppt, in agreement with

previous studies (Lacan and Jeandel, 2005b).

147



Myriam Liliane Lambelet, Ph.D. Thesis, 2014 — Chapter 5

Type |
Irminger Sea

a Eng b
2.0 2.8 -15.5 -13.5 -11.5
0 L ; 1 L L 0
=
1000 - 1000
2000 o - 2000
— U
= ®
e E
< 3000 A - 3000 =
o 3
D je—
4000 - 4000
5000 A Station 2 L 5000
- B -5tation 5
e Station 6
6000 4 L 6000

Figure 5.8: (a) Neodymium concentrations and (b) Nd isotopic composition depth profiles for the

Irminger Sea (Type I). Light green dots: station 2; dark green squares: station 5; and black triangles:

station 6. Note the scale on the concentration axis.

5.4.4.1.2. Discussion

When all the seawater samples from the Irminger Basin (stations 2, 5 and 6, Fig. 5.9a) are
plotted on a graph of exg vs. 1/Nd (reciprocal of the Nd concentration), a good regression
with a coefficient of r* = 0.73 is obtained. The positive correlation is best for stations 2 and 5
(r* = 0.84), whilst station 6 features r* = 0.65. Furthermore, a fairly good correlation is
observed between Nd concentrations (and Nd isotope ratios) and potential temperature (Fig.
5.9b). However, other parameters such as salinity or nutrient concentrations do not yield
significant correlations using the entire sample set from the Irminger Sea (i.e., when taking
all water depths into account) nor when the seawater samples are grouped by water mass, as
identified using hydrographic data (Table 4.3, Chapter 4). The latter approach is, however,

hampered by the scarcity of data that can be applied to explore correlations (e.g., n = 5 for
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ULSW, n =3 for LSW, n =5 for NEADW and n = 6 for NWABW). The good correlation
between Nd isotope ratios and the reciprocal of the concentration suggests a coupling
between these two chemical characteristics, as might be expected for areas where convection
leads to efficient homogenisation of water mass properties such as salinity, potential
temperature and potential density. However, the samples of the present study were collected
in May, and the subpolar gyre was clearly stratified as seen in Figure 5.3. Therefore, another
explanation is required to account for the observed correlation between the Nd concentrations

and isotopes or temperature data; so far, no suitable explanation could be found.
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Figure 5.9: (a) Neodymium isotopic composition versus the reciprocal Nd concentration and (b) Nd
concentration versus potential temperature for stations from the Irminger Sea (Type I). Light green
dots: station 2; dark green squares: station 5; and black triangles: station 6. In (b), * =0.68 (station 2,

light green line); r* = 0.60 (station 5, dark green line); and r* = 0.37 (station 6, grey line).

As expected, the Nd isotopic compositions of NEADW and NWABW in the Irminger
Basin (station 2 to 6) can be explained by mixing between the different constituting water
masses (e.g., NEADW =2 ISOW + 2 LDW + 2 (AW + LSW) and NWABW = ', DSOW +
%2 (LSW + SPMW)) (see Chapter 4). However, these calculations generate Nd contents for
NEADW and NWABW that are systematically higher than the measured concentrations for
Irminger Basin samples (NEADW: [Nd]cac = 3.00 ppt and [Nd]ieas = 2.34 £ 0.07 ppt, 2sd n =
5, Table 5.1; NWABW: : [Nd]cac = 2.47 ppt and [Nd]mes = 2.32 + 0.08 ppt, n = 6, Table

5.1). This suggests that boundary exchange between seawater and continental margin acts as
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a Nd sink in this area, in, agreement with the results of previous Nd studies for the Irminger

Basin (Lacan and Jeandel 2005a; Lacan and Jeandel 2005b).

5.4.4.2. Subpolar: Type Il (Grand Bank and southeastern Labrador Sea)

5.4.4.2.1. Profile description

In the southeastern Labrador Sea and around Grand Bank (stations 9, 11 and 13; Figs. 5.1a
and 5.10b), the seawater Nd isotope profiles show very similar compositions between ~1000
m and the near bottom samples, whereby the latter feature a slight increase in enq from values
of around -14.4 to about -12 (3500-4000 m). Deviations in the shape of the individual
profiles can be found to some extend in the near bottom layer and, to a remarkable extent, in
the upper part of the water column (0-1000 m). Stations 9 and 13 feature very unradiogenic
surface water values (eng = -16.9). While the Nd isotopic composition of seawater at station 9
shows constant values down to 150 m, followed by a sharp increase to more radiogenic
values at 400 m (eng = -15), station 13 exhibits a very rapid subsurface shift towards more
radiogenic values of eyg = -12 at 77 m. Between 77 and 400 m, the exg of seawater at this
location varies between -12.7 and -11.5 before returning to similar values of -14.4 at 800-
1000 m water depth in all three depth profiles. Stations 11 and 13 feature a small (<2 epsilon

unit) shift towards less radiogenic values in the lowest part of the water column.

