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Abstract

A number of previous studies have identified considerable mass dependent variations in the
Cd isotope compositions of both terrestrial and extraterrestrial samples. On Earth, stable
isotope effects for Cd are particularly prominent in the oceans, and the largest natural ter-
restrial Cd isotope fractionations of about 4% have been reported for Cd-depleted surface
seawater. These effects have generally been attributed to reflect isotope fractionation of Cd
that occurs during biological uptake and utilization of dissolved seawater Cd. This finding
confirms studies, which identified Cd as an essential marine micronutrient. This was first
inferred from the phosphate-like distribution of the metal in the oceans and more recently
demonstrated by work, which confirmed that Cd can act as catalytic metal ion in carbonic
anhydrase, an enzyme which plays a central role in inorganic carbon acquisition of phyto-
plankton in the oceans. The marine Cd isotope fractionations are thus of interest, as they
can be used to study the cycling of the micronutrient Cd as well as its impact on ocean

productivity and the global carbon cycle.

As part of this PhD project, I have developed a new procedure for Cd isotope analyses
of seawater, which is suitable for samples as large as 20 L and Cd concentrations as low
as 1 pmol/L. The procedure involves use of a '''Cd-'*Cd double spike, co-precipitation
of Cd from seawater with AI(OH); Cd purification by column chromatography, and sub-
sequent isotope analysis by MC-ICP-MS (multiple collector inductively coupled plasma
mass spectrometry). The methodology can routinely provide e''*/11°Cd data with a preci-
sion of about £0.5¢ (2sd) when at least 20-30 ng of natural Cd are available for analysis.
However, even seawater samples with Cd contents of only 1-3 ng can be analysed with a

reproducibility of about £3 to £5e.



The new methodology was applied to investigate Cd isotope variations in about 150
seawater samples from the North Atlantic Ocean, the Southern Ocean HNLC (high nutrient
low chlorophyll) region, and the Peruvian oxygen minimum zone in the Eastern Pacific
Ocean. The samples exhibited variable but highly systematic Cd isotope variations that
were comprehensively interpreted in the context of previously published oceanographic

and biogeochemical data.
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Chapter 1

Introduction

1.1 Research background

1.1.1 Cadmium in the oceans

The Cd concentrations in seawater show a nutrient-like distribution, which is very simi-
lar to the distribution of phosphate, a marine macronutrient (Boyle et al., 1976} |Bruland,
1980), Fig. Both Cd and PO,* display low concentrations in surface waters due to
marine biological utilization. When organisms cease, the organic material sinks through
the water column and is subsequently decomposed at depth. Hence, Cd and PO4*" are rem-
ineralized into the dissolved form (Boyle et al., [1976; |Bruland, |1980). However, a number
of previous investigations also state that Cd may be passively adsorbed onto organic matter
(Collier and Edmond, [1984; Yee and Fein, 2001}; Dixon et al., 2006), which might also

result in a nutrient-like distribution of dissolved Cd in seawater.

Recent studies suggest that Cd, as a marine micronutrient, plays an important role in
marine biological processes. In particular, it has been shown that Cd can substitute for Zn
in the enzyme carbonic anhydrase, which plays an important role in the process of inor-
ganic carbon acquisition (Price and Morel, 1990; [Cullen et al., [1999; Sunda and Huntsman,
2000; |Lane et al., 2005; Xu et al., 2008). The substitution of Zn by Cd was also suggested

for other Zn-metalloenzymes, such as alkaline phosphatase, which allows phytoplankton
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Figure 1.1: Cd and PO,* depth profiles for the Atlantic Ocean and Pacific Ocean (from
Rehkamper et al.| (2011)). Data are from Boyle et al. (1976) and Bruland (1980).

to acquire phosphate from organic compounds (Morel and Price, 2003). These results in-
dicate that the behavior of Cd, as a micronutrient, in the oceans is probably a consequence

of true biological demand for Cd during growth of marine phytoplankton.

The vertical distributions of Cd and phosphate are further modified by oceanic circula-
tion, which creates water masses with distinct chemical signatures. A key feature is that the
concentrations of Cd and phosphate are significantly higher in the deep-water of the Pacific
Ocean than in Atlantic Ocean deep-water. This difference reflects the progressive accu-

mulation of remineralized nutrients, as deep-water masses pass from the Atlantic Ocean
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Figure 1.2: Compilation of published results which shows the correlation of Cd and PO,*
concentrations. The data were compiled from numerous published studies (Bruland et al.,
1978; Bruland, [1980; Danielsson et al., [1985 Martin et al., [1989; Martin, {1990; Martin
et al., 1990; Hunter and Ho, 1991} Nolting et al., [1991; Westerlund et al., 1991} Yeats and
Westerlund, |1991; Frew and Hunter, 1992, [1995]; Saager et al., 1992; |de Baar et al., [1994;
Loscher et al., [1998;; [Fitzwater et al., 2000; [Lacan et al., 2006)).

through the Southern Ocean to the Pacific Ocean (Donat and Bruland, 1995)). Hence, deep

water masses with older ventilation ages have higher nutrient (and Cd) contents.

The main input of Cd into the ocean is from rivers, the deposition of atmospheric dust
particles in surface waters and hydrothermal fluids. Moreover, Cd is involved in many
internal cycles, such as biological utilization and remineralisation, prior to being incor-

porated into marine sediments (Collier and Edmond, |1984; Rosenthal et al., 1995). As a



1.1 Research background 22

consequence of these processes, Cd displays an intermediate residence time in the ocean
of about 10 to 100 kyr, which is similar to that of phosphorus (Bewers and Yeats, [1977;
Martin and Whitfield, |1983; Ruttenberg, |2003). The geochemistry of Cd in the oceans has
attracted significant scientific interest for more than 30 years (Rehkidmper et al., [2011).
The interest is primarily based on the approximately linear correlation of Cd and phosphate
concentrations in seawater, which is modified by a pronounced ’kink’ at intermediate Cd
and phosphate abundances (Fig. [I.2). A number of previous studies have investigated the
origin of the [Cd]- [PO43'} correlation and, in particular, the processes that may be respon-
sible for the conspicuous ’kink’ (Frew and Hunter, |1992; |de Baar et al., |1994; Elderfield
and Rickaby, 2000; Cullen, 2006) . For example, this ’kink’ has been described as an
artefact of a [Cd]-[PO,*] fractionation trend, which is not linear but slightly curved, due

to preferential biological uptake of Cd relative to phosphate (Elderfield and Rickaby), 2000).

Moreover, Cd has also been applied as a paleoclimate proxy. This application is based
on the observation that Cd is incorporated into the tests of foraminifera in proportion to the
Cd (and hence phosphate) concentration of the ambient seawater (Boyle, |1981,1992; |Rick-
aby and Elderfield, 1999; Ripperger et al., 2008). Hence, the Cd/Ca data of foraminifera
have been used as an important tool in paleoceanography, to trace water masses and past

marine nutrient utilization (Henderson, 2002} Lynch-Stieglitz, 2006).

1.1.2 Cd isotopes in the oceans

Isotopic analyses have previously provided a wealth of information on the marine cycling
of nutrient elements, such as nitrogen (Sigman et al., |1999), silicon (De La Rocha et al.,
1998}, Reynolds et al., 2006) and others. Therefore, further insight into the processes gov-

erning the marine distribution of Cd, may be provided by Cd isotope measurements.

At the time when this research project began, the published Cd isotope database for
seawater samples was limited to the results for only 50 samples in total from two studies
(Lacan et al., 2006; Ripperger and Rehkamper,2007). During this PhD study, another study

was published, in which Cd isotope composition for another 20 surface seawater samples
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were reported (Abouchami et al., 2011)). Nevertheless, the published research on Cd iso-

tope fractionations in the seawater is still very limited.

The first investigation of Cd isotopes in seawater was published by [Lacan et al.| (2006)).
The technique of external normalization to the added Ag was used in this study for the
instrumental mass bias correction of the Cd isotope data, a method that was first applied
by Wombacher et al.| (2003). With this technique, Cd isotope compositions for 28 seawa-
ter samples from two depth profiles in the northwest Pacific Ocean and the Mediterranean
Sea were determined by MC-ICP-MS. However, these samples displayed only a limited
variability in Cd concentrations and isotope compositions, with ¢''4/1'0Cd values between
about -4 and +2 (¢''*/M° denotes variations of ''*Cd/''°Cd relative to a standard in part per
10,000; relative to NIST SRM 3108 Cd standard).

Due to the relatively large uncertainty of these measurements of about £3¢ (2sd), the
study was unable to clearly determine Cd isotope variations in seawater. However, despite
the limited variation, the samples exhibited a statistically significant correlation between
Cd isotope compositions and concentrations, from which an isotope fractionation factor
of 1.0014 £ 0.0006 (2sd) was inferred. This result was further supported by a culture ex-
periment, which yielded organisms (freshwater phytoplankton) systematically enriched in
isotopically light Cd. This result was interpreted to reflect kinetic isotope fractionation that

was produced during biological uptake and utilization of dissolved Cd .

To improve the precision of Cd isotope analysis, Ripperger and Rehkamper| (2007) de-
veloped a more precise and accurate double spike procedure for the determination of Cd
isotope compositions. With this method, they were able to achieve precisions of about +-1e
for the determination of €''4/"0Cd. This is about a factor of 3 to 5 more precise compared
to the external normalisation technique of Wombacher et al.| (2003). The subsequent study
of Ripperger et al. (2007) provided the first comprehensive Cd isotope dataset for seawa-
ter. Results were presented for 22 samples, representing both surface waters and depth
profiles, from 8 locations in the Arctic Ocean, the Atlantic Ocean, the Pacific Ocean and

the Southern Ocean. The most important conclusions of this study can be summarized as
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follows:

(A)

(B)

(©)

Large variations in Cd isotope compositions with values of ¢''*/1°Cd from 0 to
+38 = 6 (relative to NIST SRM 3108 Cd standard) were observed in this study
and the majority of the samples defined an inverse relationship between dissolved
Cd contents and isotope compositions. The large Cd isotope variations observed in
the upper water column were thought to be due to biological utilization of Cd. This
was supported by the fact that the Cd data are in accord with closed system Rayleigh
fractionation trends with fractionation factors o ~ 1.0002 to 1.0006. These results
broadly agree with the conclusion of the previous study (Lacan et al., 2006)), which
obtained an isotope fractionation factor of about 1.0014 +0.0006 (2sd) for utilization
of Cd by cultured phytoplankton. The minor difference between the fractionation
factors inferred from seawater and the culturing experiments may reflect additional

marine processes.

A few samples did not follow the broad Rayleigh fractionation trend but exhibited
both low Cd contents and Cd isotope compositions with €!14/11°Cd of about 0 to +5
(relative to NIST SRM 3108 Cd standard). These results were thought to be caused
by mixing processes. In particular, it was shown that mixing of Cd-rich water masses
with Cd-depleted water could generate large deviations from the main fractionation

trend.

The Cd-rich deep waters (> 900m depth) from the Arctic Ocean, Atlantic Ocean,
Southern Ocean and Pacific Ocean were observed to have nearly constant and unfrac-
tionated Cd isotope composition with an average value of ''4/119Cd = 42.9 + 1.0
(2sd; relative to NIST SRM 3108 Cd standard). This result also agrees with the pre-
vious observation that the average Cd isotope composition of 7 deep-water samples
from depths > 1 km in the Pacific Ocean is +0.7+£1.4¢ (Lacan et al., 2006). Note that
the individual data from the latter study (Lacan et al., [2006) have a large uncertainty
of about +3¢. However, the Cd concentrations of the deep-water samples increase
systematically along the global deep-water pathway, with values of 0.20 — 0.30 nM
in the Arctic and Atlantic Ocean to 0.80 — 1.0 nM in the Pacific Ocean.
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At present, most laboratories use the technique of MC-ICP-MS for Cd isotope analy-
ses. However, Abouchami et al.| (201 1)) carried out Cd isotope measurements for 20 surface
water samples from the Southern Ocean High Nutrient Low Chlorophyll (HNLC) region
using Thermal Ionization Mass Spectrometry (TIMS, ThermoFisher Triton). The isotope
fractionation and instrumental bias were quantified with the aid of a '®°Cd-'%Cd double
spike, which featured a composition that was optimized using numerical methods (Galer,
2007; |[Schmitt et al.l 2009a). |[Abouchami et al.| (2011) found that their Southern Ocean
samples defined two distinct correlations in a plot of Cd isotope composition versus con-
centration, which were consistent with different Rayleigh fractionation factors. The two
groups of samples, furthermore, roughly corresponded to differences in the location of
sampling sites, which were either within the Weddell Gyre (WG) or the Antarctic Cir-
cumpolar Current (ACC). Based on this, the distinct Cd isotope fractionation trends were
inferred to be caused by differences in phytoplankton biomass, community composition,
and their physiological uptake mechanisms in the WG and the ACC. Hence, Abouchami
et al. (2011]) concluded that Cd isotopes can be used as a paleoclimate proxy to study ma-

rine primary productivity and the global carbon cycle.

In summary, the published Cd isotope data for seawater suggest that Cd isotopes may
potentially have important applications in marine research: (I) Cd isotope compositions
could provide new insights into the biogeochemical processes, which govern the cycling
of Cd and possibly other micro- and macronutrients in the oceans; (I) The €!14/11°Cd-[Cd]
correlation observed for seawater suggests that Cd isotopes could be used in paleoceanog-

raphy as a proxy of nutrient utilization.
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1.1.3 The sources and sinks of Cd in the ocean reservoir

The major natural sources of Cd are injected into the ocean by atmospheric deposition to
all regions of the surface ocean, rivers through estuarine systems at the land-sea boundaries
and hydrothermal activity to deep and intermediate waters above the sea floor (Chester,
2003)). In the oceans, Cd joins many internal cycles of assimilation into biogenic matter and
remineralisation, and is finally incorporated into marine sediments, which are the primary

Cd sink (Collier and Edmond, [1984; Rosenthal et al., [1995)).

Cd input from the atmosphere

Cd in the atmosphere has a relatively short lifetime (European Commission, 2001). The
major natural source for Cd mobilization into the atmosphere is from the continental crust,
mainly by low-temperature weathering processes and high-temperature volcanic activity.
In addition, anthropogenic processes also emit Cd into the air. Rehkdmper et al.| (2011)
summarized the Cd contents and isotope compositions in various anthropogenic samples
and rocks and minerals of the continental crust. The data reveal Cd isotope variation of
between -14¢'%/119Cd and +5¢"*/1'°Cd in the anthropogenic samples. In the continental
crustal rocks, Cd concentration varies from 50 to 200 ng/g, whilst the Cd isotope composi-

tion ranges from €"'*/11°Cd values of -4 to +4.

The low temperature mechanical mobilization of surface deposits by wind erosion or
weathering produces an important component of Cd in marine aerosols. Cd can also be
volatilised by high temperature processes and emitted as a vapour, since Cd and its com-
pounds are relatively volatile. Cd vapours quickly condense on aerosols and then enter the
atmosphere (European Commission, 2001). Most Cd in the atmosphere is bound to small
size particulate matter (below 1 pm) (United Nations Environment Programme Chemicals
Branch (UNEPCB), 2010). Cd emissions can be transported by airflows over hundreds or

even thousands of kilometers away from the emission source.

Duce et al.| (1991) estimated the gross fluxes of Cd and other trace metal elements from

the atmosphere to the oceans, using elemental ratio calculations relative to lead (Pb) and Pb
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fluxes determined for aerosol and precipitation samples from a wide range of environments.
The global Cd inputs to the ocean from atmospheric deposition were estimated at 1.9—3.3x
10%¢-yr! from the dissolved phase and 0.4 — 0.7 x 10%g-yr’! from the particulate phase,
respectively. In addition, the total atmospheric fluxes of Cd to the North Sea, Baltic Sea
and Mediterranean Sea were calculated to be 0.1-0.5, 0.14 and 1 mg-m2-yr!, respectively
(Duce et al., [1991). Cd isotope fractionation during the transportation processes in the
atmosphere has not been discussed in the previous studies and isotopic data are currently
not available for any aerosols. However, several samples of loess have been analyzed,
which were found to have a mean ¢''*/'9Cd value of —0.1 + 0.4 (I1sd; (Schmitt et al.,

2009b)).

Cd input from rivers

Previous studies showed that rivers transport large quantities of Cd to the oceans (Duce
et al., [1991). The concentration of Cd and other dissolved trace elements in the river wa-
ters are influenced by several factors, such as the weathering and erosion processes of the
earth’s crust in the river catchment, anthropogenic inputs, and chemical processes within
the aqueous system (Chester, |2003). Cd concentrations in river water are between < 1 and
13.5 ng/L (United Nations Environment Programme Chemicals Branch (UNEPCB), [2010)).
Duce et al. (1991) summarized that the global deposition of Cd from rivers to the ocean are
0.3 x 10%g-yr'! in the dissolved form and 15 x 10°g-yr’! in the particulate form. At present,

Cd isotope data are not available in the literature for any samples of river water.

Cd input from hydrothermal activity

Hydrothermal activity is also a natural source of Cd to the oceans. Most hydrothermal ac-
tivity is associated with high-temperature processes at spreading ridge centres, where cold
seawater circulates through hot newly formed basaltic crust (Bruland and Lohan, 2004).
However, basalt-sea water reactions take place over a variety of temperatures and rock/wa-

ter ratios, which can be distinguished as 4 different types (Thompson, |1983)).