Neodymium concentration profiles in the southeastern Labrador Sea and the Grand Bank
region are more variable than in the Irminger Sea (Figs. 5.7b and 5.10a), with A(Ndcone) =
0.63 to 0.85 ppt. Similar to the isotopic compositions, the Nd concentration profiles of the
stations resemble each other at water depths between ~1000 m and ~3500 m, but deviate
significantly in the upper 1000 m and towards the seafloor. In fact, the Nd concentration and
isotope profiles are mirror images of each other for the upper 3500 m of the water
column(Figs. 5.10a and b). Indeed, Nd concentrations return from a trend of slightly
decreasing values in all three profiles to significantly higher concentrations in the deepest
~1500 m at stations 11 and 13 ([Nd] = 3.2 ppt at 3000/3500 m and [Nd] = 2.82/3.04 ppt at the
bottom of the profile).
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Figure 5.10: (a) Neodymium concentration and (b) Nd isotopic composition depth profiles for the
stations around the Grand Bank (Type II). Red dots: station 9; orange squares: station 11; and grey

triangles: station 13.

5.4.4.2.2. Discussion

As for the Irminger Sea, a covariation between the Nd isotopic composition of seawater
and 1/[Nd] can be observed in Figure 5.11. For station 9 (southeast Labrador Sea, Fig. 5.1a),
an overall correlation coefficient of r* = 0.91 is obtained when all samples from the water
column are plotted (Fig. 5.11a). Stations 11 and 13 (from the Grand Bank area) show a
relatively good correlation (r* = 0.72) for the samples from the surface down to 3500 m depth
(corresponding to surface waters, ULSW, LSW, and NEADW), whereas the correlation for
the deeper samples (NWABW) is very poor (r* < 0.1). The latter observation, however, is
readily explained as the samples collected near the seafloor feature relatively constant Nd

isotopic compositions but highly variable Nd concentrations (Fig. 5.11b).
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Figure 5.11: Neodymium isotopic composition versus the reciprocal Nd concentration for (a) south
eastern Labrador Sea (station 9, red dots) and (b) the Grand Bank (orange squares: station 11; and
grey triangles: station 13). The samples from the water mass NWABW were not included in the

regression.

When considering other seawater parameters, such as salinity or silicate concentrations, no
covariation with exq or Nd concentration is observed (not shown). An important exception is
the good correlation of Nd concentrations (r* = 0.85) and isotope ratios (r* = 0.98) with
potential temperature at station 9 (Fig. 5.12). The same positive correlation between potential
temperature and enq 1s also observed for seawater from stations 11 and 13 (in the Grand Bank
region) (r* = 0.91) when surface waters are excluded (e.g., using ULSW, LSW, NEADW and
NWABW). The correlation with Nd concentrations is poor (r* = 0.3), however, as both
surface and bottom waters do not fall on the trendline defined by the other samples. As
noticed for the Irminger Basin samples (section 5.4.4.1.2), the 0-S plots (Fig. 5.3 and Fig. 4.3
Chapter 4) show that stations 9 to 13 are stratified. Therefore, the correlation observed
between exg and 1/[Nd] cannot be explained by an homogenisation of the water column

properties, such as what would be observed during convection.
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Figure 5.12: (a) Neodymium concentrations [ppt] and (b) Nd isotopic composition (gng) versus
potential temperature [°C] for the stations around the Grand Bank (Type II). Red dots: station 9;

orange squares: station 11; and grey triangles: station 13.

As for the Irminger Sea, it was shown in Chapter 4 that the Nd isotope characteristics of
the water masses from the southeaster Labrador Sea and the Grand Bank region are primarily
a consequence of water mass mixing. However, the predicted Nd concentrations for NEADW
are also systematically higher than the measured data, whilst the values calculated for
NWABW are identical, within error, to the measured concentrations: [Nd]cac = 3.0 = 0.4 ppt
and [Nd]meas = 2.46 £ 0.22 ppt, 2sd, n =3 for NEADW (Table 5.1); [Nd]ca. = 2.5 £ 0.2 ppt
and [Nd]mess = 2.47 = 0.04 ppt, 2sd, n =3 for NWABW at station 9; and [Nd]cae = 2.8 £ 0.4
and [Nd]mes = 3.01 £ 0.36 ppt, 2sd, n = 5 for NWABW at stations 11 and 13 (Table 5.1).
This suggests that boundary exchange along the continental margins is also an important

process at these stations.

In summary, the present dataset for the subpolar western North Atlantic Ocean lead to four

main conclusions:

(1) dissolved Nd concentrations are relatively constant with water depth (A(Ndgenc) = 0.25
to 0.85 ppt), with the exception of samples from the (sub)surface and bottom layers of the

Grand Bank region;

(i1) seawater Nd isotopic compositions show large variations within each profile according

to vertical water mass structure. The within-profile variability ranges from 5.4 epsilon units at
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station 13 in the Grand Bank region to a minimum of 2.8 epsilon units at station 2 in the

northern Irminger Sea;

(i11) boundary exchange, acting as both a source and a sink of Nd, is necessary to explain

seawater Nd characteristics of this region.

5.4.4.3. Subtropics — Type II1

5.4.4.3.1. Profile description

In the subtropical area of the present study, the Nd isotope depth profiles show the same
overall shape for all of the stations (15 to 30, Figs. 5.1a and 5.13b). The most radiogenic
values are found at the surface, ranging from exg = -9.5 at station 21 to exg = -10.8 at station
30. Subsurface water depths (~100 to 500 m) at stations 19 and 21 are characterised by the
presence of subpolar mode waters and relatively constant Nd isotope ratios (eng = -9.6,
STMW, see Chapter 4). Below this depth, a gradual decrease towards less radiogenic values
of eng = -13.7 at ~1250 m is observed. At station 15, this decrease already starts below the
surface layer and it reaches a minimum of eyg = -13.5 at ~ 900 m, which is maintained to
about 2000 m. The profiles of stations 25 to 30 show a slight deviation in that they exhibit a
small (<0.5 epsilon unit) shift towards more radiogenic values in the subsurface (i.e., down to
depths of ~150 m) before starting the same trajectory towards less radiogenic values, with a
minimum being reached around ~ 1750 m (exg = -13). Below this depth, all the profiles show
a shift towards more radiogenic Nd isotopic compositions at ~2500 m (exg = -12.5 to -12.0),
and stay relatively constant down to 4500 m, before some profiles show a small shift (<1

epsilon unit) towards more radiogenic bottom water samples.

The Nd concentration profiles for all six stations in the Sargasso Sea are even more similar
to each other than the Nd isotope profiles (Figs. 5.7c and 5.13a). The only exceptions to this
observation are the surface waters at stations 25 to 30, where the Nd concentrations are
higher than for the subsurface samples, due to influence of the Amazon River (see section
5.4.2.2). For stations 15 to 21, the concentrations are lowest at the surface ([Nd] = 1.8 ppt)
and increase gradually down to ~1000 m ([Nd] = 2.5 ppt). At station 25 to 30, the
concentrations first decrease down to ~150 m before increasing gradually to ~1000 m, where

they reach Nd concentrations of 2.5 ppt, as observed at stations 15 to 21. Below this depth,
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Figure 5.13: (a) Neodymium concentration in ppt and (b) Nd isotopic composition (expressed as enq)
depth profiles for the stations from the subtropics. Yellow dots: station 15; dark blue squares: station
19; blue triangles: station 21; pink diamonds: station 25; light purple dots: station 28; and purple
squares: station 30. The vertical dashed line in (b) stands for the historical value of NADW (eng = -
13.5; Piepgras and Wasserburg, 1987).

the Nd concentrations remain constant down to ~2500-3000 m, but they then increase again
to the bottom, where maximum Nd concentrations are reached for each profile, ranging from
4.27 ppt at station 19 to 4.86 ppt at station 15. It is worth mentioning that the slope of the
concentration increase with depth is identical for the subsurface and the deep water layers.
Notably, the Nd concentration data of the present study for the subtropical Atlantic are in

good agreement with the results of previous investigations (Piepgras and Wasserburg 1987;
Pahnke et al. 2012).
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5.4.4.3.2. Discussion

Overall, the Nd concentration profiles of subtropical seawater show relatively large
variations, from 2.34 ppt at stations 19 and 30 to 3.13 ppt at station 15. This observation
stands in contrast to the relatively constant Nd concentration profiles for the subpolar gyre.
Furthermore, the subtropical Nd isotope profiles show less variability compared to the
profiles of the subpolar area. In detail, the subtropical profiles display a range in exq values
that varies from 2.6 epsilon units at station 30 to 4.3 epsilon units at station 21. From these
observation it is already obvious that Nd isotope and concentration profiles are decoupled,
and the data exhibit poor correlation coefficients in plots of the seawater Nd isotopic

composition versus 1/[Nd] (r* < 0.5 for all stations except station 19 (r* = 0.6) (Table 5.1).