I) Away from the spreading centres, with surface basement rocks, at low temperature,
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high water/rock ratios, over long time periods.

IT) Away from the spreading centres, with deeper basement rocks, at low temperature,

low water/rock ratios, over short time periods.

IIT) At the mid-ocean ridge flanks, with hydrothermal circulation, at medium tempera-

ture, medium water/rock ratios, during passive circulation phase.

IV) At mid-ocean ridge axes, with the dramatic venting of hydrothermal solutions at the
spreading centers, at high temperature, low water/rock ratios, during the active phase

of hydrothermal activity.

All these reaction types can provide hydrothermal fluxes. The high temperature axial
hydrothermal flux of Cd in the East Pacific Rise at 21°N was estimated to be 2.3 — 26 x 10°
molyr! (Damm et al.,|1985).

Recent studies of Cd contents and isotope composition were carrying out on samples
related to sub-seafloor hydrothermal activity at spreading centers (Schmitt et al., 2009b).
The Cd 1sotopes in the black smoker sulfides record the isotope composition of the pris-
tine hydrothermal fluids, with €''4/"°Cd ~ 0.5 (Schmitt et al., 2009b), which is similar
to that in the bulk silicate Earth with ¢'1%/110Cd ~ —0.3 (Schmitt et al., 2009b). This
result demonstrates that the Cd signature in pristine hydrothermal fluids is derived from
the basaltic ocean crust without significant isotope fractionation in the process of leaching
(Rehkimper et al., 2011). However, the grey smoker sulfides showed €''*/11°Cd values be-
tween -4.5 and 3.9 with [Cd] = 100-400 pg/g, which is the largest Cd isotope variations of
the hydrothermal deposits. These variations were thought to be a consequence of isotope

fractionation during sulfide precipitation in the vent system (Schmitt et al., 2009b).

Cd in the marine sediments

Marine sediments are the primary sink of Cd in the oceans (Collier and Edmond, [1984;
Rosenthal et al., [1995). Marine sediments are deposited under a wide variety of depo-

sitional environments. In general, nearshore and deep-sea deposits are two distinctive
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oceanic depositional regimes. Nearshore sediments are deposited mainly on the shelf re-
gions under a wide variety of regimes that are strongly influenced by adjacent land masses.
As aresult, physical, chemical and biological conditions in nearshore areas are much more
variable than in deep-sea regions. Deep-sea sediments are usually deposited in depths of
water below 500m. Sediment deposition in deep-sea environment is affected by various
factors, such as remoteness from the land-mass sources, reactivity between particulate and
dissolved components within the oceanic water column, and the presence of a distinctive

biomass (Chester, 2003)).

Previous studies show that Cd is released to pore waters during the process of organic
material diagenesis. In the Mn depleted sediments, Cd is enriched authigenically (Gobeil
et al., 1997). The accumulation of Cd in sediments is through the process of insoluble
sulfide precipitation (Framson and Leckie, |1978; Rosenthal et al., |1995) or adsorption to
the freshly precipitated Fe oxides (McCorkle and Klinkhammer, [1991). van Geen et al.
(1995) estimate an accumulation rate for Cd in the marine sediments of 0.58 ng cm™! yr’!

and they argue that suboxic sediments appear to be the major sink of Cd in the oceans.

1.1.4 Cdisotope analysis by multiple collectors inductively coupled plasma

mass spectrometry (MC-ICP-MS)

Cadmium has eight stable isotopes (!*°Cd, '%Cd, '1°Cd, "''Cd, '">Cd, !*Cd, '*Cd, ''°Cd)
with relative abundances varying from 0.89% ('®Cd) to 28.73% (''*Cd) (Fig. [1.3). Wom-
bacher et al.| (2003) were the first to carry out analysis of Cd stable isotope compositions
in terrestrial samples using MC-ICP-MS (Fig. [1.4). The success of this investigation es-
tablished MC-ICP-MS as the dominant instrumental technique for Cd stable isotope mea-
surements. At present, the majority of the published MC-ICP-MS Cd isotope data were
obtained utilizing external normalization to admixed Ag (and, in some cases Sb) for the
mass fractionation correction (Rehkamper et al., [2011). Using this method, [Wombacher
et al.| (2003) obtained Cd isotope data with reproducibilities of about £0.2 to 1.0 ¢/amu
for analyses of pure Cd standards and geological samples. They also tested the method

of standard sample bracketing for mass bias correction and found that this is clearly more
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susceptible to matrix effects, which result in inaccurate isotopic data for natural samples,
than the various techniques of external normalization (Lacan et al., 2006} Shiel et al., 2009;
‘Wombacher et al., 2003)).

Ripperger and Rehkiimper (2007) developed a new !'°Cd-!"'Cd double spike approach
for the mass bias correction of MC-ICP-MS Cd isotope measurements. This procedure
effectively avoids matrix effects and was shown to be suitable for accurate and precise Cd
isotope analyses of seawater. With the application of the Cd double spike, it was shown that
reproducibilities (2sd) of about 0.2-0.3 ¢/amu could be achieved for Cd isotope analyses
of both pure standard solutions and samples, if 40-60 ng of natural Cd are available for

measurement.

1.1.5 Cd isotope fractionation models for seawater samples

Typically, organisms prefer to utilize the lighter isotopes and biological reactions, hence,
often generate significant isotope fractionations between the substrate and the biologically
mediated product, whereby the latter features a lighter isotope composition. Biological
processes are generally unidirectional and hence, the isotope fractionations are typically
of kinetic origin. The intensity of kinetic isotopic fractionations in biological processes
is affected by numerous factors, including the nature of the reaction, reaction rates, the
concentrations of products and reactants, environmental conditions, and species of the or-
ganism (Kendall and McDonnell, |1998). This interpretation is in accord with previous
studies on isotope variations of the marine nutrient elements N, Si and Cd in seawater sam-
ples (De La Rocha et al., 1998} [Sigman et al., 1999; Reynolds et al., 2006; Lacan et al.,
2006; Ripperger et al., 2007; | Abouchami et al., 2011)).

Previous studies show that if the substrate concentration is large enough, such that the
isotopic composition of the reservoir is insignificantly changed by the reaction (O’Leary,
1981)), or if the isotopic ratio of the product is measured within an infinitely short time
period (Mariotti et al., |1981]), the fractionation factor can be defined using an open system

model. For unidirectional reactions, the change in the isotope ratio of the substrate rela-
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tive to the fraction of the unreacted substrate can be described by the Rayleigh equation
(Kendall and McDonnell, |1998). The isotope fractionation of Cd in the seawater is primar-
ily governed by unidirectional biological uptake and it can be described with the models

discussed below (Mariotti et al.| [1981)):

(A) Rayleigh fractionation model

The Cd isotope variations determined for seawater can be described as:

Ry = st,O X F<é_1) (11)

where Ry, and R, denote *Cd/''°Cd isotope ratio of the remaining and initial
seawater, respectively. Values ¢ and ¢y denote the residual and initial seawater Cd
concentration, respectively; hence, the fraction of remaining dissolved seawater Cd
is represented by F' = ¢/c. The fractionation factor « is defined as & = R,/ Rpj0,
where Rp;o denote the 1*Cd/'°Cd isotope ratios of biomass. Natural Cd varia-
tions in the isotopic composition are expressed relative to a standard with an epsilon

notation.

€= ( 1t — 1) x 10000 (1.2)
Rstd

where R and R, denote the 1'*Cd/'°Cd isotope ratio of the sample and Cd stan-

dard, respectively. Change the format of equation[I.2]to obtain:

R
Rstd

=10"%+1 (1.3)

Then, equation|l.1|{can be written with the epsilon notation as:



Chapter 1. Introduction 33

1 R, 10746511] +1
——1 In(F) =1 =In({ ————— 1.4
<a ) X In(F) = In (st@) " (10—4e$w,0 T 1> (14)
Given In GJFTZ) ~ u — v when u and v are small relative to 1, equation |1.4|can be

written in the epsilon notation as:

1
(— — 1) x In(F) = 10 %65, — 10 €400 (1.5)

«

Hence, the Cd isotope composition in the seawater can be written as

1
€sw = €50 + 10000 x (E - 1) « In(F) (1.6)
or
1
€sw = €sw,0 + 10000 x (a — 1) X [In(c) — In(cy)] (1.7)

where €, and ¢, ¢ denote the Cd isotope composition of the remaining and the ini-
tial seawater, respectively, and ¢ and ¢y denote the residual and initial seawater Cd
concentration, respectively. Hence, the fraction of remaining dissolved seawater Cd
is given by F' = ¢/cq. The fractionation factor « is defined as &« = R,/ Rpro, Where

Rpro denotes the 1'4Cd/11°Cd isotope ratios of biomass.

From equation [1.6] or it can be seen that (1) the Cd isotope composition of the
seawater will display a logarithmic correlation with the Cd concentration and (2) that
more positive €''4/110Cd,,, values reflect increased utilization of Cd in the seawater.

The data of Cd concentration and isotope variations observed for surface seawater



1.1 Research background 34

samples in previous studies (Lacan et al., [2006; Ripperger et al., | 2007; /Abouchami
et al., |2011)) follow such a kinetic isotope fractionation trend of biological uptake of
Cd. This strengthens the interpretation that the Cd cycling and isotope fractionation
is primarily governed by biological uptake. Given the isotopic mass balance in a

closed system requires that (Mariotti et al., |1981):

F x st + (1 - F) X Rbio,acc = st,O (18)

where Ryw and Ry, o denote the "*Cd/!'°Cd isotope ratio of the remaining and ini-
tial seawater; Ry, qcc 18 the 11*Cd/!°Cd isotope ratio of the accumulated biomass; F

is the fraction of remaining dissolved seawater Cd.

The format of equation[I.8|can be changed to obtain:

RS’U} 1 RS’LU
== 2 _(1-F)
Rstd F Rstd

Rbio,acc
Rstd

(1.9)

Substituting equation[I.3]into equation[I.9] we can rewrite this in the epsilon notation

that:

1

104Qw+mzzﬁ;pUA@mm+1—(1—Fj.u04%wmm+1ﬂ (1.10)

Inserting €,,, from equation in we obtain:

1
€bio,acc = €sw,0 — 10000 x <_ —1 (1.11)

«

)XFxmw)
1-F

where €, 4. denotes the isotopic composition of the accumulated biomass.



Chapter 1. Introduction 35

(B)

Hence, equation [I.11] describes how that the Cd isotope composition of the accumu-

lated biomass is related with the increased utilization of dissolved seawater Cd.

Open system at steady state

For the kinetic fractionations in the biological process, an open system implies that
the supply of substrate is infinite (Kendall and McDonnell, [1998). Hence, in the
surface water reservoir, the input of Cd contents from all the sources are balanced
by the output of Cd mainly via biomass production and lateral outflow of water. The

isotopic composition €, of this reservoir can be presented as:

1
€sw = €sw0 — 10000 X (— - 1) X (1= foer) (1.12)
(6%

where €, and €4, o denote the isotopic compositions of the net and initial Cd input;
the fractionation factor a is defined as &« = Rg,/Rpro, where v and Rp;o denote
the 1*Cd/!1°Cd isotope ratios of the remaining seawater and biomass, respectively;
fnet describes the fraction of the net Cd input into the surface seawater, which is
represented by f,... = ¢/co (Hayes, 2004), where ¢ and ¢q denote the Cd contents in
the remaining surface waters and the initial input of Cd contents, respectively. Hence,

the equation [I.12] can be written as:

1
€sw = Eswo — 10000 x <— - 1) x (1 - 5) (1.13)
(0% Co

Therefore, equation |1.13| shows that (1) the Cd isotope composition of the remain-
ing seawater has a linear correlation with the Cd contents and (2) that more positive

e14/110Cd, w values reflect lower seawater Cd content.

In addition, Cd isotope variations in seawater can also be affected by water masses

mixing. According to Mariotti et al.| (1981), the isotope composition of a mixture of
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two components A and B can be calculated by:

1_
EJVI:CAXfXGA—FCBX( f)XGB (114)

Cym

where ¢ denotes Cd concentrations in the water masses and e represents the iso-
tope compositions of the components A and B. The mixing ratio f is given by f =
ma/(ma + mp), where m 4 and mp correspond to the masses of component A and

B, respectively.

1.2 Research motivation and objectives

It has long been known that the biological activity of the oceans is regulated by the avail-
ability of the major nutrients phosphate, nitrate, and silicate. More recently, however, it
has been recognized that micronutrient trace elements, such as Cd, also play an impor-
tant role in limiting marine productivity. As biological activity draws down CO; from the
atmosphere, micronutrients play a significant role in regulating the Earth’s carbon cycle
and climate. In this PhD research project, Cd stable isotope fractionations in the oceans
were further investigated to improve the understanding of the marine cycling of Cd. The

following aspects were investigated in particular:

1.2.1 Development of new methodology to enable precise Cd isotope anal-

yses of large-volume Cd-depleted seawater samples

A number of recent studies have applied a double spike technique for more accurate Cd
stable isotope analysis using either MC-ICP-MS or TIMS instruments. However, the qual-
ity of the data generated with the double spike methodology is critically dependent on the
application of an optimized spike composition and spike sample ratio. Another key fac-
tor for obtaining high-quality Cd isotope data is an appropriate separation procedure that
achieves both high yields and purified Cd samples that are free of contaminants, which

generate matrix effects or spectral interferences.
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Previous studies have shown that biological uptake of Cd from seawater is associated
with considerable isotope fractionation (Lacan et al., 2006; Ripperger et al., 2007). The
most fractionated isotope compositions were determined for nutrient-depleted surface wa-
ters. The low Cd concentrations (<10 pmol/L) that are commonly encountered in nutrient-
depleted surface seawater, however, pose a particular challenge for precise Cd isotope anal-
yses. This implies that Cd must be isolated from a large volume of seawater to obtain a
sufficient quantity (ideally, more than 10-20 ng) for precise Cd isotope analyses. However,
the published methods are not suitable for the isolation of Cd at high yield and the efficient
purification of Cd from seawater samples larger than 2 L. To cope with this shortcoming, a
new method that is suitable for the processing of seawater samples with volumes as large
as 10 to 20 L and Cd concentrations as low as 1 pmol/L was developed. In addition, a new
double spike composition was also selected, in accord with the results of model calcula-

tions, which evaluated analytical uncertainties.
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1.2.2 Comparison of the marine distribution of Cd in different environ-

ments using coupled Cd concentration and isotope data

The initial studies of Cd isotopes in seawater obtained novel and promising results, which
suggested that further investigations are necessary (Lacan et al., 2006; Ripperger et al.,
2007). At present, the published Cd isotope database for seawater presents results for only
about 70 samples from 11 locations (Lacan et al.,|2006; Ripperger et al.,|2007; Abouchami
et al., 2011)). Furthermore, no systematic research has been carried out to investigate the

behavior of Cd in different marine environments.

Therefore, in this PhD project, the marine distribution and behavior of Cd was stud-
ied systematically using samples from (i) the Southern Ocean HNLC region, (ii) the olig-
otrophic North Atlantic Ocean and (iii) the oxygen minimum zone (OMZ) of the Eastern
Equatorial Pacific Ocean (EEP) (Fig. [I.5)). These investigations involved Cd concentration
and isotope composition measurements for numerous surface water samples and vertical

profiles.

In the Southern Ocean HNLC (High Nutrient Low Chlorophyll) region, biological pro-
ductivity and biological uptake of macronutrients are considered to be limited by the lack
of the micronutrient Fe. At present, Cd isotope data for the Southern Ocean is still limited
to results for only 20 surface water samples and a single deep-water sample (Ripperger
et al., [2007; |Abouchamu et al., [2011). Hence, this thesis encompasses the first comprehen-
sive investigation of the behavior of Cd in the Southern Ocean HNLC region. This study
presents both Cd concentration and stable isotope composition data for surface waters and

full depth profiles from three sampling stations.

Previous research on the Cd isotopic composition of seawater in the North Atlantic
Ocean was also limited to analyses of only a few surface and deep-water samples (Rip-
perger et al., 2007). In this study, the first comprehensive depth profile for Cd and Cd

isotope compositions was determined from the oligotrophic North Atlantic Ocean.
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As part of this PhD project, the Cd distribution and isotope composition of seawater
from the oxygen minimum zones (OMZ) in the south Eastern Equatorial Pacific Ocean
(EEP) were explored. Off the coast of Chile and Peru, one of the most extensive OMZs in
the world oceans is located in the EEP. This region is characterized by the combination of
intense upwelling, high primary productivity and an extensive shallow OMZ. The distinct
marine environment of OMZ is likely to have a unique impact on marine micronutrient cy-
cling. Therefore, the first detailed study that investigates the distribution and cycling of Cd
in the OMZ has been carried out in this PhD project, using the combined Cd concentration

and stable isotope data in the seawater samples from the OMZ in the EEP.

1.2.3 Re-examination of processes that affect the Cd isotope composition

of seawater

Previous studies (Lacan et al., 2006; Ripperger et al., 2007; Abouchami et al., 2011)) of
Cd concentrations and isotope compositions in the oceans demonstrate that the Cd iso-
tope fractionation, which is associated with biological utilization, generates closed system
Rayleigh fractionation trends. These trends are manifested as logarithmic correlations in
plots of Cd isotope compositions versus Cd concentrations. The slopes of these correlations
are furthermore indicative of isotope fractionation factors o with values of about 1.0002 to
1.0006. Consequently, it has been suggested that the ¢''*/11°Cd-[Cd] correlation underpins
the application of Cd isotopes as a paleoceanographic proxy for the studies of marine nu-
trient utilization. This conclusion is further examined in this thesis, using the much larger
Cd isotope dataset that was produced in this PhD project based on analyses of seawater

samples from the Southern, the North Atlantic and the Eastern Equatorial Pacific Oceans.

Abouchami et al.| (2011) presented Cd isotope and concentration data for 20 surface
water samples from the Southern Ocean HNLC region. In their study, it also was con-
cluded that the Southern Ocean samples defined two distinct ¢!'4/119Cd-[Cd] trends and
these were interpreted to reflect different conditions of biological utilization in the ACC
and the Weddell Gyre. This observation and interpretation is revisited here, based on data

acquired for 47 seawater samples, including three full depth profiles and 13 surface water
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samples.

Ripperger et al.| (2007) pointed out that coupled ¢''*/1°Cd and [Cd] data for seawater
can be used to distinguish the effects that water mass mixing and biological utilization have
on the marine cycling and distribution of Cd. This hypothesis is also tested in this study,
based on the Cd data that were obtained for samples from the Peruvian OMZ in the south

EEP.

1.3 Outline of this thesis

* Chapter 2 describes a new methodology that was developed for precise and accu-
rate Cd isotope analyses of seawater with MC-ICP-MS. The method is suitable for
samples as large as 20 L and Cd concentrations as low as 1 pmol/L. The procedure
involves the application of a new ''!Cd-!'3Cd double spike and a new AI(OH); co-
precipitation method to separate and purify Cd from seawater. The overall Cd yield
of the procedure is consistently better than 85% and the methodology can routinely
provide Cd isotope data with a precision of about £0.5¢ (2sd) for €!'4/119Cd, when at
least 20-30 ng of natural Cd are available for analysis. Furthermore, the Cd concen-
trations and isotope compositions of 21 seawater samples from the English Channel
(50.9°N, 1.4°W), the western Pacific Ocean (30°N, 140°W) and the Atlantic Ocean
(31.8°N, 64.1°W) were analyzed to test the new technique. Importantly, these analy-
ses provide the first comprehensive Cd isotope depth profile for the Atlantic Ocean.
A number of different Cd isotope standards, such as JMC Cd Miinster, Miinster Cd,
Alfa Cd Zurich, BAM-1012, and NIST SRM 3108 were also analyzed, to test the per-
formance of the new '''Cd -!'3Cd double spike and to better characterize the small

isotopic offsets between these materials.

* Chapter 3 presents the results of Cd concentration and isotope composition mea-
surements that were carried out for 47 seawater samples from the 2008 GEOTRACES
expedition ANT 24-3 aboard RV Polarstern. This includes samples from 3 depth pro-

files (in the Drake Passage, and the northwestern and central Weddell Sea) as well as
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13 surface waters from the Zero Meridian between 62° and 69°S. These results are
then discussed and interpreted to obtain improved constraints on the cycling and iso-
tope fractionation of Cd within in the Southern Ocean HNLC region. In addition, the
distinct ''*/11°Cd-[Cd] correlation that is found for the samples from the Southern
Ocean HNLC region, is compared with the results obtained for samples from other

non-HNLC open ocean regions.

* Chapter 4 presents the results of Cd concentration and isotope composition analyses
for 74 seawater samples from the Peruvian OMZ in the EEP. These samples encom-
pass 9 full depth profiles that were obtained between 3°S and 14°S at both near-shore
locations that feature strong upwelling and offshore localities where upwelling is sig-
nificantly weaker. The results are interpreted to provide an improved understanding

of the cycling and isotope fractionation of Cd in the environment of an OMZ.

* Chapter S presents a brief summary and the main conclusions of this thesis. In

addition, future research plans are also discussed in this chapter.
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Chapter 2

A New Methodology for Precise

Seawater Cadmium Isotope Analyses

This chapter has been published as: Xue, Z., Rehkdmper, M., Schonbichler, M., Statham,
P.J., and Coles, B.J., 2012 A new methodology for precise cadmium isotope analyses of
seawater. Analytical and Bioanalytical Chemistry 402: 883-893, DOI:
10.1007/s00216-011-5487-0
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Abstract:
Previous studies have revealed considerable Cd isotope variations in seawater, which can
be used to study the marine cycling of this micronutrient element. The low Cd concentra-
tions that are commonly encountered in nutrient-depleted surface seawater, however, pose
a particular challenge for precise Cd stable isotope analyses. In this study, we have devel-
oped a new procedure for Cd isotope analyses of seawater, which is suitable for samples
as large as 20 L and Cd concentrations as low as 1 pmol/L. The procedure involves the
use of a ""'Cd-"3Cd double spike, co-precipitation of Cd from seawater using Al(OH);,
and subsequent Cd purification by column chromatography. To save time, seawater sam-
ples with higher Cd contents can be processed without co-precipitation. The Cd isotope
analyses are carried out by multiple collector inductively coupled plasma mass spectrom-
etry (MC-ICP-MS). The performance of this technique was verified by analyzing multiple
aliquots of a large seawater sample that was collected from the English Channel, the SAFe
D1 seawater reference material, and several samples from the GEOTRACES Atlantic inter-
calibration exercise. The overall Cd yield of the procedure is consistently better than 85%
and the methodology can routinely provide ¢''*/"'°Cd data with a precision of about £0.5¢
(2sd, standard deviation) when at least 20-30 ng of natural Cd is available for analysis.
However, even seawater samples with Cd contents of only 1-3 ng can be analyzed with a
reproducibility of about +3 to +5¢. A number of experiments were furthermore conducted

to verify that the isotopic results are accurate to within the quoted uncertainty.

2.1 Introduction

A number of previous studies have identified considerable mass dependent variations in
the Cd isotope compositions of both terrestrial and extraterrestrial samples (Rehkdmper
et al., 2011; [Wombacher et al., 2008)). On Earth, stable isotope effects for Cd are particu-
larly prominent in the oceans, and the largest natural terrestrial Cd isotope fractionations of
about 4% have been reported for Cd-depleted surface seawater (Abouchami et al., 2011}
Lacan et al., 2006; Ripperger et al., |2007). These effects have generally been attributed to
reflect isotope fractionation of Cd that occurs during biological uptake and utilization of

dissolved seawater Cd. This finding confirms studies, which identified Cd as an essential
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marine micronutrient. This was first inferred from the phosphate-like distribution of the
metal in the oceans (Boyle et al., [1976) and more recently demonstrated by work, which
confirmed that Cd can act as catalytic metal ion in carbonic anhydrase, an enzyme which
plays a central role in inorganic carbon acquisition by phytoplankton in the oceans (Cullen
et al., [1999; Xu et al., 2008). Therefore, the marine Cd isotope fractionations are of inter-
est, as they can be used to study the cycling of the micronutrient Cd as well as its impact

on ocean productivity and the global carbon cycle.

Recent studies have applied a double spike technique in combination with either MC-
ICP-MS (multiple collector inductively coupled plasma mass spectrometry) (Ripperger and
Rehkamper, 2007) or TIMS (thermal ionization mass spectrometry) (Schmitt et al., [2009a)
for Cd stable isotope measurements, as this procedure can provide more accurate results
that are less prone to analytical artifacts from matrix effects than analyses, which utilize
other methods of instrumental mass bias correction, such as standard-sample bracketing or
’external normalization’ of the Cd isotope data to the %7 Ag/!% Ag ratio of admixed Ag (La-
can et al., 2006; Cloquet et al., 20055 |Shiel et al., 2009; Wombacher et al.,[2003). The data
quality that is generated with a double spike methodology is, however, critically dependent
on the application of an optimized spike composition and spike sample ratio (Rehkamper

et al., 2011)).

Another key factor for obtaining high-quality Cd isotope data is the use of an appro-
priate separation procedure, which can achieve both high yields and purified Cd samples
that are free from contaminants that generate matrix effects or spectral interferences. A
suitable and efficient pre-concentration technique is particularly critical for seawater Cd
isotope analyses, because Cd contents of less than 0.05 nmol/L are common in the surface
ocean. This implies that Cd must be isolated from several liters of seawater, in order to ob-
tain a sufficient quantity of the element (ideally, more than 10 - 20 ng) for precise isotopic
analyses. The presently published methods, however, are not suitable or untested for the
isolation of Cd at high yield from seawater samples larger than about 2 L. and at a purity

that is sufficient for accurate isotopic measurements.
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Figure 2.1: Locations of seawater samples analyzed in this study.

The present study addresses these shortcomings, through the development and valida-
tion of a novel technique for the isolation of Cd from seawater samples as large as 20 L,
prior to stable isotope analysis. The methodology is able to process large samples by co-
precipitation of Cd with AI(OH);, and achieves excellent yields and high elemental purity
for Cd. The isotopic analyses of Cd were carried out using a double spike technique in
conjunction with MC-ICP-MS. A new !''Cd - ''*Cd double spike was used, which is more
suitable than other previously employed double spikes for MC-ICP-MS analyses, as it is
less subject to spectral interferences whilst providing isotopic and concentration data of

excellent precision and accuracy.
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2.2 Experimental

2.2.1 Samples and reference materials

The method development required access to a large volume of seawater and hence a 180 L
sample was collected from onboard the R/V Bill Conway in the Solent Strait of the English
Channel (at 50.9°N, 1.4°W) in February 2008 (Fig. [2.1). The water was obtained with
a trace metal clean pumping system that utilized a boom to allow sampling at a distance
of about 3 m from the boat to minimize contamination from the ship. The seawater was
initially stored in pre-cleaned low density polyethylene (LDPE) vessels, then transported
to Imperial College London and filtered through 0.45 m Millipore cellulose filters with the
aid of a peristaltic pump into cleaned 10 L and 20 L LDPE containers. For storage, the
samples were subsequently acidified with distilled 6 M HCl to pH 2. Growth of plankton
was observed in all vessels holding Solent Strait seawater prior to filtration. The filtration
(and thereby removal of plankton) was a slow process that was only completed after 5 days
for the 180 L sample, as a result of frequent clogging of the filters by organic material.
To distinguish between seawater that was filtered at different times (and which hence sup-
ported plankton growth for different time periods), the various 10 to 20 L sub-samples of
filtered Solent Strait seawater (SSW) are denoted by distinct letters, whereby SSW-A was
filtered within 24 h of collection, whilst SSW-E was treated last (about 4 days later).

Various other seawater reference samples were analyzed to validate and document the
performance of the new analytical method. This includes aliquots of SAFe D1 seawater and
a number of samples from the 2008 GEOTRACES Atlantic intercalibration exercise. The
SAFe D1 seawater was collected in the western Pacific Ocean (30°N, 140°W) at 1000 m
depth during the Sampling and Analysis of Fe (SAFe) research cruise in October/Novem-
ber, 2004 (Johnson et al., 2007) (Fig. . Following collection, this water was filtered
using 0.2m Poretics cartridge filters, homogenized, acidified to pH 1.8 using distilled HCI,
and filled into 500 ml LDPE bottles (Johnson et al., 2007)).

The 2008 GEOTRACES Atlantic Intercalibration cruise obtained seawater from the
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BATS (Bermuda Atlantic Time Series) station at 31.8°N, 64.1°W (Fig. 2.1). The seawater
samples, which were transferred to and stored in pre-cleaned LDPE containers following
collection, are (i) GSI (GEOTRACES Surface Intercalibration) collected from near the sur-
face by a towed underway fish; (i) GDI (GEOTRACES Deep Intercalibration) obtained at
2000 m depth by multiple casts of the GEOTRACES Go-Flo Rosette; and (iii) an intercal-
ibration depth profile (GPrI) covering 75-3000 m that was collected with the same device.

A number of different Cd isotope standards, for which previously published reference
values are available, were analyzed to test the performance of the new '''Cd - ''3Cd double
spike. These included JMC Cd Miinster, Miinster Cd, Alfa Cd Zurich, BAM-1012 Cd (from
the German Bundesanstalt fiir Materialwissenschaft und -priifung) and NIST SRM 3108,
which is a new proposed Cd isotope reference material (Wombacher and Rehkdmper, 2004;

Rehkamper et al., 2011).

2.2.2 Reagents and general laboratory procedures

All critical sample preparation work was carried out in Class 10 laminar flow workbenches
within the Class 1,000 MAGIC clean room facility at Imperial College London. Mineral
acids were purified once by sub-boiling distillation in either quartz (6 M HCIl, 15 M HNO3)
or Teflon (12 M HCI) stills. A purified about 8 M NHj; solution was prepared by isopiestic
distillation of commercially available 28% NHj3 solution in a Savillex Teflon elbow. All wa-
ter used was of better than 18 M2 grade from a Millipore purification system. The HNO;
- HBr mixture that is required for the anion-exchange chemistry was prepared freshly on

the day of use.

Two different '''Cd - ''*Cd double spike solutions with Cd concentrations of approx-
imately 100 ng/g in 0.7 M HCI were used during the course of this work. Both featured
MCd/"3Cd ~ 1.5 to 2.0, in accord with error propagation models, which suggest that a
spike with '''Cd/''*Cd ratio of 1.56 is the best composition for precise double spike sta-

ble Cd isotope analyses that do not require measurement of '%°Cd, '%Cd, ''°Cd and ''°Cd
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(Rudge et al., 2009). These isotopes were avoided for the MC-ICP-MS analyses, as they
may involve the monitoring of ion beams that have an unsuitably large mass dispersion or
feature problematic spectral interferences, particularly from Pd and Sn. In comparison with
a previously used ''°Cd - "''Cd double spike, the new spike composition is thus superior as
provides more favorable error propagation (Rudge et al.,|2009) and does not suffer from Pd
interferences, which are not straightforward to correct (Ripperger and Rehkamper, [2007).
The preparation and calibration of both double spike solutions followed techniques previ-

ously outlined (Ripperger and Rehkdmper, |[2007).

A purified, Cd-free solution of Al at a concentration of about 0.23 mol/L (or 0.63%
w/v) in 0.7 M HCI (which yields the stochiometry of AlCl;) was used to produce insoluble
Al(OH); for the co-precipitation of Cd. This Al solution was prepared as follows. About
0.5 g of Al slug (99.9999% purity; Alfa Aesar Puratronic) was dissolved in 15 ml 6 M
HCI at 90°C on a hotplate. Following digestion of the metal, the solution was diluted with
Milli-Q water to obtain 0.7 M HCI. Purification of the Al solution (particularly for the
removal of Cd) was then achieved by anion-exchange chromatography, using a variant of

the procedure that is applied for Cd separation from seawater (see below).

2.2.3 Sample preparation for Cd isotope analysis

Rationale

A commonly employed procedure for the separation of Cd and other trace metals from
seawater for concentration analyses involves co-precipitation with Mg(OH),, which forms
on addition of aqueous NHj; to seawater (Hendry et al., [2008; 'Wu and Boyle, [1997). In
principle, such a technique is also adaptable to the much larger seawater volumes that are
needed for Cd isotopic measurements, but there are a number of drawbacks. These include
the relatively large volumes of aqueous NHj3 needed to precipitate Mg hydroxide, poor Cd
yields and co-precipitation of other elements (such as Mo, Sn), which can introduce prob-
lematic spectral interferences. The results of this study demonstrate that the disadvantages

of Mg(OH), can be avoided, if Cd is precipitated from seawater using AI(OH);. Following
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this, the samples are further purified by column chromatography prior to isotopic analysis.
For the seawater samples with volumes of less than 1-2 L. and Cd contents approximately
greater than 0.05 nmol/kg, AI(OH); co-precipitation procedure is not necessary; hence,
the double spiked seawater samples can be processed directly with the column chemistry

(Ripperger and Rehkdamper, 2007).

Preliminary Cd concentration measurements

Prior to preparing seawater samples for Cd isotope analyses, it is helpful if the Cd concen-
trations are known to within a factor of 2-5, or better. This is to (i) determine whether use
of the co-precipitation technique is necessary for the processing of samples with low Cd
contents ([Cd]<0.05 nmol/kg) and (ii) achieve optimum spiking of samples with a (molar)
ratio of spike-derived Cd to natural Cd (S/N ratio) of about 1, relevant for our particular

double spike composition (Rudge et al., 2009)).

If the Cd concentration of a sample is not known or cannot be estimated to the de-
sired level of accuracy (e.g., based on published phosphate data), it is useful to carry out
a preliminary concentration analysis using a small aliquot of the available sample. Such
measurements can utilize published techniques that employ either quadrupole or high res-
olution ICP-MS (Hendry et al., 2008; Wu and Boyle, 1997). In this study, we used an
abbreviated version of the methodology that is applied for the Cd isotope analyses. To this
end, a small aliquot (about 50-100 ml) of the seawater sample was taken, spiked with a
suitable amount of the Cd double spike solution, and acidified to 0.7 M HCI. Then, the Cd
was separated from the matrix with a simplified version of the column chemistry described
below (this involved use of only the Ist stage anion exchange and the 3rd stage Eichrom
TRU-spec resin columns (Ripperger and Rehkidmper, 2007)). Finally, the Cd concentration
was determined by isotope dilution analysis with the MC-ICP-MS, in a manner similar to
that employed for the stable isotope measurements. It is conceivable that a simpler proce-
dure, using only the 1st stage anion exchange columns with or even without double spiking,
could also be used for the preliminary concentration measurements by MC-ICP-MS, but

this was not tested during the course of this study.
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Weighing and spiking of samples

The Cd isotope analyses of this study utilized seawater samples with volumes of about
0.25 to 20 L. These samples were first weighed and then a suitable volume of '''Cd - ''3Cd
double spike solution was weighed into a 15 ml Savillex Teflon beaker for each samples,
to obtain an optimal S/N ratio of about 1. Large seawater samples (volume > 2 L), which
required Cd co-precipitation, were checked to have pH < 1.6, prior to the addition of the
Cd double spike. For smaller samples, which were processed without co-precipitation, the
double spike solution was added directly and the double spiked samples were then made
up to be in 0.7 M HCI by addition of 6 M HCI. All samples were then left to stand for at
least three days (Ripperger and Rehkamper, [2007)) prior to further processing.