In order to investigate what processes govern the Nd concentration profiles in the
subtropical western Atlantic Ocean, the dataset was separated into three groups (Fig. 5.7¢):
(a) an upper layer, which encompasses the almost linear increase in Nd concentration with
depth from the surface (or subsurface for stations 25 to 30) down to intermediate water levels,
(b) a middle layer, with relatively constant Nd concentrations and (c) a bottom layer, which

again shows a near linear increase in Nd concentrations.

Upper layer (0 — 400 m)

A fairly convincing positive linear regression is obtained in cross plots of Nd
concentrations versus dissolved silicate, nitrate and phosphate concentrations =072 -
0.75, excluding the surface samples from stations 25 to 30, Figs. 5.14a and b). The
correlation between [Nd] and salinity is, however, poor (r* < 0.1), and it is poor as well for
ena versus 1/[Nd] (r* = 0.3). Together, these observations indicate that Nd displays a
behaviour akin to nutrients in the upper 400 m of the water column and also argue against
water mass mixing. It is important to note in this context, that in contrast to the nutrients, Nd
is not highly depleted in surface waters (see also Akagi 2013), pointing to a different control
on low Nd concentrations. We here suggest that the predominant process leading to low Nd
concentrations in the (sub)surface ocean is adsorption of Nd onto suspended biogenic and
detrital particles. The scavenged Nd is then successively released by desorption from the
particles and during remineralisation of biogenic particulates. Such processes can explain the
strong correlation of Nd with nutrients, even though Nd is not a nutrient element and is not

actively utilised in the biological pump. Similar observations have been made in a number of
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Figure 5.14: Neodymium concentrations versus (a) silicate concentrations and (b) nitrate
concentrations for the surface waters of the subtropical western North Atlantic. Yellow dots: station
15; dark blue squares: station 19; blue triangles: station 21; pink diamonds: station 25; light purple
dots: station 28; and purple squares: station 30. Circled samples represent the surface most samples of
station 25, 28 and 30, and were not taken into account for the regression calculation due to additional

external input (see text).

previous studies (Sholkovitz et al. 1994; Siddall et al. 2008; Arsouze et al. 2009; Oka et al.
2009; Rickli et al. 2009; Rempfer et al. 2011; Stichel et al. 2012; Akagi 2013). For example,
Sholkovitz et al. (1994) suggested that Mn oxohydroxides are important for the
removal/release of Nd in the upper water column, while Rickli et al. (2009), Stichel et al.
(2012) and Akagi (2013) suggested that Nd is adsorbed onto diatom frustules in the surface

ocean and released with depth upon remineralisation of the frustules.

Bottom layer (3000 m — bottom)

A very intriguing observation from this study is that the lowermost part of the water
column in the northwest Atlantic Ocean shows a similar increase in Nd concentrations as the

top part, and this similarity even extends to the slope of the increase with depths (Figs. 5.7¢
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and 5.13a). The samples of this ‘bottom layer’ encompass the water masses lower-NADW

and modified-AABW (Table 5.1) at depths below ~2500 m. The properties of these water
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Figure 5.15: Potential temperature versus salinity (a), Nd concentration versus (b) nitrate
concentration, (c) potential temperature, and (d) pH for the samples collected in the bottom water
masses in the subtropical area of the present study. Yellow dots: station 15; dark blue squares: station
19; blue triangles: station 21; pink diamonds: station 25; light purple dots: station 28; and purple

squares: station 30.
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masses are controlled by water mass mixing, as is revealed by the excellent correlation
defined by all samples in a 0 vs. S diagram (r* = 0.97; Fig. 5.15a). However, as for the
(sub)surface samples, a reasonable correlation is also obtained between seawater Nd
concentrations and nutrients (silicate: r* = 0.74, nitrate: r* = 0.68, phosphate: r* = 0.71, Fig.
5.15b). In contrast to the (sub)surface samples, the deep and bottom water Nd concentrations
also co-vary with salinity and potential temperature (r* = 0.77 and r* = 0.85 respectively, Fig.
5.15¢), whilst these data exhibit only a poor correlation for the subsurface samples ( r* < 0.2).
Together, this suggests that Nd concentrations in the lower part of the water column are
primarily controlled by binary water mass mixing. This interpretation is in accord with the
nutrient data, as major nutrients are also known to display ‘quasi-conservative’ behaviour in

deep waters (Goldstein and Hemming 2003).

Of further interest is the observation that seawater Nd concentrations are also highly
correlated with the water pH value (r* = 0.9). This covariation is negative, which suggests

that dissolved Nd contents increase with decreasing pH (Fig. 5.15d).