Co-precipitation of Cd with Al-hydroxide

Following spike-sample equilibration, a suitable volume of the about 0.23 M AICl; solu-
tion was added to the seawater samples, to obtain an A>T concentration of 50 mg/l. The
solutions were first left to stand for 48h and Al(OH); was then precipitated by addition of
aqueous NHj solution, to obtain a final pH of 8.5. The samples were thoroughly shaken
and left to stand for at least 3 days to allow the precipitate to fully form, coagulate and sink
to the bottom of the containers. Next, the supernatant was decanted as far as possible in
several careful steps. In general, 90%-95% of the supernatant could be decanted without
significant entrainment of precipitate. Subsequently, the precipitate was dissolved in 6 M
HCI and the volume of acid added was adjusted, on the basis of the volume of (1) NH; used
and (ii) remaining sample solution, to obtain a final HCl molarity of about 0.7 M. This
solution was left to stand for at least 24 hr, following which it was ready for the separation

of Cd by column chromatography.

Cd separation by column chromatography

The three-stage column chemistry procedure that was used for the purification of Cd is
essentially identical to that previously employed (Ripperger and Rehkamper, 2007) and
hence, this is only briefly summarized here along with the modifications (Table [2.1)). The
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Table 2.1: Column chemistry procedures for the isolation of Cd from seawater.

First Stage Column Second Stage Column Third Stage Column
Chemistry Chemistry Chemistry
large quartz glass columns with 100 ml reservoirs small shrink-fit Teflon columns with 1.4 ml ST};'III zhrirllk—fit '\I/‘eﬂon c((i)l:.l(;nonsl
o0 and 1.5 ml resin beds reservoirs and 100 u1 resin beds wi am re‘a_er OIS an »
£ resin beds
=
5
= 4M HNO, 4M HNO,
© 6M HCI
E 0.4M HBr 0.4M HBr
= 6M HC1 6M HCI
o Milli-Q Milli-Q Milli-Q
0.IM HCl 0.1IM HCI
2
= £ . L . . . N -
z .g Biorad AG 1X8 a::g;gﬁggrz:;gc resin, 100-200 Biorad AG ])ig;r;z:hcx]?&:gc resin, 200- Eichrom TRU Spec resin, 100 ul
& L -
[os]
11 ml 2M HNO; 750 ul 2M HNO3
.%n Resin cleaning Resin cleaning
E 0.5 ml H,O 50 ul H,O
8 10 ml 6M HCI Cleaning &
- - . orsi - ilibrati
= 25 ml 6M HCL Convur‘suon to CI 1000 ul 8M HCI Conversion to Cl equilibration
b form form
]
-7
11 ml 0.7M HCI Resin equilibration 800 ul 0.7M HC1 Resin equilibration
1400 ul sample 200 ul sample < .
Up to ~4L seawater, ; dine ) N ’ S dine 3 s Sample loading
g 0.7M in HCI Sample loading >olut10]:cul] 0.7M Sample loading soluulL_)lrélln 8M & collect Cd
=
=
= 23 ml 0.7M HCl 1000 ul 0.7M HCl 200 ul 8M HCl
g
'E 10 ml 1M HCI Matrix elution 650 ul IM HC1 Matrix elution
=
o 10 ml 2M HC1 650 ul 2M HCl
3
en y . . .
;5 10 ml 8M HCl1 Elution of Ag 650 ul 8M HCI1 Elution of Ag Collect Cd
=] 1.4 ml 6M HC1
3 10 ml 0.5M HNO5-0.1M 650 ul 0.5M HNOs-
© HBr - 0.1M HBr N
= Elution of Zn Elution of Zn
E 2 ml 2M HNO; 130 ul 2M HNO;
w2
10 ml 2M HNO; Collect Cd 700 ul 2M HNO; Collect Cd

first separation stage employed 1.5 ml anion exchange resin in large quartz glass columns

with 100 ml reservoirs and two modifications were made in comparison to the methods
employed (Ripperger and Rehkdamper, 2007): (i) Biorad AG 1X8 100-200 mesh anion ex-
change resin was employed in this study (instead of AG 1X8 with 200-400 mesh beads),

because this provides higher elution rates; and (ii) the initial conversion of the resin to the

CI" form was accomplished using 25 ml 6M HClI instead of 16 ml 8M HCI. The remaining

two stages of the separation chemistry were identical to those described by Ripperger and

Rehkiamper (2007). Both were carried out in small shrink-fit Teflon columns that featured
100 pl beds of (i) Biorad AG 1X8 200-400 mesh anion exchange resin (2nd stage) and (ii)
Eichrom TRU Spec resin (3rd stage), respectively.
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Following separation, the purified Cd fractions were evaporated to dryness, dried twice
with a drop (about 30 pl) of 15M HNO; and a further drop of 15M HNO; was then added
for sample storage. Prior to Cd isotope analysis, these solutions were evaporated to near
complete dryness, redissolved in an appropriate volume of 0.1M HNOj; to obtain the de-

sired Cd concentration and ultra-sonicated for 5-15 min to ensure complete dissolution.

2.2.4 (Cd isotope measurements

Mass spectrometry

The double spike isotope measurements were carried out with a Nu Instruments Nu Plasma
MC-ICP-MS at the MAGIC Laboratories, Imperial College London. The instrument was
operated using an acceleration potential of 6 kV and is fitted with a large capacity (80
/min) rotary pump for evacuation of the expansion chamber. Sample introduction was
achieved with a Nu Instrument DSN desolvator and Micromist glass nebulizers with flow
rates of about 100-120 pl/min. For the isotopic analyses, the ion currents at masses 111
(Cd), 112 (Cd +Sn), 113 (Cd + In), 114 (Cd + Sn), 115 (In), and 117 (Sn) were measured
simultaneously with Faraday cups, which are equipped with 10! € resistors. The ion
beams of ''°In and !'Sn were monitored to achieve precise interference corrections. The
measurement and washout procedures are otherwise identical to those described in the
previous study (Ripperger and Rehkamper, 2007). Most seawater samples were analyzed
as solutions with total Cd concentrations of about 40-60 ng/ml and typically, these samples
were spiked to obtain a S/N ratio of about 1, such that each analysis consumed only about
20-30 ng of natural (seawater-derived) Cd. In general, these measurements were carried
out at sensitivities of about 250 to 350 V/ppm, equivalent to a transmission efficiency of up

to about 0.25%.

Data reduction and reporting

The Cd isotope data collected during the mass spectrometric analyses were further pro-

cessed, to calculate the ’true’ isotope compositions of the unspiked samples that were cor-
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rected for both instrumental mass bias and isobaric interferences. These data were then
used to determine the reported !'*/119Cd values of the samples relative to an isotopic stan-
dard (std):

114Cd IIOCd ‘
( / )sample 1| x 107000

(14/110 0
(114Od/1100d>std

In this study, ¢''4/11°Cd are reported relative to the JMC Cd Miinster solution, which
has been used in a number of previous investigations (Rehkamper et al., 201 1; |Wombacher
and Rehkdmper, 2004). The reduction of the isotopic data was carried out offline, using
a modified version of the spreadsheet-based methods (Ripperger and Rehkiamper, [2007).
In brief, our calculations utilized the measured ">Cd/"'!'Cd, "3Cd/""'Cd and "*Cd/M'Cd
isotope ratios. These were first corrected for isobaric interferences and the double spike
equations were then solved to determine ¢''*/113Cd values relative to the IMC Cd Miinster
standard. These calculations utilized the iterative procedure of (Siebert et al., 2001), which
was modified to allow use of the general power law (Maréchal et al., [1999), as this permits
mass fractionation effects to be described by any desired non-linear function. In this study,
the instrumental and natural mass fractionation was assumed to follow the general power
law with an exponent of n ~ 0.2 (Wombacher and Rehkamper, [2003)) and the exponential
law, respectively. Finally, the €''4/''3Cd data were translated into €!'*/'19Cd using the

relationship:

ck/m [(el/mod/l()’()OO + 1)/3 — 1] x 10, 000

For the kinetic law, (3 is defined as:

B = In(my/mmy) [ln (mg/m,)
where my, m; and m,, refer to the exact atomic masses of the Cd isotopes k., [, and m

(Rehkdmper et al., 2011 Wombacher and Rehkdmper, [2004).

As a by-product, the Cd double spike isotope measurements also yield precise Cd con-

centration data. To this end, the mass-bias-corrected ''*Cd/'!'Cd isotope ratios of the
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Table 2.2: Typical within-day reproducibility of Cd isotope data (reported as ¢''4/'10Cd)
for multiple analyses of Cd double spike-natural Cd mixtures at different concentrations
and S/N ~ 1.

Total Cd concentration of spike + +2gd uncertainty for Natural Cd consumed per
std. solution (ppb) g cd analysis (ng)

120 0.4-0.7 ~60

o0 0.4-0.7 ~30

40 0.5-0.8 ~20

20 1.0-1.4 ~10

3 ~2-3 ~1.5

~5 ~0.5

spiked samples were evaluated using a conventional isotope dilution equation. All con-
centration data were corrected for blanks of about 20 - 30 pg Cd, which determined by
processing total procedural blanks alongside each batch of 6 - 12 samples. No blank cor-
rection were applied to the ¢'*/110Cd results, as the blank raised the natural Cd concentra-
tions for the most Cd depleted samples (from the GEOTRACES Intercalibration cruise) by
only about 1.0 - 1.5% and amounted to the less than 0.25% of the indigenous Cd for the

remainder of the seawater samples.
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2.3 Results and discussion

2.3.1 Results for the JIMC Cd Miinster ’zero epsilon’ standard

Mixtures of the '''Cd - "'3Cd double spike and the zero-epsilon standard with a near-
optimal S/N ratio of about 1 were analyzed at least 5-7 times during each measurement
session. Such analyses typically achieved within-day reproducibilities (2sd) of about +0.5
€'14/110Cd, when spiked Cd standard solutions with total Cd concentrations of about 60
ng/ml were used for the analysis (Table [2.2]). Higher total Cd contents of up to 120 ng/ml
did not significantly improve the precision, presumably because this is the primarily lim-
ited by uncertainties of the data reduction scheme rather than counting statistics. These
analyses consumed about 30 to 60 ng of natural Cd, but smaller samples can also be ana-
lyzed with good precision (Table [2.2)). For example, the measurements of spiked Cd solu-
tions with concentrations of 40 ng/ml and 20 ng/ml showed within-day reproducibilities of
about 0.7 and 1.4 €"'4/M10Cd, respectively. Even isotopic measurement of only 0.5-1.5
ng of natural Cd are possible, as solutions with total Cd at 1-3 ng/ml, but such analyses
typically feature uncertainties of £2 to 4 £ 5 € (Table [2.2)). In summary, this demonstrates
that sample analyses with solutions containing 60 ng/ml Cd are ideal and these only require
30 ng of natural Cd for a solution volume of 1 ml. Importantly, no deviations in ¢''4/11°Cd
values were found when solutions with Cd concentrations of between 20 to 120 ng/ml were

analyzed relative to one another.

As in a previous Cd isotope investigation (Ripperger and Rehkamper, |[2007), which uti-
lized a ''°Cd - ''Cd double spike, our analyses of double spike - zero-epsilon standard mix-
tures generally yielded small but non-negligible offsets (typically £0.5 to +3 €''4/110Cd)
from the correct result of €''4/19Cd = 0. These deviations are interpreted to reflect day-to-
day variations in the mass bias behavior of the instrument and sample introduction system
(Ripperger and Rehkimper, 2007). To account for this variability, the ¢''4/"1°Cd data of
samples are given relative to the mean result obtained for multiple analyses of double spike
- zero-epsilon standard mixtures on the same measurement session, an approach that was

previously shown to be reliable (Ripperger and Rehkamper, [2007).
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Analyses were also carried out to ascertain that the !''Cd-'"3Cd double spike can pro-
vide accurate results over a wide range of spike to sample (S/N) ratios. In these experi-
ments, the €''4/1°Cd values of double spike - zero-epsilon standard mixtures characterized
by S/N ratios of between 0.2 and 20 were analyzed relative to a mixture with S/N =1 (Fig.
2.2). These measurements showed that accurate results, with ¢"14/11°Cd values that are
identical within uncertainty to ¢''4/119Cd = 0, were obtained over a relatively wide range
of S/N, from about 0.6 to 6 (Fig. [2.I). Despite this excellent dynamic range, the actual
seawater analyses were typically carried out relative to double spike - standard mixtures,
which had S/N ratios and total Cd contents that were matched to within better than a factor
of 2. This procedure was adopted to optimize the accuracy of the results and ensure that the
uncertainty of the sample data could be determined from multiple analyses of a comparable

standard solution.

2.3.2 Results for other Cd isotope reference materials

A number of different Cd isotope reference materials, which have been used in previous
studies, were analyzed as part of this study (Table[2.3). Such analyses are vital, (i) to doc-
ument the accuracy of the data and (i1) to facilitate the comparison of Cd isotope results
acquired in different laboratories, with different zero epsilon standards. The data summa-
rized in Table show that the analyses with the new '''Cd - ''3Cd double spike yielded
results that are identical, within uncertainty, to previously published data. Of particular
importance in this regard are the fractionated BAM-I012 and Miinster Cd reference materi-
als, as data are available for these samples from a large number of different laboratories and
studies. The results acquired for the SRM NIST 3108 Cd solution, which is only marginally
fractionated relative to the JMC Cd Miinster solution with e'*/"°Cd = 1.0 + 0.3, are of
interest because this material has been proposed as a possible international zero-epsilon

standard for future Cd isotope studies (Abouchami et al., 2011; Rehkamper et al., 2011).
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2.3.3 Results for Solent Strait seawater

Five different sub-samples of Solent Strait seawater from separate containers, denoted
SSW-A through SSW-E, were analyzed (Table [2.5)). Initial co-precipitation experiments
with SSW-A3 and SSW-A4 utilized additions of 40 and 100 mg/L Al**, respectively, and
both experiments provided essentially identical Cd yields of about 90%. Based on this, the
co-precipitation experiments for SSW-D3 and SSW-E3 (and all other samples; see Table
utilized AI** additions of 50 mg/L and Cd yields of better than 85% were achieved
in all cases. Similar measurements were carried out for samples that only utilized column
chromatography for the Cd separation, and these also consistently showed yields of greater
than 90%. Overall, these results demonstrate that the present methods can provide nearly

quantitative Cd separation yields on a routine basis.

Three of the SSW sub-samples, SSW-A, SSW-D and SSW-E, were analyzed multiple
times, with and without the application of co-precipitation for Cd separation (Table 2.4.).
Importantly, the different separation methods provide data that are identical, within uncer-
tainty, for all analyzed aliquots. This suggests that the Cd separation and data acquisition
are robust and can routinely provide reliable results. The uncertainties quoted for the indi-
vidual SSW aliquots (Table 2.4.) are based on the reproducibility of the matching double
spike - zero-epsilon standard analyses, which is typically about 0.5 - 1.0 € (& 2sd, Table
2.4.). For a few samples, the uncertainties are larger, as a result of instabilities in the in-

strumental mass bias that were tolerated during the early stages of method validation.

For the Cd concentration data, the results obtained for individual aliquots deviate from
the mean value by less than +0.1% for sub-samples SSW-D and SSW-E, whilst larger devi-
ations of up to about 0.5 % were observed for SSW-A (Table 2.4.). Based on these results,
the Cd concentrations are estimated to have an accuracy and precision of better than 0.5%
(£2sd), in accordance with the data of a study that utilized similar methods (Ripperger and
Rehkamper, 2007).

Of interest is the observation that the five SSW sub-samples (A-E) display resolvable
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Figure 2.3: Plot of ¢!'%/11°Cd values vs. Cd concentrations for the five sub-samples of
Solent Strait seawater SSW (SSW-A to SSW-E; see Table 2.4.). A significant variability of
Cd concentrations is correlated with smaller changes in €''%/11°Cd and the correlation is in
accord with Cd isotope fractionation by biological utilization and a fractionation factor of
o = 1.0005 £ 0.0003 (red dashed line). The uncertainties are taken from Table @

and systematic variations in Cd concentrations from 147.2 to 195.8 pmol/kg. This vari-
ability is unlikely to reflect original differences in the Cd content of the sampled seawater,
because all bottles were filled at the same location within a time span of 1.5 hr. Rather, it
is more plausible that the differences in dissolved Cd contents are due to biological uptake
within the bottles prior to filtration and subsequent acidification. This interpretation is rea-
sonable, because the time period between collection and filtration varied from about 3h for

SSW-A to about 96 hr for SSW-E.

Further support for this explanation is provided by the observation that the SSW data
are in accordance with a logarithmic trend in a diagram of ¢"'*/11°Cd vs. Cd content (Fig.
2.3), equivalent to a linear trend in a plot of €!'*/119Cd vs. In[Cd]. The slope of the lat-
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ter correlation (m) was used to determine the isotope fractionation factor « for biological

uptake and utilization of Cd (Ripperger et al., 2007):

m ] -1
“=\10.000 "

The observed slope of m = —5.0 £ 2.7, determined with software package Isoplot
(Ludwig, 2003)), thus yields a fractionation factor of  ~ 1.0005 4= 0.0003. This value is

identical to the fractionation factors of a ~ 1.0002 — 1.0006 that were previously inferred
to characterize biological Cd isotope fractionation in the oceans (Abouchami et al., 2011;
Lacan et al., 2006; Ripperger et al.,[2007). The agreement thus supports the conclusion that
the observed variations in Cd concentration amongst different sub-samples of SSW (Table

3) reflect in situ uptake of Cd by plankton prior to filtration.

2.3.4 Results for SAFe D1 seawater

A 1 L aliquot of SAFe D1 was analyzed using co-precipitation for the pre-concentration
of Cd, whilst three further analyses utilized only the column chemistry for the isolation of
Cd (Table [2.5). Notably, the Cd concentrations and ¢'4/11°Cd values of these four analy-
ses deviate from the mean by less than 0.2% and 0.1 e. The lack of any systematic offset
between the results obtained with and without co-precipitation furthermore underlines the
accuracy of the results. This conclusion is reinforced by the observation that SAFe DI,
which was collected in the Pacific Ocean at 1000 m depth (Johnson et al., 2007), has an
isotope composition of ¢''4/11°Cd = 4.2+ 0.1 (Table[2.5), which is in accord with previous
results for Pacific seawater from depths > 1500 m and the relatively constant ¢''4/119Cd
of +3.8 £ 0.5 inferred for global deepwater (corrected for a 0.5 € offset between JIMC Cd
Miinster and Alfa Cd Ziirich; Table (Abouchami et al.,|2011; Ripperger et al., 2007).
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Figure 2.4: Depth profiles of Cd concentrations (blue filled squares) and isotope composi-
tions (as €!1%/119Cd; red filled dots) for the GEOTRACES intercalibration samples GSI and
GDI (surface and deep water, respectively) as well as the GPrI depth profile samples from
the BATS station in the North Atlantic (Table[2.5)). Together, these samples provide the first
full Cd isotope depth profile for the Atlantic Ocean, and this is similar to a published depth
profile for the central Pacific (Station 7; (Ripperger et al.,[2007)). The Cd concentration of
GDI is not plotted, as this deviates significantly from the essentially constant values of the
GPrI samples at depths > 1000 m (Table [2.5)). This difference presumably reflects that the
GDI and GPrl samples are from two different casts.



74

‘9000 T PU® Z000'T ~ © JO SI0}0B} UONRUONORIJ JOJ SPUAL} UOTIRUONORI] YTIO[ARY PoIB[NO[ed 9JoUp SAul| PAysep
oyl “(L007 |1 10 10810ddry) ermerny oy) woiy eyep snoaaid pue (S'g) 9IqeL) UBOQ dNUEPY Y} UI UONE)s STV AY) Wolj
sopdures uoneIqIedIdul SHOV Y.LOTD Y} 10§ SUOHENUIIUO0D PD) “SA (P11 /41;? SB) SUORISOdWOd 9d0JOST WNTWPE)) :G°T AINTL]

ISCuUsSs1I0n

2.3 Results and d

(By/j0Wwu) uonesuaduo) pH

| 10 100 1000
TTr 1T 11 TrTrr T T T 7T T Trrr 1T 1 7T —_ O
,%mwd- , ¢ % -
v lo/l/ 10l
,/,,/,/ % NOOOIMI -
%Q 4 0¢ ™
QQ\//o : =
1 0¢ O
.1 op
se|dwes SIOVHLOAD @
ejeq paysiiand O 1
0S




Chapter 2. A New Methodology for Precise Seawater Cadmium Isotope Analyses 75

2.3.5 Results for the 2008 GEOTRACES Atlantic intercalibration samples

Three of the GEOTRACES intercalibration samples, GSI and the GPrl samples from 75
m and 125 m depth, have Cd contents of only about 1-2 pmol/kg (Table [2.5). For the
isotope analyses, it was therefore necessary to isolate Cd from large seawater volumes of
about 10-20 L by co-precipitation with AI(OH); (Table [2.5). However, despite the large
sample volumes, less than 2.5 ng of natural Cd was available for the isotopic analyses.
Nonetheless, the measurements achieved reasonable uncertainties of about +5¢, and this

was sufficient to identify and characterize the isotopic composition of these samples (Table

2.5} Figs. 2.4, [2.5))

The remaining GEOTRACES samples (with exception of GPrl from 250 m depth,
which was only analyzed for Cd content; Table 2.5) had Cd concentrations of greater
than 0.1 nmol/kg, and the sample preparation thus required only column chemistry (Ta-
ble 2.5). For these samples, about 10-30 ng of natural Cd was available and the analyses
achieved uncertainties (2sd), based on multiple analyses of matching standards, of about
+0.5 !'%/119Cd. Furthermore, three separate 1 L aliquots of the deepwater sample GDI
were analyzed, and the individual results deviate from the mean value by less than £0.5 %
for the Cd concentration and by less than +-0.3¢ for the isotope composition (Table [2.5).
This indicates that the new analytical procedures can produce Cd isotope data with repro-
ducibilities that approach those of the best double spike TIMS results (Abouchami et al.,
20115 Schmitt et al., 2009alb]).

An important feature of the GEOTRACES intercalibration data is that they combine
to provide the first comprehensive Cd isotope depth profile for the Atlantic Ocean (Fig.
[2.4). Importantly, this isotopic profile is in accord with published seawater results, in that
large isotope fractionations, with ¢''4/1°Cd values of greater than +10, are only found in
Cd-depleted samples from depths of less than 250 m (Ripperger et al., 2007). In contrast,
the GPrl samples from > 1000 m exhibit almost identical Cd concentrations of about 0.29
nmol/kg and only very limited variability in €'4/119Cd, with values of between about +5.2
and +6.7 (Table Fig. [2.4). However, the mean Cd content of GDI is slightly but signifi-
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cantly lower compared to the deeper GPrlI samples from depths of 1000-3500m. The origin
of this difference is unclear but may reflect that the GDI and GPrl samples were collected

from separate casts.

The observation that the GEOTRACES deepwater samples have a relatively constant
€'14/110Cd of approximately +5.5 (Table Fig. is significant, because previous
analyses of deepwater from the Southern, Pacific and Arctic Oceans defined an essentially
constant isotope composition of €'14/1°Cd = +3.8 4 0.5 (1sd, n = 7; [5]). It is conceivable,
that the marginally more positive value determined here for the deep Atlantic Ocean reflects
the young ventilation age of this water mass. This tentative interpretation is interesting, as
it implies that Cd isotope data can be used for isotopic tracing of water masses, but will

need to be confirmed by additional analyses of further suitable samples.

In a diagram of €''%/119Cd vs. Cd concentrations, the GEOTRACES samples define
a positive correlation, albeit with significant scatter (Fig. [2.5). This observation supports
the interpretation that the positive ¢''4/"°Cd values of the surface and near-surface water
samples are generated by isotope fractionation from biological utilization. In fact, all data
are in accord with a single, closed system Rayleigh fractionation trend characterized by a
fractionation factor of & = 1.0002 (Fig. [2.5). This result is in general agreement with pre-
vious Cd isotope analyses of seawater, which suggested that marine biological utilization of
Cd is associated with isotope fractionation factors of about 1.0002 to 1.0006 (Abouchami
et al., 2011} Lacan et al., 2006; Ripperger et al., 2007). However, the fractionations seen
here for the most Cd-depleted samples are more moderate than the maximum effect, of
€'14/110Cd & 440, that was previously determined for Pacific Ocean surface water. Hence,
it is conceivable that the trend seen in Fig. [2.5|not only presents biological isotope fraction-
ation during Cd uptake, but also reflects at least in part, mixing of surface water with water
masses that feature more moderate ¢''4/"'°Cd values combined with higher Cd contents

(Ripperger et al., | 2007).
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2.4 Conclusions

A new technique has been developed for Cd isotope analyses of seawater. The methodology
employs a new ''Cd - ''*Cd double spike, co-precipitation of Cd with AI(OH);, Cd pu-
rification by column chromatography, and isotopic analysis by MC-ICP-MS. The method
can routinely achieve Cd yields of better than 85%, whilst the co-precipitation step allows
isolation of Cd from seawater samples with volumes of up to 20 L. Together, this enables
isotopic analyses of highly nutrient-depleted seawater with dissolved Cd contents of less
than 5 pmol/kg. Co-precipitation is not required, however, for samples with Cd concentra-
tions that exceed 50-100 pmol/kg. In this case, the separation of Cd is best accomplished

using column chromatography only.

The performance of the procedure was evaluated by multiple analyses of several Cd
isotope reference materials and various seawater samples. The results of these measure-
ments demonstrate that the Cd isotope composition of seawater can be determined with an
accuracy and precision (£2sd) of 0.4-0.6 ¢'14/11°Cd at optimal analytical conditions, which

require at least about 20 ng of natural Cd.

The methods were furthermore employed to obtain the first Cd isotope depth profile
for the Atlantic Ocean. These measurements revealed extremely low Cd contents of 1-2
pmol/kg in the upper water column (0-125 m depth), and highly fractionated Cd isotope
compositions with e''*/119Cd values of up to about +20. The highly positive €''*/°Cd
data of the samples are in accord with previous results obtained for nutrient depleted sur-
face seawater from the Pacific Ocean, and are thus likely to reflect isotope fractionation
from biological utilization of Cd. The samples from depths > 2000 m feature an essen-
tially constant Cd isotope composition of €''*/119Cd ~ +5.5 that is slightly more positive
than the previously inferred global Cd isotope deepwater value of +3.8 + 0.5, which is
based primarily on results for Pacific, Southern and Arctic Ocean samples (Ripperger et al.,
2007). It is conceivable, that this small difference in €''4/119Cd reflects the relatively young

ventilation age of Atlantic deepwater.
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Chapter 3

Cadmium Isotope Fractionation in the

Southern Ocean

The study discussed in this chapter has been prepared for submission to EPSL.
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Abstract:

Cadmium concentrations and isotope compositions were determined for 47 seawater
samples from the high nutrient low chlorophyll (HNLC) zone of the Atlantic sector of the
Southern Ocean. The samples comprise 13 surface waters from the Weddell Gyre and
3 depth profiles from the Weddell Sea and Drake Passage. The surface waters feature
relatively high Cd concentrations of 0.25 to 0.46 nmol/kg coupled with only moderately
fractionated Cd isotope compositions of €"*/1°Cd = +4.5 to +7.5. The Cd data for the
HNLC surface water samples analyzed here and by previous workers furthermore combine
to define a single closed-system Rayleigh fractionation trend with a fractionation factor of
a =~ 1.0005. In contrast, most surface waters from non-HNLC regimes suggest a signifi-
cantly lower fractionation factor of o ~ 1.0002. The reason for this apparent difference in
fractionation behavior is unclear but may reflect that different mechanisms are responsible
for the uptake of Cd by plankton or its sequestration within cells at high and low dissolved

seawater Cd concentrations.

The depth profile samples from below 1000 m have an average €""*/"°Cd of = +2.5 +
0.75 (2sd, n = 13), in accord with previous observations that deep waters from the Southern
and Pacific Ocean feature a nearly constant €'**/1'°Cd value of about +2.5. In contrast,
significant isotopic variability was observed at intermediate depths of between 200 and
750 m. Samples from depths of 200 m to 400 m from Weddell Sea show high Cd concentra-
tions and light Cd isotope compositions of €*/"°Cd ~ +1 as a result of remineralization
of Cd from biomass that records incomplete nutrient utilization at the surface. Moreover,
the samples from 200 to 750 m in the Drake Passage feature e'**/1'°Cd values of about
+4, similar to the surface water of the Weddell Sea. This presumably traces the presence
of Subantarctic Mode Water and/or Antarctic Intermediate Water, which both have young
ventilation ages, thereby carrying a fractionated Cd isotope surface signature. Taken to-
gether, the results thus demonstrate that Cd isotope data can provide useful constraints on

the mechanisms of nutrient cycling and potentially be applied for water mass tracing.
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3.1 Introduction

The Southern Ocean is one of the three major HNLC (High Nutrient Low Chlorophyll)
regions with the others being the equatorial Pacific Ocean and the subarctic Pacific Ocean.
HNLC regions are distinguished by having a relatively low and constant amount of biomass
in spite of high concentrations of the macronutrients nitrate, phosphate and silicate being
available for phytoplankton growth (Nelson and Smith, [1991). Previous studies have sug-
gested that the nutrient utilization in the Southern Ocean HNLC region is limited by the

low iron concentration (Martin et al.l |1990a; de Baar et al., [1995)).

Cadmium is a micronutrient element with a marine distribution similar to that of dis-
solved phosphate (PO,*), which suggests that Cd is also controlled by phytoplankton
uptake in surface waters and the sinking and remineralization of organic matter at depth
(Boyle et al.,|1976; |Bruland, |1980; de Baar et al., [1994)). Considerable Cd isotope fraction-
ations in seawater have been revealed in the recent studies, which can be used to study
the marine cycling of this micronutrient element (Lacan et al., 2006; Ripperger et al.,
2007; |Abouchami et al., 2011; Xue et al., [2012). Cadmium depleted surface waters ex-
hibit €'14/11°Cd values as high as +20 to +40 (Ripperger et al., 2007), presumably as a
result of isotope fractionation during biological utilization with a fractionation factor of
about 1.0002 to 1.0006 (Ripperger et al., 2007; |Abouchami et al., 2011} Xue et al., [2012)).
In contrast, the deep ocean appears to be characterized by a relatively constant ¢!'4/11°Cd
value of +2.5, relative to the NIST 3108 Cd standard (Ripperger et al., 2007; Abouchami
et al., 2011; Horner et al., [2011; Xue et al., 2012} Gault-Ringold and Stirling}, 2012).

A previous Cd isotope study of water samples from the Southern Ocean identified two
different biogeochemical oceanic provinces, the Antarctic Circumpolar Current and the
Weddell Gyre (Abouchami et al., 2011)). These authors found that each province defined a
distinct relationship between !'*/119Cd and In[Cd], which implies that Cd uptake is asso-

ciated with different fractionation factors.

The present investigation follows up on the findings of / Abouchami et al.| (2011), with
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coupled Cd isotope and concentration analyses for almost 50 seawater samples from the
Southern Ocean. These waters were collected on the same cruise as the samples of Abouchami
et al.|(2011) and they include 13 surface waters from the Weddell Gyre and three depth pro-
files from the Weddell Sea and the Drake Passage. Our results, therefore, significantly en-
large the very limited Cd isotope dataset that is currently available for the Southern Ocean

HNLC region.

3.2 Samples

The seawater analyzed in this is study was collected during the 2008 GEOTRACES ex-
pedition ANT XXIV/3 aboard the RV Polarstern, also termed the *Zero & Drake’ cruise
in the following. In total, Cd concentrations and isotope compositions were determined
for 47 seawater samples. These include 13 surface waters that were collected along Zero
Meridian between 62°S and 69°S in the Weddell Gyre (Fig. Table [3.1). In addition,
34 samples from three vertical profiles in the Weddell Gyre (Station 198), the Scotia Sea
(Station 216) and the northern Drake Passage (Station 249) were analyzed (Fig. Table
[3.2). The vertical profiles samples were collected with an ultraclean CTD system, whilst the
Zero Meridian surface waters were obtained with an IFISH torpedo and pumpline system.
After collection, all the samples were filtered through a 0.2 xm nominal size cutoff filter
cartridges into pre-cleaned bottles and then acidified to pH 2 with distilled 6 M HCI. Fur-
ther details of the sampling techniques are available in Middag et al.| (2011a). A summary
of the circulation system and water masses present in the Atlantic sector of the Southern
Ocean is available in a number of recent publications (Baars and Croot, 2011} Barre et al.,
2011; Behrendt et al., 2011 Bluhm et al., 2011} (Croot et al., 201 1; [Fahrbach et al., 201 1a.bj
Klunder et al., 2011; Middag et al., [2011a,b; Neven et al., [2011}; |Provost et al., 2011} Re-
nault et al., 2011; van der Loeff et al., [2011}; Sudre et al., 2011} Thuroczy et al., 2011} ivan
Heuven et al., [2011; [Venchiarutti et al., 2011)).
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3.3 Analytical methods

A recent publication provides a detailed description of the analytical techniques that were
used during the course of this study ((Xue et al., 2012); Chapter [2). Thus, only a brief

summary of the methods is provided here.

The first step of the procedure encompasses a preliminary determination of the seawater
Cd concentrations. These analyses were carried out on small aliquots, such that an optimal
amount of the Cd double spike could subsequently be added to the main sample mass to
enable accurate and precise Cd stable isotope measurements. To this end, seawater aliquots
of about 50 ml were spiked with '''Cd - '"*Cd double spike solution, the Cd was separated
from the seawater matrix with a simplified version of the column chemistry and the Cd

concentrations were then determined with the isotope dilution technique (Xue et al.,|[2012).