Bottom layer: comparison with other data set from the Atlantic Ocean

When the results of the present study are compared with published data for the Atlantic
Ocean from below 2500 m water depth, it is obvious that the binary mixing trend defined by
our new data (Figs. 5.15 a and c) clearly deviates from the overall mixing envelope that was
previously identified for Atlantic Ocean deep waters (Fig. 5.16a). Indeed, mixing lines
calculated between a northern water mass (with high salinity and low [Nd]) and a southern
water mass (with low salinity and higher [Nd]), show that the Nd concentrations measured
for the bottom layer of the present study have elevated Nd contents for a given salinity (Fig.
5.16a), thus suggesting additional input of Nd. Looking at the Nd isotope vs. concentration
systematics for the Atlantic Ocean (Fig. 5.16b), our samples also fall outside the mixing
array, but they feature Nd isotope ratios that are similar to samples that lie within the mixing
envelope. Indeed, it was shown in Chapter 4 that in the subtropical North Atlantic Ocean, the
Nd isotopic compositions of seawater from below 2500 m depth display conservative
behaviour and are controlled by water mass mixing (see Fig. 4.6 in Chapter 4). Therefore, the
present dataset reinforces earlier observations that Nd isotopes and concentrations display

decoupled behaviour in the open ocean.
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Piepgras and Wasserburg 1987; Spivack and Wasserburg 1988; Jeandel 1993; Lacan and Jeandel
2005b; Rickli et al. 2009; Pahnke et al. 2012; Stichel et al. 2012; Garcia-Solsona et al. 2014). Please

note that data from the Mediterranean Sea, the Nordic Seas and Baffin Bays were not included. Please

note as well that the data of the present study represented in this diagram are all from the subtropics

(and not from the subpolar area, as in Fig. 4.6 from Chapter 4), and the filled circles represent the

results from the “bottom layer” (see paragraph 5.4.4.3.2.2) whereas the empty circles are the samples

from NEADW (since this water mass is encountered below 2500 m depth, see text).
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Several mechanisms could be responsible for the observed increase in Nd concentrations

in the lower part of the water column and these are discussed below.

(a) Redissolution from bottom sediments

Redissolution of Nd from bottom sediments, followed by diffusion of Nd from the bottom
into the overlying waters might be an explanation for the observed concentration trends.
However, as outlined in section 5.4.3.2, the beam attenuation coefficient, a measure of
turbidity, is only high for the bottom layer at one of the six stations (station 15). Even if
sediment resuspension in an extended nepheloid layer is responsible for the slightly higher
Nd concentrations measured at station 15, it seems unlikely that it could explain the increase

encountered at other stations, as a significant source of Nd is needed.

(b) Boundary exchanges

Continuous exchange at the ocean-solid earth interface might be another explanation.
Indeed, it has been shown that boundary exchange plays a prominent role for seawater Nd
isotopes in the subpolar North Atlantic (this study; Lacan and Jeandel, 2005a,b). However,
continuous release of Nd from the seafloor would need to be coupled with upward diffusion
of the signal through the water column and, as outlined above, this would produce a

concentration pattern, which differs from the observations of the present study.

Another way of thinking about the effect of boundary exchange on seawater Nd
concentrations and isotopes is to consider potential boundary exchange in the source area of a
water mass. The source areas can be identified by following the isopycnals in the region of
interest back to the area where they crop out. In our specific case, this would involve a mix of
southern and northern sources (Fig. 5.15a), and if boundary exchange does influence the Nd
characteristics of the water masses in their formation region, it seems not likely that boundary
exchanges take place in the Sargasso Sea itself between the water masses measured here and
the margin in the vicinity. Indeed, the present Nd concentration profiles do not indicate that
boundary exchange processes act as a direct Nd source (or sink) here, since the dissolved Nd
concentration at stations 25 to 30 are not higher (or lower) compared to what is measured at
stations 15 to 21 (Fig. 5.1a and 5.13a), even though the former stations are closer to a

continental margin than the latter.
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(c) Reversible scavenging

In our opinion, the higher Nd concentrations in the deeper layers of the western
subtropical North Atlantic Ocean are most likely caused by the remineralisation of sinking
particles. A modelling study by Siddall et al. (2008) suggested that remineralisation at depth
can increase Nd concentrations without changing the isotopic compositions in areas of strong
lateral advection, such as the Atlantic Ocean. In fact, these authors identified that Nd
concentrations in the global ocean can only be successfully modelled if reversible scavenging
is included. The process of reversible scavenging describes adsorption and desorption of
elements on particle surfaces, or in other words, exchange between the dissolved and
particulate elemental pools in the ocean. Initially formulated by (Bacon and Anderson 1982),
the process was considered in the following to play a prominent role in the global Nd cycle
(e.g., Bertram and Elderfield 1993; Nozaki and Alibo 2003; Tachikawa et al. 2003) but was
only recently included in more elaborate modelling studies to simulate the biogeochemical
cycle of Nd (e.g., Siddall et al. 2008; Arsouze et al. 2009; Oka et al. 2009; Rempfer et al.
2011). While it can be assumed that isotopic fractionation during adsorption / desorption can
be neglected, it is less clear whether there is preferential scavenging of Nd onto specific
particle types (see Siddall et al. (2008) for a discussion) and what role different particle sizes
may play (Arsouze et al. 2009). In the end, it will be important to determine the compositions
of relevant particles and their Nd concentration and eng value in order to better characterize
and quantify the process. In the absence of such data, further efforts to identify the

provenance of the Nd released at depth remain speculative.

Middle layer (1000 — 2500 m)

The middle layer (Fig. 5.7¢) is characterized by relatively constant Nd concentrations with
increasing depth and it can be assigned to the following water masses: modified-AAIW,
ULSW, LSW and NEADW, or rather, since these samples are from the subtropical North
Atlantic Ocean, upper-NADW and middle-NADW (see Chapter 4). It was shown previously
that reversible scavenging is most likely responsible for the increasing Nd concentrations in
the upper and bottom layers of the study area (Figs. 5.7c and 5.13a). This implies that
reversible scavenging probably occurs throughout the water column and in an ideal scenario
this would result in steadily increasing Nd concentrations with water depth. Such behaviour
has been documented in other ocean basins (e.g., Nozaki and Alibo 2003; Stichel et al. 2012)

and is shown in schematic form in Figure 5.17a. The middle layer with constant Nd
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concentrations between ~1000 and ~2500-3000 m is hence a unique characteristic of the

western North Atlantic Ocean.
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Figure 5.17: Schematic Nd concentration depth profiles as (a) expected for steady reversible

scavenging throughout the water column, and (b) observed in the subtropical North Atlantic.

A major difference between the western North Atlantic and other locations where a
continuous increase of [Nd] with depth is observed (i.e., Pacific Ocean, Drake Passage), is
the strong lateral advection of deep waters. This suggests that high water mass velocities may
play a key role in generating the distinctive Nd concentration pattern (Fig. 5.17b) of the
western North Atlantic. This interpretation is supported by the data of (Andrie et al. 1997),
who performed direct velocity measurements in the Deep Western Boundary Current
(DWBC) just to the south of the southernmost profile of the present study, at about 7°N
between the coast and 35°W. These authors show that the upper core of the DWBC, between
1000 m and 3000 m depth, has a maximum velocity of more than 40 cm/s at a depth of about

1500 m. The lower core was found to be centred at 3500 m, with velocities lower than
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20 cm/s. Furthermore, zonally integrated stream functions calculated from the WOCE
hydrographic data suggest that the highest mass transport at about 20°N in the Atlantic Ocean
occurs between 1000 and 2000 m depth (Ganachaud 2003). We therefore propose that the
release of Nd from particles witnessed in the upper and lower part of the water column is
‘overruled’ by fast lateral advection in the middle layer. In other words, lateral rather than
vertical processes dominate the cycling and behaviour of Nd at water column depths of 1000

to 3000 m in the western North Atlantic.

5.5. Conclusions

The objectives of this study were to better characterise and constrain the sources, sinks and
geochemical cycling of dissolved Nd in the modern ocean. To address this goal, we
determined and investigated the Nd concentrations (and isotopic compositions) of 12 depth

profiles in the north to equatorial western Atlantic Ocean.

Surface Ocean: Riverine inputs appear to dominate the Nd fingerprint of surface waters

in the Irminger basin (stations 2 to 6) and in the southern subtropical gyre (stations 25 to 30).
In the northern subtropical gyre (stations 15 to 21), the Nd isotopic compositions and
concentrations are consistent with values obtained for the subtropical gyre, ultimately being
influenced by dust input from the North Africa. In the southern Labrador Sea and around the
Grand Bank (stations 9 to 13), mixing between the strong Labrador Current and the Gulf
Stream, carrying quite distinct Nd isotopic compositions, can account for the observed
signatures. None of the surface waters investigated, including a sample collected from under
the ash plume of the large 2010 Iceland eruption, provides evidence for significant addition

of Nd from volcanic ash to the surface ocean.