Based on the results of these preliminary analyses, about 0.3 to 1.1 L of seawater were
accurately weighed to obtain approximately 30 ng natural Cd and a suitable volume of the
1Cd - 3Cd double spike was then added to achieve spike-sample ratios of S/N ~ 1. An
appropriate volume of 6 M HCI was then added to the spiked seawater to acidify the sam-
ples to 0.7 M HCI. All samples were then left to stand for at least three days prior to the
three-stage column chemistry procedure that was used for the purification of Cd (Xue et al.,
2012). The chemical separation method typically achieved yields of better than 90% and
was associated with a procedural blank of about 20 pg Cd. Hence, the blank was equivalent
to less than 0.07% of the indigenous Cd present in the samples and thus had only a negligi-
ble effect on the measured isotope compositions. A correction was therefore only applied

to the concentration results.

The Cd double spike stable isotope measurements were carried out with a Nu Plasma
HR MC-ICP-MS (multiple collector inductively coupled plasma mass spectrometer) using
previously described techniques (Xue et al., 2012). After data acquisition, all results were
further processed offline to calculate the ’true’ isotope compositions of the unspiked sam-

ples, following correction for both instrumental mass bias and isobaric interferences. These
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data were then used to determine the reported €''4/11°Cd values of the samples relative to

an isotopic standard (std):

114Cd 1100d
CoCd/ Clampe | 10, 000

6114/1100d _
(TCdTCd),,

In this study, €''*/119Cd data are reported relative to the NIST SRM 3108 reference
material (Rehkamper et al. 2011; Xue et al., 2012). Additional analyses of the secondary
Cd isotope standards JMC Cd Miinster, BAM-1012 Cd and Zurich Cd Alfa were carried
out during each measurement session to monitor data quality and all results were found to
be within accepted limits (Ripperger and Rehkamper, [2007; Rehkamper et al., 2011} Xue
et al., 2012)).

3.4 Background information and results

3.4.1 Key water masses

Previous studies (Orsi et al., [1995] 1999, 2002} Stramma and England, |1999; Stichel et al.,
2012) show that the eastward flowing Antarctic Circumpolar Current (ACC) governs the
circulation in the Southern Ocean. The major part of the ACC ranges from the sea surface
to depths of 2-4 km and can be as wide as 2000 km (Klinck and Nowlin Jr, 2001). The ACC
passes through 3 oceanic frontal systems, the Subantarctic Zone (SAZ), the Polar Frontal
Zone (PFZ) and the Antarctic Zone (AAZ), from the north to south (Fig. [3.1I). The Cir-
cumpolar Deep Water (CDW) of the ACC is divided into Upper Circumpolar Deep Water
(UCDW) and Lower Circumpolar Deep Water (LCDW) by neutral densities (Stichel et al.,
2012).

The Weddell Gyre (WG) is a cyclonic circulation system in the Southern Ocean and it
is located in the Weddell Sea between the southern ACC boundary and the Antarctic con-
tinental shelf. The two main water masses in the WG are Warm Deep Water (WDW) and
Weddell Sea Deep Water (WSDW). The WDW is derived from Circumpolar Deep Water
(CDW) of the ACC. On the shelves and slopes of the western and southwestern Weddell
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Sea, the mixing of dense shelf waters with variants of WDW forms the Weddell Sea Deep
Water (WSDW) (Foster and Carmack, [1976; [Whitworth III et all, |[1994; Meredith et al.,
2008). WSDW is an essential component of the Antarctic Bottom Water (AABW), which
forms the bottom layers in most of the world’s oceans (Heywood and King, 2002; Klatt
et al., 2005; [Ors1 et al., 1999, 2002; Meredith et al., 2008} [Stichel et al., 2012). Antarctic
Surface Water (AASW) is a cold and fresh water mass, which flows in the upper 200m at
south of the PFZ. AAIW is a unique water mass, which forms from the cold surface waters
at depths of above 75 m in the Weddell Gyre and then subducted to depths of below 100 m
at north of the PFZ in the Drake Passage (Sievers and Nowlin Jr, [1984; Naveira Garabato
et al., [2009).

3.4.2 Hydrology and nutrient concentrations for zero meridian surface

seawater

The hydrographic and nutrient concentration data that were obtained for 13 surface water
samples collected close to the Zero Meridian are shown in Fig. [3.2] and Table 3.1] Also
shown in this figure for comparison are previously published results (Abouchami et al.,
2011) for additional surface water samples that were collected during the same cruise but
further to the north (Fig. [3.2). Whilst the samples analyzed in this study (orange dots) are
from 62.2°S to 69.0°S in the Weddell Gyre region, the previously analyzed surface seawa-
ter (black dots) was obtained at between 42.0°S and 61.2°S (Figs. [3.1] 3.2).

For the samples analyzed in the present study, the potential temperature transect re-
veals two groups of samples (Fig. [3.2). At 62.2°S to 64.2°S, the potential temperature of
the surface water samples increased modestly from 0.4°C to 0.6°C, and these values are
in the same range as the data (0.1°C to 0.6°C) obtained for Weddell Sea surface seawater
further to the north (Fig. @; (Abouchami et al., 2011)). However, at 65.2°S to 69.0°S,
the potential temperature decreases continuously from -0.2°C to -1°C. It is likely that this
variation of potential temperature at about 65°S reflects a change in water mass or marine

environment.
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The latter interpretation is reinforced by the nutrient (PO,*, Si and NO5") data, which
also fall into two groups at the same latitudes (Fig. . At 62.2°S to 64.2°S, PO,*, Si and
NOj3™ decrease continuously, but centered around 67.6°S these parameters define a notice-

able kink with first increasing then decreasing concentrations in a southward direction.

3.4.3 (Cd concentration and isotope compositions for zero meridian sur-

face seawater

The Cd concentration and isotope composition of the surface seawater samples from the
Zero Meridian transect are also shown in Fig. [3.2] Again, the data obtained in the present
investigation are combined with the previously published results of Abouchami et al. (201 1)).
A key observation is that the Cd concentration and isotope data obtained in both investiga-
tions match up perfectly, with no apparent systematic difference. This conclusion is in ac-
cord with the excellent correspondence that was observed for Cd concentration and isotope
composition data that was produced by the same laboratories for various standard reference
materials (Abouchami et al.l 2012) and the GEOTRACES GSI seawater intercomparison
sample from the North Atlantic (Boyle et al., [2012)). This excellent correspondence is fur-
thermore important because it allows both datasets to be used and interpreted in unison,

without the need to correct for systematic differences.

Focusing on the samples analyzed in this investigation, the surface waters sampled from
the Weddell Sea transect show Cd concentrations of about 0.25 nmol/kg to 0.46 nmol/kg,
and €''%/11°Cd values of between +4.5 & 0.7 and +7.5 + 0.7 (Fig. Table [3.1]). In
addition, the Cd concentration and isotope composition data along the transect again fall
into two groups. These groups, from 62.2°S - 64.2°S and 65.2°S - 69.0°S, coincide with the
sample groups that were previously identified based on potential temperature and macronu-

trient concentrations (Fig. [3.2)).
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3.4.4 Hydrology and nutrient concentrations for the depth profiles

The hydrological data and nutrient concentrations for the three depth profiles analyzed in
this study are shown in Fig. [3.3]and Table [3.2]. The most obvious feature of this figure is
the similarity of the profiles for Stations 198 (Weddell Sea) and Station 216 (Scotia Sea),
whilst the results obtained for Station 249 in the Drake Passage are distinctly different.
This result is not surprising given that the former Stations both fall within the regime of the
Weddell Gyre, whilst the latter is situated to the north of the Polar Front and hence within
the ACC system.

In detail, Fig. highlights that Stations 198 and 216 display potential temperature
and Si concentration profiles that differ fundamentally from Station 249. At Station 249,
the potential temperature continuously decreases from 4.6°C at the surface to 2.5°C at 500
m, whilst at Stations 198 and 216, the potential temperature increases from -1.9°C at the
surface water to 0.5°C at 500 m depth. Furthermore, the silicate depth profile determined
for Station 249 exhibits a distribution with the lower concentration throughout, which is

distinguished essentially from that seen at Stations 198 and 216.

Salinity and oxygen present smooth depth profiles for the three stations, however, there
are still clear differences between Stations 198, 216 and Station 249 (Fig. [3.3). The salinity
increases continuously with depth at all three Stations to a value of about 34.7 at depths
> 1500 m, but this increase is much more gradual at Station 249. Similarly, at all three
Stations, oxygen decreases from a surface value of about 300 mol/kg to about 200 mol/kg
or less at intermediate depths, and then increases modestly. However, this decrease is more
gradual at the Station 249 and the oxygen concentration minimum layer occurs significantly

deeper, at about 1250 m for Station 249, as compared with at 500 m for Stations 198 and

216 (Fig. B3).

In contrast, the depth profiles of phosphate and nitrate concentrations are similar for all
three Stations (Fig. . In particular, all three profiles show that (i) PO4* is slightly de-

pleted in the surface waters; (ii) from the surface to 500 m depth the concentrations of PO4*



3.4 Background information and results 96

and NOs™ rise modestly; and (iii) below 500 m, the concentrations of PO4* and NOs. are
nearly constant. It is furthermore noteworthy that such distributions for the macronutrients

phosphate and nitrate are typical for a HNLC region.

3.4.5 Cd concentrations and isotope compositions for the depth profiles

At first sight, the depth profiles of Cd concentrations and isotope compositions are rela-
tively similar for all three investigated stations (Fig. [3.4). In particular, Cd is modestly
depleted in surface water, with concentrations ranging from ~ 0.4 nmol/kg in the Drake
Passage to ~ 0.7 nmol/kg in the Weddell Sea. Such high Cd contents are typical for this
HNLC region, where uptake and utilization of Cd from surface waters is incomplete. This
is in accord with the less fractionated Cd isotope compositions of the surface seawater sam-
ples, which display €''*/11°Cd ~ +4.0 4 0.6 to 4+6.7 + 0.6 (Fig. [3.4). Waters from below
1 km depth have very similar Cd contents of 0.77 £ 0.04 nmol/kg and the Cd isotope com-
positions are also relatively constant at ¢''%/11°Cd ~ 42.5 £ 0.4 (1sd, n = 15). This latter
result is in excellent agreement with the previously published global deep-water average
value of ¢'*/110°Cd = 2.5 4 0.5 (Ripperger et al., 2007; Xue et al., 2012).

However, above 1 km, Station 249 in the Drake Passage shows significant differences
in its Cd concentration and isotope composition compared to the results that were obtained
for Stations 198 and 216 (Fig. [3.4). The Drake Passage profile from Station 249 reveals
significant Cd isotope fractionations at depth of 250 to 750 m with €''%/119Cd values of
about +4 and this coincides with a kink in the potential temperature profile at 250 m (Fig.
3.3)). Whilst Stations 216 and 198 display similar depth profiles of Cd concentrations and
isotope compositions, the results obtained for Station 216 are intermediate to the profiles
for Stations 198 and 249 in some characteristics (Fig. . However, both Stations 198 and
216 feature rapidly increasing [Cd] from the surface to maximum concentrations of about
0.89 nmol/kg at depths of 200-400 m. In addition, both profiles show €!'4/11°Cd values of
about +1 to +2 for depths of about 200-400 m, whereby the lowest yet recorded €''*/119Cd
values for seawater (of ¢'14/11°Cd = +1 4-0.4) were recorded in the Weddell Sea at Station

198.
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3.5 Discussion

3.5.1 Biological Cd isotope fractionation of surface water in the Southern

Ocean HNLC region

In a diagram of €''%/11°Cd vs. Cd concentration (Fig. , the surface water data of this
study display an excellent logarithmic correlation. Similar correlations have been seen
in previous Cd isotope studies of seawater (Lacan et al., [2006; Ripperger et al., 2007;
Abouchami et al., 2011} Xue et al., 2012) and are thought to be due to the closed system

Rayleigh isotope fractionation caused by biological uptake and utilization of Cd.

Of particular interest is the combination of the results of the present study with the Cd
isotope data of Abouchami et al.| (2011]) who also analyzed surface seawater that was col-
lected in the Southern Ocean during the Zero & Drake cruise. |Abouchami et al. (2011)
concluded that samples from different regions display distinct Cd isotope systematics.
These differences are particularly apparent in a diagram of Cd isotope compositions ver-
sus Cd concentrations, where samples from northern locations (collected between 46.0°S
and 56.3°S) define a correlation with a steeper slope compared to most samples from more
southern locations (collected between 57.2°S and 61.2°S). Following previous work (Lacan
et al., 2006} Ripperger et al.,|2007), the observed correlations are most likely produced by
closed system Rayleigh fractionation as a result of biological utilization of Cd. The dif-
ferences in slope are hence indicative of distinct biological fractionation factors that were
thought to reflect differences in the phytoplankton biomass, community composition, or

their physiological uptake mechanisms.

However, when the data of the present study are combined with the results of|/Abouchami
et al. (2011), we find that there is little evidence for two distinct correlations for different
geographical regions. This is particularly evident as three of our samples from the Weddell
Gyre with a relatively high ¢''4/110Cd of about +7.5 are essentially identical in Cd isotope
systematics to two samples from the more northern ACC region that were analyzed by

Abouchami et al.|(2011). These observations suggest that the identification of two distinct
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correlations by Abouchamu et al.| (2011) was perhaps premature as this is potentially sim-
ply an artifact of their more limited dataset. In fact, when the results of this study and the
investigation of /Abouchami et al. (2011]) are combined, the combined dataset exhibits an
excellent single logarithmic correlation, with a slope of of —4.63 + 0.67, which is indica-
tive of a biological fractionation factor of & = 1.00046 =+ 0.00006 (Fig. [3.5). This result
suggests that the biological fractionation factor is not as readily altered by differences in

phytoplankton biomass or species, which was suggested by Abouchami et al.| (2011).

3.5.2 Cd isotope fractionation of seawater samples from depth profiles in

the Southern Ocean HNLC region

In addition to Fig. [3.4] which summarizes the Cd isotope and concentrations of the seawa-
ter obtained at Stations 198 (Drake Passage), 216 (Scotia Sea) and 249 (Drake Passage),
Fig. [3.6 shows that the depth profile data agree well with the Closed system Rayleigh
fractionation model for Cd in the seawater. The model for Cd isotope fractionation in the
seawater has been discussed in section[I.1.5] These figures for Cd concentrations and iso-

tope composition are further discussed below.

The water samples from depths below 1000 m at all these 3 stations have an average
Cd isotope composition of ¢'14/11°Cd = +2.5 £ 0.75 (2 sd.) with mean Cd concentrations
of 0.77 £ 0.04 (2 sd) nmol/kg (Table [3.2)). These observed Cd concentrations are in accord
with literature data for samples from similar locations and depths (Ripperger et al., 2007),
whist the Cd isotope compositions determined from the seawater samples below 1000m
depth agree with the finding of a previous study that global deep waters feature a nearly
constant €'1*/1°Cd value of about +2.5 #+ 0.50 (Ripperger et al., 2007).

The Cd isotope compositions of subsurface depth profile samples collected at depths of
< 100 m are less fractionated with relatively high Cd concentrations (Figs. 3.6). For
example, the samples collected at 25 m depth at Stations 198 and 216 (Weddell and Scotia
Sea, respectively) display e''*/119Cd values of about +4.0 to +4.7 at Cd concentrations of

about 0.6 nmol/kg. As such, these subsurface samples show Cd systematics, which are
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Figure 3.6: Plots of €''4/110Cd vs. [Cd] for the seawater samples from depth profiles in the
Southern Ocean HNLC region. The Cd data from three depth profiles at Station 249, 216
and 198 are plotted in purple, yellow and green (Table[3.2)). The light to dark shading repre-
sents water samples from < 100 m, 100-500 m and > 500 m. Surface water samples from
the Weddell Gyre along the Zero Meridian (data in this study in Table [3.1] and previous
data from Abouchami et al. (2011)) are shown in white dots. The light blue dots present
the Zero Meridian Surface water samples from the ACC. The red dashed line denotes cal-
culated Rayleigh fractionation trends for fractionation factors of o ~ 1.0005. The blue line
demonstrates mixing of surface water from the Weddell Gyre with remineralized biomass
with a negative ¢''*/11°Cd values of about -1.5. The green line illustrates the Rayleigh
fractionation trends, which were calculated for the isotope composition of an accumulated
biomass preferentially incorporating light Cd with fractionation factor of v ~ 1.0005.
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akin to the data obtained for the Weddell Sea surface waters of this study. This result is
perhaps not surprising, given that the Cd isotope compositions of subsurface samples from
depths of less than 100 m are expected to be determined primarily by biological uptake of
Cd and show only minor effects of remineralization. Together, these observations support
the previous conclusion that modest Cd isotope fractionations coupled with moderate Cd

concentrations are a typical HNLC signature.

The most isotope fractionated Cd were measured for the three subsurface samples from
depths of 10 m to 75 m from the Drake Passage (Station 249), which display ¢''4/11°Cd
~ +6.7 to +7.0 at [Cd] ~ 0.4 nmol/kg. These higher fractionations, which are still mod-
erate compared to results obtained for non-HNLC locations, may reflect that the HNLC
conditions are less severe in this more northern location. This interpretation is in accord
with the lower concentrations of Cd and the macronutrients phosphate and nitrate that were

determined for these samples in comparison to seawater from Stations 198 and 216 (Figs.

B.3B.4

Of additional interest is the observation that the subsurface samples from depths < 100
m are in accord with and fall on the linear fractionation trend that is defined by the Weddell
Sea and ACC surface water samples in a diagram of €!'*/11°Cd versus In[Cd] (Fig. [3.6).
This provides further support to the previous conclusion that biological uptake of Cd in
the Southern Ocean HNLC region appears to be characterized by a closed system Rayleigh

isotope fractionation factor of a &~ 1.0005.

Particularly unusual is the finding that samples from intermediate depths of 200 m to
400 m from Station 198 in the Weddell Sea have €''*/1'°Cd values as low as about +1
(Table[3.2). A similar signature may also be present in the depth profile of Station 216 in
the Scotia Sea but this is less well resolved as the lowest €''*/11°Cd value is +2 at 400 m
depth. Light Cd isotope compositions of €!'*/119Cd = +1 have not previously been found
for seawater, and hence this might be another typical signature of the Cd distribution in the
Southern Ocean HNLC region. It is unlikely that these light Cd isotope compositions are

related to the upwelling of deep water, which occurs in the Weddell Sea, because the deep
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Figure 3.7: Plots of ¢'14/M9Cd vs. 1/[Cd] for the seawater samples from depth profiles
in the Southern Ocean HNLC region. The Cd data from three depth profiles at Station
249, 216 and 198 are plotted in purple, yellow and green (Table [3.2). The shading from
light to dark represents water samples from < 100 m, 100-500 m and > 500 m. Surface
water samples from the Weddell Gyre along the Zero Meridian (data in this study in Table
[3.1] and previous data from [Abouchami et al|(2011)) are shown in white dots. The light
blue dots show the Zero Meridian Surface water samples from the ACC. The blue line
demonstrates mixing of surface water from the Weddell Gyre with remineralized biomass
with a negative ¢''*/119Cd value of about -1.5. The correlation of Cd isotope compositions
and 1/[Cd] clearly illustrates that the mixing of surface waters (from Zero Meridian and
depth profiles) with biogenic particles drives the Cd isotope composition with the value of
€'14/110Cd = +1 at the intermediate depth (100-500m) in the Weddell Gyre.

waters all record €''*/11°Cd values of higher than about +2 (Fig. [3.4][3.6).

The lightest Cd isotope compositions for Station 198 and Station 216 are recorded at
approximately the same depths, which show the highest Cd concentrations (Fig. [3.4] [3.6).

As aresult, the samples from intermediate depth extend the linear trend of the Cd data (Fig.
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3.6) to lower ¢!'*/"0Cd values and higher [Cd]. Taken together, these findings suggest that
the low €"'%/119Cd values are related to the addition or admixture of isotopically light Cd
and this is most reasonably derived from remineralization processes in the water column.
Support for this conclusion is provided by the observation that essentially all depth profile
samples from Stations 198, 216 and 249 fall on a single trend in a diagram of ¢'!4/110Cd
vs. 1/[Cd] (Fig. and this trend indicates that binary mixing may play an important role

in governing the distribution of Cd.

To account for the light Cd isotope compositions observed in the intermediate depth
samples from Station 198 by mixing, the Cd that is derived from the remineralization of
biomass must feature ¢''*/119Cd values of about 0 or less. Simple modeling shows that
such biomass compositions are likely to be common in the HNLC region of the Southern
Ocean, where utilization of Cd and other nutrients utilization are only incomplete. The
dashed line on Fig. indicates the isotopic evolution for the Cd that is accumulated in
biomass by biological uptake. These calculations were carried out by assuming closed sys-
tem Rayleigh fractionation with a fractionation factor of o = 1.0005, which was obtained
for the Cd isotope fractionation of Weddell Sea surface waters. Hence, it further confirms
that biological uptake of Cd in the Southern Ocean HNLC region is characterized by a

closed system Rayleigh isotope fractionation factor of o ~ 1.0005.

Figs. [3.6]and [3.7]also show mixing curves/lines that are obtained for mixing of biomass
associated Cd characterized by €''4/119Cd = -1.5 and residual dissolved seawater Cd from
a Cd depleted surface water sample with ¢!'*/11°Cd = +4.0 and [Cd] = 0.55 nmol/kg. Im-
portantly, similar mixing systematics are also obtained for the addition of biomass Cd to
more Cd-rich deep water compositions characterized by ''*/1'Cd = +2.5 and [Cd] = 0.77
nmol/kg. Taken together, these results demonstrate that the addition of remineralized Cd
derived from biomass, which records incomplete nutrient utilization at the surface, can ac-
count for the low ¢''*/M°Cd values and high Cd contents in the intermediate depth seawater
from the Weddell Sea. Importantly, the mixing trend produced by this addition of reminer-
alized Cd, is essentially identical to the Rayleigh fractionation line, which is generated by

variable Cd uptake and associated isotope fractionation in surface and subsurface samples
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(Figs. [3.7). Therefore, all the Cd data of the depth profile samples from the Southern

Ocean are observed essentially in accord with a single correlation.

At Station 249, samples from intermediate depths of 150-750 m define a plateau in
the depth profile at intermediate ¢''4/'°Cd values of about +4 and Cd concentrations of
~ 0.5 nmol/kg (Fig. [3.4) These Cd systematics are similar to those observed for surface
seawater in the Weddell Gyre (Figs. [3.6] [3.7). This interpretation is in accord with previous
hydrographic studies, which have shown that Antarctic Intermediate Water (AAIW) can be
present at the location of Station 249 at the relevant depths (Sievers and Nowlin Jr, [1984;
Naveira Garabato et al., 2009). AAIW is a unique water mass, which forms at depths of
above 75 m in the Weddell Gyre and sinks to depths of below 100 m at north of the Polar
Front in the Drake Passage. It is delineated by salinity of 34.2-34.4 upon initial formation,
a potential temperature of 3 to 7°C and density between 27.13 kg/m? and 27.55 kg/m? (Fig
(Whitworth III et al., [1994)). Therefore, these observations show that Cd isotopes
might be applied to distinguish AAIW from other water masses, such as Antarctic Surface
Water (AASW) and Upper Circumpolar Deep Water (UCDW) and hence be used to trace
the pathway of AAIW.

3.5.3 Comparison of Cd isotope variations for the Southern Ocean HNLC

region with global oceans

In Fig. the data obtained here and in the study of |Abouchamu et al.| (2011) are com-
pared with previously published results for other seawater samples from non-HNLC loca-
tions. This figure clearly highlights the increasing Cd concentrations that are seen along the
global deep water convection system from the North Atlantic/Arctic Ocean, to the Southern
Ocean and the North Pacific. These differences, which reflect distinct ventilation ages, are
also seen in Cd isotope compositions (Fig. [3.9(b)). The deep waters from the Southern
Ocean and the North Pacific are both characterized by nearly identical Cd isotope compo-
sitions and the current dataset for these samples display a well-defined average €''4/1°Cd
value of +2.5+0.7 (2sd, n = 18) as well as an average Cd concentrations about 0.8040.15
nmol/kg (2sd, n = 18). In contrast, the deep waters of the North Atlantic and Arctic Oceans
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have average Cd isotope compositions relatively fractionated with average ¢!'*/11°Cd val-
ues of about +4.0 + 1.7 (2sd, n = 5) and Cd concentrations of about 0.27 + 0.08 nmol/kg
(2sd, n = 5) (Fig. [3.9(b)). These marginally more positive values determined for the deep
North Atlantic and Arctic Ocean might demonstrate the young ventilation age of these wa-
ter masses, which implies that Cd isotope data could be used as a proxy to trace water
masses. However, this tentative interpretation is necessary to be reexamined as further Cd

1sotope data for seawater become available.

Furthermore, Fig. @ka) shows that surface seawater from non-HNLC locations in the
Atlantic, Arctic and Pacific Ocean generally have much more fractionated ¢!'*/1'°Cd values
and lower Cd contents in comparison to the HNLC samples from this study and Abouchami
et al. (2011). These samples from the HNLC region display only modest Cd isotope frac-
tionations and in most cases €'*/119Cd does not exceed values of +8. In a number of
studies, it has been suggested that the limited biological uptake of Cd and macronutrients
in HNLC regions reflects limitation of biological productivity due to the lack of availability
of the micronutrient Fe. Moreover, it has been highlighted that the Cd isotope composi-
tions and concentrations of the HNLC samples display a single, well defined logarithmic
correlation, which is in accord with a Rayleigh fractionation factor for biological uptake of
a = 1.0005 (Fig. [3.9). In contrast, the previously published data for surface water from
Pacific, Arctic and Atlantic Ocean fall closer to a trend with a slope of o ~ 1.0002. Clearly,
there is significant scatter about this trend, particularly at low Cd contents. Some of these
deviations have been previously discussed; whereby it was suggested that unusually low
¢'14/110Cd at low [Cd] may reflect mixing processes. Taking this into account, there ap-
pears to be a clear difference in the Cd isotope fractionation factors, which are associated
with biological uptake of Cd in the Southern Ocean HNLC region and non-HNLC open

ocean areas.
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A number of investigations have previously pointed out that seawater samples from
HNLC areas commonly define much steeper correlations in diagrams of Cd versus PO4*
concentrations in comparison to the great majority of open ocean seawater from other loca-
tions (Frew and Hunter, |1992; |de Baar et al., [1994; |[Elderfield and Rickaby, 2000; Cullen,
2006). This distinct Cd - PO, behavior exhibited by HNLC seawater has also been iden-
tified as generating the "kink’ or slight curvature that is apparent in compilations of global
seawater Cd-phosphate data (Fig. [3.10). The samples from the *Zero & Drake’ cruise that
were analyzed here and in the study of |Abouchami et al. (2011) are in accord with this
general observation as they define a steep trend, which intersects and cuts through the shal-
lower correlation of the global dataset. An important additional observation is that the Cd
isotope compositions of the HNLC seawater samples from the *Zero & Drake’ cruise cor-
relate with the observed variations in the Cd/PO,*" ratio (Fig. . This strongly suggests
that there is a direct link between the processes, which are responsible for the distinct and

steep Cd-PO,* correlation and the ¢''4/"1°Cd-Cd trend that are seen for HNLC seawater.

If the above inference is correct, it implies that the processes, which are responsible
for the distinct Cd - PO,* relationship of HNLC seawater (Fig. , should also be
able to account for the observed €''4/1°Cd-Cd trend. (Fig. 3.11). A number of studies
have found evidence for the conclusion that the steeper Cd - PO4* trends seen for HNLC
regions are related to increased uptake of Cd relative PO4* when dissolved seawater Fe
concentrations are low (Elderfield and Rickaby, 2000; Cullen et al., 2003} Cullen, |2006).
It has furthermore been proposed, that the increased Cd uptake might be caused by upreg-
ulation of unspecific divalent metal ion transporters under Fe deficient conditions. Hence,
it is not unrealistic to speculate that such a process may also be responsible for the distinct
Cd isotope fractionation, characterized by a = 1.0005, which was observed for HNLC
seawater (Fig. [3.5). This conclusion is further supported by an experimental study, which
has shown that marine diatoms present different Zn isotope fractionation patterns at high
and low ambient Zn concentrations and these differences where interpreted to reflect bi-
ological uptake of Zn by different cellular uptake pathways (John et al., 2007). Hence,
it is reasonable to hypothesize that differences in Cd uptake pathways in HNLC regions

(characterized by high Cd but low Fe concentrations) versus other open ocean locations
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(which typically feature low Cd contents but higher Fe) may generate distinct Cd isotope

fractionation patterns.

3.6

Conclusions

This study of the Cd concentration and isotope composition of seawater samples from the

Southern Ocean HNLC region has arrived at a number of important observations and inter-

pretations, as summarized below:

@

(1)

The Cd concentration and isotope composition of surface waters from the Weddell
Gyre that were determined in this study and a previous study Abouchami et al.[(2011)
define a logarithmic correlation, which indicates a biological fractionation factor of
a = 1.00046 £ 0.00006. This finding suggests that the biological fractionation factor
is not readily altered to a significant extent by differences in phytoplankton biomass

or species, as suggested previously Abouchami et al.|(2011]).

The data obtained for three depth profiles at Stations 198 (Drake Passage), 216 (Sco-
tia Sea) and 249 (Drake Passage) also show a logarithmic correlation of Cd isotope
composition versus Cd concentrations. The water samples from depths of more than
1000 m have an average Cd isotope composition of ¢1*/1°Cd = +2.5+0.75 (2 s.d.),
which agrees very well with the previous conclusion that global deep waters feature
a nearly constant €''%/1'°Cd value of about +2.5 & 0.50 (Ripperger et al., 2007).
The Cd isotope compositions of samples from depths < 100 m is less fractionated
with relatively high Cd concentrations and all these Cd data fall on the linear trend
defined by the surface water samples from the Weddell Sea and ACC that were an-
alyzed in the present study and by Abouchami et al. (2011). This demonstrates that
less 1sotopic fractionated Cd coupled with relatively high Cd concentrations is a typ-
ical HNLC surface water signature. It also reinforces the conclusion that biological
uptake of Cd in the Southern Ocean HNLC region appears to be characterized by a

closed system Rayleigh isotope fractionation factor of o /= 1.0005.
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(I10)

av)

(V)

3.7

Samples of intermediate depths of 200 m to 400 m from the Weddell Sea have high
Cd concentrations and extremely light Cd isotope compositions of €'14/10Cd = +1.
Such light isotope compositions were identified for the first time in seawater and they
are most likely related to the addition of remineralized Cd derived from biomass,
which records incomplete nutrient utilization at the surface. This might be another

typical signature of the Cd distribution in the Southern Ocean HNLC region.

Samples of intermediate depth water in the Drake Passage show Cd systematics that
resembles surface water from the Weddell Gyre. This is in accord with the hy-
drographic data, which also indicate that AAIW is present in the Drake Passage.
Hence, Cd isotopes might be applied to distinguish and trace AAIW from other wa-

ter masses.

There is a clear difference in the Cd isotope fractionation factor « that is associated
with biological uptake of Cd in the Southern Ocean HNLC region (o = 1.0005) and
non-HNLC open ocean areas-Pacific, Arctic and Atlantic Oceans (o ~ 1.0002). Sim-
ilarly, it was previously shown that seawater samples from HNLC areas commonly
define much steeper correlations in diagrams of Cd versus PO, concentrations than
the great majority of open ocean seawater from other locations. It is unlikely that
this correspondence is purely fortuitous. Rather, we propose that there exists a di-
rect link between the processes responsible for the distinct and steep Cd-PO,*" and
€'14/119Cd-Cd trends that are observed in HNLC seawater.
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Chapter 4

Cd Cycling in the Eastern Equatorial
Pacific Ocean (3°S-14°S)

The study discussed in this chapter has been prepared for submission to EPSL.
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Abstract:
Recent studies have recognized that micronutrient elements, such as cadmium (Cd), play an
important role in marine biological productivity. The distribution of dissolved Cd in sea-
water is correlated with that of phosphate, with low concentrations in surface waters due
to biological utilization and higher abundances at depth from remineralization of organic
material. The biological uptake of Cd in surface seawater can generate significant Cd iso-
tope variability. Whilst the deep ocean appears to be characterized by a relatively constant
Cd isotope composition of €''*/"10Cd ~ +2.5, which is roughly similar to results obtained
for the silicate Earth (¢"*/11°Cd is the deviation of the '**Cd/**°Cd ratio of a sample from
the NIST 3108 Cd isotope standard in parts per 10,000). The most fractionated Cd isotope
compositions have been determined for highly nutrient depleted open ocean surface waters
from the Atlantic Ocean and the Pacific Ocean, which exhibit €''*/11Cd values of up to +20
to +40. In contrast, the comparatively nutrient rich surface waters of the Southern Ocean
High Nutrient Low chlorophyll (HNLC) region display relatively high Cd contents of up to
0.2 nmol/kg and only limited Cd isotope fractionation with €'**/"'°Cd values of between
+5 and +8. These results provide new constraints on the cycling of the micronutrient Cd in
the oceans. In addition, they suggest that Cd isotopes may be a useful proxy for the study

of past changes in marine nutrient utilization.

These conclusions are supported by further results obtained in the present investigation
for seawater samples from the oxygen minimum zone (OMZ) in the South Pacific Ocean
off Peru. Cadmium concentration and isotope data were obtained for 9 depth profiles in
this region between 3°S and 14°S. The surface water samples from these locations dis-
play e''*/"0Cd-[Cd] signatures that are distinct from those found in the Southern Ocean
HNLC region and nutrient depleted open ocean areas. In the Peruvian OMZ, seawater from
depths of 0 -50 m displays highly variable Cd contents (of between 0.01 and 0.3 nmol/kg)
combined with surprisingly constant Cd isotope compositions with the value of ¢"*/1'°Cd
~ +b5 to +8. This signature most likely reflects a quasi steady-state situation, whereby the
removal of Cd by biological utilization (and associated isotope fractionation) is balanced
by Cd input from upwelling of Cd-rich water masses that feature intermediate isotope com-

positions. The deep water samples from the OMZ exhibit a mean €'**/1'°Cd value of +3+1,
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which is essentially identical to the global deep water average value.

4.1 Introduction

The geochemistry of Cd in the oceans and marine sediments has attracted significant sci-
entific interest for more than 30 years (Rehkamper et al., 2011). This interest is primarily
based on the observation that the dissolved Cd concentrations of seawater show a nutrient-
like distribution, which very closely resembles the distribution of the marine macronutrient
phosphate (Boyle et al., 1976} Bruland, 1980), as it displays low concentrations in surface
waters due to biological utilization and higher concentrations in deep water from reminer-

alization of organic material.