Bottom water layer: Sediment remobilisation was encountered in the subpolar North

Atlantic of the present study, and the process of boundary exchange, acting as both a Nd
source and sink, is required to account for the Nd concentrations determined for samples
from the bottom water layer of this region. The impact of boundary exchanges on the Nd
isotopic signature is relatively small in the vicinity of the Grand Bank (stations 9 to 13), but
more pronounced in the Irminger Sea (stations 2 to 6). In the subtropical western Atlantic
Ocean, most stations show no direct evidence for Nd inputs from or associated with bottom
sediments. Only station 15 had a pronounced nepheloid layer, and this is hence the only

station where sediment resuspension may act as a Nd source.
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Vertical cycling of Nd: Different processes seem to govern the vertical cycling of Nd in

the subpolar and subtropical western North Atlantic Ocean. In the subpolar North Atlantic
Ocean, boundary exchanges with the proximal margin are required to account for the
observed Nd isotope and concentration profiles. In contrast, the two Nd parameters are
clearly decoupled in the subtropical region. Here, Nd concentrations generally increase with
depth due to reversible scavenging but constant Nd contents are observed in the middle of the
water column (1000 — 3000 m) because strong lateral advection dominates the cycling of Nd.
Regardless of location and water depth, Nd isotopes were found to be a robust tracer for the

main water masses encountered in the North Atlantic (see Chapter 4).

The present study fills an important gap in the global marine Nd database, in particular
because Nd isotope and concentration data were especially scarce for the subtropical western
North Atlantic Ocean. The new high quality results of this study, furthermore, provide new
insights into the ‘Nd paradox’. Further constraints to better understand the origin of the
paradox will be available once the budget for the vertical cycling of Nd in the North Atlantic
is fully characterised by analyses of marine particles that were collected on the same cruise as

the present water samples.

Acknowledgements

A particular thanks to our colleagues at the Imperial College MAGIC labs for their help
and support, especially to Maxence Paul. We are grateful to the Captain and the crew of the
RV Pelagia, as well as the PE319 and PE321 scientific party for support of sample collection.
Debbie Hembury and Eric Achterberg are deeply thanked for providing the seawater sample
collected under the Eyjafjallajokull 2010 volcanic eruption. Jorg Rickli is also thanked for

providing information about the station Thalahassa 15 samples.

165



Myriam Liliane Lambelet, Ph.D. Thesis, 2014 — Chapter 5

166



Myriam Liliane Lambelet, Ph.D. Thesis, 2014 — Chapter 6

Chapter 6

CONCLUSIONS
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6.1. Major findings

The present thesis underlines the important role that isotope analyses can play in
deciphering marine biogeochemical cycles of trace elements. Our new high quality results
enabled us to achieve the overall aim of this study, which was to better constrain the
geochemical cycles of the trace elements cadmium and neodymium and their isotopes in the
marine environment (see Chapter 1). We will outline below in more details how the several

specific objectives of this thesis have been fulfilled.

Cadmium isotope measurements were performed on samples from the Siberian Arctic
shelf seas (Chapter 2) and show that Siberian rivers have an isotopic composition that is
similar to, or only slightly heavier than, average continental crust, thus suggesting that
weathering processes generate no significant or only relatively minor Cd isotope
fractionations. Besides, our Cd concentration and isotope results show that Cd is released
from suspended riverine particles during mixing with seawater, and that this released Cd is
identical to or intermediate between the composition of continental crust and marine deep
waters. Finally, our results concerning the boreal Kalix river, which features higher Cd
concentration and light Cd isotopic composition compared to the Arctic rivers, indicates that
the Cd isotope composition of rivers may display significant regional variability, such that
more river samples from distinct areas will need to be analysed before the global average Cd
isotope composition of the riverine flux to the ocean can be determined with certainty.
Overall, our new Cd isotope results provide important constraints, which are not available

from concentration data alone, on the cycling of Cd in shelf and riverine environments.

In Chapter 3 we introduced the time and labour effective method developed at the MAGIC
laboratories to isolate and analyse the Nd isotopic composition and Nd concentrations of low
abundance seawater and/or rock sample. Results illustrate that reliable results are obtained on
GEOTRACES intercalibration samples and that storage of seawater in pre-cleaned containers
for up to five years does not affect the concentration nor the isotopic composition of Nd.
Finally, our methodology allows for precise and accurate results on 5 L seawater samples,

enabling an increase in spatial sample resolution on future GEOTRACES cruises.
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Our extensive Nd study (Chapters 4 and 5) on 137 samples from the Dutch GEOTRACES
cruise GA02 demonstrates at unprecedented resolution that Nd isotopes do behave
conservatively in the Northwest Atlantic deep waters away from ocean margins, providing
more confidence in applications of Nd isotopes as a palaeo water mass tracer. The data
furthermore highlight different behaviour of Nd in regions close to the formation area of deep
water masses compared to export areas, thus suggesting that different processes govern its
geochemical cycle. Indeed, in the subpolar North Atlantic, boundary exchange processes
between seawater and the nearby margin are required to account for the observed Nd
signature. In the subtropical western North Atlantic however, the concentration and isotope
profiles are decoupled, and Nd concentrations shows an increase with depth, whereas the Nd
isotopes feature a quasi conservative behaviour, tracing water masses encountered in this
area. We showed that this increase in Nd concentrations with depth is most likely explained
by reversible scavenging, which is outcompeted in the middle of the water column by strong
lateral advection. Riverine inputs play an important role as Nd source to the surface ocean in
the Irminger Sea and in the south of the subtropical gyre, while dissolution of volcanic ash
seems to not leave a clear Nd imprint on the surface ocean as demonstrated on a small study
of the recent Icelandic volcanic eruption. These observations about Nd inputs in the North
Atlantic Ocean highlight the importance of combining isotope and concentration
measurements, as the concentration data alone would not have been sufficient to determine
the Nd source in this region. Comparison with previously published Nd profiles makes us
suggest that in areas where strong currents lead to sediment remobilisation filtration of
seawater samples is absolutely essential, and lack thereof may result in differences in Nd
concentration and isotopic composition. Finally, our new data illustrate that North Atlantic
Deep Water (NADW) can be separated in upper- and lower-NADW, with distinct Nd isotopic
compositions, and that the signature of lower NADW tends to be significantly more
radiogenic than the accepted value of eng = -13.5, which should be taken into account for

future applications.

Overall, our studies showed that isotopes provide information on the geochemical cycles
of Cd and Nd that could not be derived by concentration data alone. Furthermore, it
underlines the importance of multi-element and parameter studies, thus stressing the

usefulness of multi-disciplinary projects such as the GEOTRACES programme.
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6.2. Concluding remarks

Concerning the Cd part of this study, an interesting follow up would be to measure the Cd
concentration and isotopic composition of samples coming from different riverine system in
the world, including polluted areas and different geological settings. By determining the Cd
behaviour in such rivers and mixing areas, the overall Cd biogeochemical cycle as well as Cd
isotope composition of the riverine flux to the ocean would be better constrained.
Furthermore, the hypothesis that weathering processes generate no significant or only

relatively minor Cd isotope fractionations could be confirmed (or denied).

Concerning the Nd geochemical cycle in the marine environment, it will be very
interesting to see the results on suspended particulates corresponding to the depth profiles
analysed in the present study, a step that is planned for the near future in the MAGIC group.
Indeed, Nd isotope and concentration data are very sparse for marine particulate phases, and |
think that such analyses are key for substantially improving our understanding of the vertical
cycling of Nd in the water column. In order to better constrain Nd sources and sinks, the
collection of sediment samples and marine aerosols would complement seawater analysis
very well. Furthermore, isotopes and concentrations analyses of dissolved and particulate Nd
from small river systems would be very useful to better assess the contribution of these inputs
to the Nd cycle. Together with the above mentioned, modelling the present dataset may help
us to further understand the Nd paradox. Apart from that, I would be interested in analysing
more depth profiles coming from the whole Labrador Sea, since Nd data from this area are
still scare. Other specific geographic areas of interest are the Denmark Strait and downstream
areas of DSOW, as well as in the Iceland-Scotland gap and downstream areas of ISOW.
Another, more methodological point of interest would be to carry out more systematic tests to
compare filtered and unfiltered samples. Finally, time-series for Nd isotopes and
concentration in key areas (e.g., Labrador Sea, BATS, overflows) would allow to develop a

more precise idea concerning the evolution of Nd characteristics of seawater through time.

Nevertheless, I think that the present work brings an important contribution to the
scientific community. Indeed, the presentation of the Nd data at a recent conference (AGU
Ocean Sciences, Hawaii, 2014) spurred broad interest, and many researchers came to discuss
my results with me. Furthermore, being able to exchange ideas with scientists studying other
trace metals and their isotopes proved once more to be vital for interpreting results due to the
complementary information provided. Indeed future comparison of my new data set with the

many other trace metals and isotopes analysed on the Pelagia cruises will most certainly open
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up new avenues of thought. Luckily, the GEOTRACES program has just reached its first
milestone with the release of an online data product to the international community from its
initial four years of expeditions. With about twice this time and many more expeditions to
come, the programme will enable scientists to compare their results obtained for different
elements more readily, and modellers to access the data more freely, providing a unique
opportunity to achieve a step change in our understanding of the cycling of trace elements

and their isotopes in the oceans.
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