Recent studies have recognized that biological uptake of Cd in the surface ocean gen-
erates significant Cd isotope variability, whilst the deep ocean appears to be characterized
by a relatively constant Cd isotope composition of €''*/11°Cd ~ +2.5 (Lacan et al., 2006
Ripperger et al., 2007; /Abouchami et al., 2011}, which is roughly similar to the results
obtained for the silicate Earth with ¢14/119Cd ~ —0.3 (Schmitt et al., 2009). The most
fractionated Cd isotope compositions have been determined for highly nutrient-depleted
surface waters from open ocean areas, such as the Atlantic Ocean and the Pacific Ocean,
which exhibit e''4/119Cd values of between +20 and +40 (Ripperger et al., 2007; Xue et al.,
2012). In contrast, the nutrient and Cd relatively-rich surface waters from the Southern
Ocean HNLC region displays only limited Cd isotope fractionation with €''*/119Cd values
of up to +8 at Cd concentrations of no less than 0.2 nmol/kg (Chapter[3). All together, these
results indicate that Cd isotopes provide new insights into marine micronutrient cycling and

may be used for studies of past changes in marine nutrient utilization.

However, at present, the published Cd isotope database for seawater samples is still
limited (Lacan et al., 2006; Ripperger et al.l [2007; |]Abouchami et al. [2011}; |Xue et al.,
2012)). In particular, no study of Cd marine cycling based on isotopes for a major marine
oxygen minimum zone (OMZ) has been published so far. However, such research may shed

new light on macro- and micro-nutrient cycling in OMZ. To address this shortcoming, this
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study presents new coupled Cd concentration and isotope data for a suite of 74 seawater
samples from the OMZ in the Eastern Equatorial Pacific Ocean (EEP), one of the world’s

strongest and most extensive upwelling regions.

4.2 Samples and hydrographic background

4.2.1 Samples

In this study, Cd concentrations and isotope compositions were determined for 74 seawater
samples from the OMZ in the EEP off the coast of Peru (Fig. @.I). The samples are from
9 depth profiles located between 3°S - 14°S and 77°W - 86°W. These profiles cover two
meridional (north-south) sections and one zonal (west-east) section. The two meridional
sections are at 85.83°W (offshore Stations 109, 134, 97, 93) and between 77.06°W and
82.02°W (near-shore Stations 117, 124, 11, 78). The zonal section at 14°S includes Sta-
tions 93, 86, and 78.

All samples were collected with an ultraclean CTD system between December 27th,
2008 and February 18th, 2009 during legs M77/3 and M77/4 of a German expedition with
the R/V Meteor to the tropical eastern Pacific Ocean (Oschlies et al., 2012; Strammal, 2009;
Pfannkuche et al., 2011). After collection, the samples were immediately passed through
0.2 pm nominal size cutoff filter cartridges, transferred into appropriate pre-cleaned con-
tainers and then acidified to pH 2 using distilled 6 M HCI.

4.2.2 Current System of the Eastern Equatorial Pacific Ocean

The Peru Chile Current System (PCCS) of the EEP is also known as the Humboldt Current
System (HCS) and it extends from central Chile (~ 40°S) to northern Peru (~ 4°S) (Fig.
M.2). The PCCS is complex and subject to significant inter-annual variability as a conse-
quence of the El Nifio Southern Oscillation cycle (ENSO) (Strub et al., [1998). The PCCS

includes several currents:
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Figure 4.1: Locations of seawater samples analyzed in this study. Cd concentrations and
isotope compositions were determined for 74 seawater samples from the oxygen minimum
zone (OMZ) in the Eastern Equatorial Pacific Ocean (EEP) off the coast of Peru during
the research cruise METEOR M77/3 and M77/4. The samples are from 9 depth profiles
located at about 3°S-14°S and 77°W - 86°W. These profiles cover: (A) two meridional
(north-south) sections - (1) at 85.83°W (offshore Stations 109, 134, 97, 93; in blue colors)
and (2) between 77.06°W and 82.02°W (nearshore Stations 117, 124, 11, 78; in red colors);
(B) one zonal (west-east) section at 14°S (Stations 93, 86, and 78; in blue, purple and red,
respectively).
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The coastal currents, Chile Coastal Current (CCoastalC) and Peru Coastal Current
(PCoastalC), flow northward in the near surface layer (0-100 m) with a width of
about 100 km (Strub et al., |1998). They are located at the level of the thermal front
generated by the upwelling of cooler water at the coast (Smith, 1978, 1983).

The Peru-Chile Counter Current (PCCC), a southward flowing surface current, is
observed 100-300 km offshore from the coast (Strub et al., 1995/ |1998)).

The West Drift Current (WDC), is located further offshore and constitutes the return
current of the South Eastern Pacific subtropical gyre. It flows towards the South
American coast between 35°S and 48°S, then separates into two branches and one of

these flows northward as the Humboldt Current (Strub et al., [ 1998)).

The Peru-Chile Undercurrent (PCUC) is a poleward flowing subsurface current, which
extends over the continental shelf and slope off the west coast of South America with
a core located between 100 and 300 m depth. The PCUC transports warm, salty
Equatorial Subsurface Water (ESSW) from the eastern tropical Pacific to as far south
as 48°S (Silva and Neshyba, |1979). PCUC is the main source for coastal upwelling
off Peru and northern Chile (Huyer et al., 1987) and is associated with the oxygen
minimum layer (Wyrtki et al., [ 1966).
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4.2.3 Water masses of the Eastern Equatorial Pacific Ocean

Off Peru, the warm and salty Subtropical Surface Water (STSW; 20°C < Temperature <
28°C; Salinity > 35.0) features high oxygen contents and it overlies Equatorial Subsurface
Water (ESSW; 8.5°C < Temperature < 10.5°C; 34.4 < Salinity < 34.8), which has much
lower oxygen contents at depths below 100-150 m in the offshore regions (Wyrtki et al.,
1966; Enfield, |1976). Equatorial Surface Water (ESW) is characterized by temperatures
of 20°C to 24°C and salinities of 33.5 to 35.0, and is formed by mixing of Peru Coastal
Current (PCoastalC; Temperature < 19°C; 33.5 < Salinity < 35.0), Subtropical Surface
Water (STSW) and Tropical Surface Water (TSW; Temperature 25°C; Salinity < 33.5) in
a narrow band along the equator between 3°N and 4°S (Wyrtki et al., [1966; Enfield, |19°76]).

There are two important intermediate water masses in the South East Pacific, which
are Antarctic Intermediate Water (AAIW) and the shallower Eastern South Pacific Inter-
mediate Water (ESPIW). AAIW is formed by the subduction of Antarctic Surface Water
at the Antarctic Convergence (at about 50°S to 60°S) and it flows northward to a latitude
of approximately 20°S (Talley, 1999; Kawabe and Fujio, 2010). With a temperature of
about 3 to 5°C and a salinity of 34.3 to 34.5, AAIW occurs below 500-600 m depth but
sometimes approaches the surface during periods of strong upwelling (Strub et al., [ 1998)).
ESPIW deepens from its source region at about 32°S in a westward and northward direc-
tion and reaches depths of 150 m. ESPIW is characterized by a salinity of about 34.0 to
34.4 (Emery, 2001)), which is clearly distinguished from AAIW.

The densest water mass in the Pacific basin is the Lower Circumpolar Deep Water

(LCDW) (Wyyftels et al., |1996).

4.2.4 Hydrography of the Peruvian Oxygen Minimum Zone

Regions of the interior ocean that are relatively poor in oxygen are commonly called oxy-
gen minimum zones (OMZ), however, a clear and generally accepted definition in terms of
environmental parameters is not available. In previous studies, OMZs have been defined by

oxygen concentrations of less than 50 pmol/kg, 20 pmol/kg or 5 ymol/kg. Hence, in this
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study, the OMZ in the EEP off Peruvian coast is defined by oxygen concentrations of less
than 5 pmol/kg. The formation of OMZs is a consequence of a combination of sluggish
ocean ventilation, which leads to a limited replenishment of oxygen, and enhanced respi-
ration, whereby oxygen is rapidly consumed particularly by remineralization (Karstensen
et al., 2008). The upwelling area in the EEP off the coast of Peru is one of the world’s
largest OMZs, as this extends from 3°S to 15°S, at depths of about 100 to 900 m. The
formation of this large OMZ is discussed below, based on published literature (Strub et al.,
1998; Montecino et al., 2006).

In the South Eastern Pacific Ocean, the Peru Chile current system (PCCS) is one of
the most productive systems in the world ocean and it features permanent and seasonal up-
welling cells along the coasts of Peru and Chile. The upwelling off Peru can be observed
as far as 400 km away from shore (Strub et al., 1998)). The most intense coastal upwelling
occurs in the upper 50 m and within 50 km of the coast. Associated with the PCCS, a
shallow oxygen minimum zone is present, which extends far offshore. On average, the
OMLZ is located at depths between about 30-70 m (upper boundary) and 300-400 m (lower
boundary), and hence, it approximately coincides with the base of the euphotic zone. The
strong primary productivity in the euphotic layer is an important source of particulate or-
ganic matter, which is exported to subsurface layers. When the flux of exported carbon
is high, remineralisation and thus oxygen consumption at depth increases, which leads to
the generation of an OMZ. Once the OMZ is established, the oxygen deficit severely lim-
its remineralisation and hence, stimulates downward export of particulate organic matter.
Therefore, OMZ regions are associated with a significant export of carbon and particulate
organic matter. In summary, high productivity and intense remineralisation are the main
biogeochemical processes in the OMZ off Peru, which are needed to generate and maintain

OMZs.

The combination of low latitude upwelling, which generates high primary productiv-
ity, with the equatorward flowing surface flow and poleward undercurrent of the PCCS,
plays an important role in the formation of the OMZ in the EEP. In particular, biologi-

cal productivity in the upper ocean off Peru features a downward flux of organic matter
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which is decomposed at depth, thereby further depleting the low oxygen levels present in
the poleward undercurrent (PCUC). Upwelling brings nutrients back into the equatorward
surface layer, fueling productivity and creating a semi-closed 'nutrient trap’ that maintains
enhanced productivity (Montecino et al., 2006). Therefore, the net result is that the PCUC

off Peru has very low oxygen contents (Montecino et al., 20006).

4.3 Analytical methods

A recent publication provides a detailed description of the analytical techniques that were
used in this study (Xue et al., 2012; Chapter [2). Hence, only a brief summary of the meth-

ods is provided here, focusing on modifications to the published techniques.

Based on preliminary Cd concentration analyses ((Xue et al., 2012); Chapter [2)), the
separation of Cd from the sample matrix prior to isotopic analysis was carried out using
two different techniques. For samples with [Cd] > 0.1 nmol/kg, about 0.3 to 3 L of seawa-
ter were weighed to obtain 30 ng of natural Cd and then mixed with a suitable amount of a
H1Cd-13Cd double spike to achieve a spike-sample ratio of S/N=1. The Cd separation for
these samples was then carried out using a three-stage column chemistry procedure only, as
described in Xue et al| (2012) and Chapter[2] For seawater with Cd concentrations of less
than 0.1 nmol/kg, samples volumes of about 3 to 20 L were used for the Cd isotope anal-
yses. For all samples with [Cd] < 0.015 nmol/kg, the maximum available sample volume
of about 20 L. was employed for the analyses. After weighing and addition of the Cd dou-
ble spike, the Cd was first isolated from these samples by co-precipitation with AI(OH)s.
Following this, further purification was achieved using the standard column chemistry pro-
cedure ((Xue et al., 2012); Chapter [2).

The purified Cd fractions were subsequently analyzed by mass spectrometry for the
determination of the Cd stable isotope composition. The analyses were carried out with a
Nu Plasma HR MC-ICP-MS at the MAGIC Laboratories, Imperial College London. Mass
spectrometry and data reduction techniques are described in (Ripperger et al., 2007} [Xue

et al., 2012) and chapter 2l The Cd isotope data collected during the mass spectromet-
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ric analyses were processed to calculate the ’true’ isotope compositions of the unspiked
samples, which were corrected for both instrumental mass bias and isobaric interferences.
These data were then used to determine the reported ¢!'*/119Cd values of the samples rela-

tive to an isotopic standard (std):

114Cd 1100d
C ) Chmpe | 10, 000

6114/110Cvd —
(MiCa/Cad),,

In this study, the ¢''4/"°Cd data are reported relative to NIST SRM 3108 Cd, which is a
new proposed Cd isotope reference material. The secondary Cd isotope reference materials
BAM-1012 Cd, JMC Cd Miinster, and Alfa Cd Zurich were routinely analyzed alongside
with seawater samples and these measurements yielded results that were identical, within

error, to previously published data (Rehkidmper et al., [2011).

The chemical separation procedures routinely achieved Cd yields of better than 90%
during the course of this study. All Cd concentration data were corrected for the procedural
blank of about 20 pg. This implies that the blank contributes only about 0.03% to the
indigenous Cd present in the samples. As the blank contamination had only a negligible

effect on the measured isotope compositions, no corrections were applied to these results.

4.4 Results and discussion

4.4.1 Hydrological data

Profiles of salinity, temperature and oxygen for the 9 stations are shown in Fig. 4.3a. Given
that below 400 m depth, the profiles of salinity, temperature and oxygen are very similar

for all the stations, detailed hydrology data for the upper 400 m are presented in Fig. {.3|(b).

Based on the salinity profiles for the upper 150 m (Fig. §.3|b)), the 9 stations can be
divided into three distinct groups: (I) At the near-shore stations 124, 11 and 78, located
at 6°S-14°S, salinity increases modestly from 35.0 at the surface to approximately 35.2 at

about 30 m depth, and then decreases gently to about 35.0 at 50 m depth. The salinity is
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roughly constant at 35.0 between depths of 50 to 150 m. (II) At stations 109, 117 and 134
at 4°S - 6°S, the salinity of the surface water has an extremely low value of about 34.4.
At depth, salinity increases rapidly from the surface value to 35.0 at 30 m depth, and then
decreases slightly to about 34.95 at 150 m depth. (III) The salinity trends of the offshore
stations 86, 93, 97 at 12°S - 14°S are distinct in the upper 150 m of the water column.
The highest values of 35.2 to 35.6 are observed in surface water. Salinity continuously
decreases to about 34.7-34.8 at depths of 100-120 m and then increases modestly to 34.9
at 150 m.

In general, the temperature profiles for the 9 stations show very similar trends, whereby
temperature continuously decreases from the surface to a depth of about 3000 m. Below
3000 m, the temperature is constant at about 1.8°C. However, there are minor differences
in the temperature profiles for the upper 150 m. The near shore stations 11, 78, 117, 124
are distinct in that they exhibit surface water temperatures of only about 20°C - 22°C. In
contrast, the offshore stations 86, 93, 97, 109, 134 have higher surface water temperatures
of about 25°C to 27°C. Moreover, the temperatures at the offshore stations 109 and 134,
located at 4 - 6°S, decrease rapidly from 25°C at the surface to 15°C at 50 m depth, and
then show the same value at 50-150 m depth as the near shore stations 11, 78, 117 and 124.

The salinity and temperature profiles demonstrate that (Fig. {.4): (1) The 9 sampling
stations feature two different dominant surface water masses. Stations 86, 93, 97, in the
core of the STSW, are characterized by 20°C < Temperature < 28°C and Salinity > 35.0,
whereas Stations 109, 117, 134 are affected by ESW, which is characterized by 20°C <
Temperature < 24°C and 33.5 < Salinity < 35.0 (Fig. 4.4); (2) The surface water of the
near shore stations 11, 78, 124 has a distinct character, with salinities that are similar to
those measured at 50 m depth and relatively low temperatures (Fig. .4)). These character-
istics may be a consequence of strong coastal upwelling, which brings subsurface water to

the surface.

The oxygen profiles for the 9 stations are shown in Fig. [4.3(b). The oxygen content
of the surface waters is as high as 200-250 pmol/kg due to exchange with the atmosphere.
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From the surface to subsurface/intermediate depths (50-300 m), oxygen concentrations de-
crease continuously and rapidly to values as low as 2-3 pumol/kg which are maintained to
depths of up to 500 m. Below 500 m, the oxygen concentrations increase with increasing

depth.

In this study, the boundary of the OMZ is defined by an oxygen concentration of 5
pmol/kg. Based on this definition, the upper boundary of the OMZ at the 9 stations occurs
at depths ranging from 50 m to 300m. At the near shore station 11, 78, 124, the upper
boundary of the OMZ is particularly shallow at depths of about 50 m. In contrast, at the
offshore stations 86, 93, 97, and 134 the upper boundary is situated at a depth of about
100-150 m. The upper boundary of the OMZ appears even deeper, at 200-300 m depth, for
the stations 109 and 117, which are at located at 4°S.

Considering that the OMZ of the EEP is related to the upwelling of water masses, the
vertical oxygen profiles (Fig. 4.3)) illustrate that, in general, the OMZ is expressed at depths
of between 50 m and 500 m. Furthermore, the variation in the depth of the OMZs indicates
that upwelling is generally stronger at the coast than offshore and stronger at 6°S, 12°S, and
14 °S than at 4°S. The latter is clearly apparent in the W-E sections of salinity, temperature
and oxygen, which are shown in Fig. [4.5] It is important to note that the data shown in Fig.
[4.5] are based not only on data collected at the 9 sampling stations in this study. Rather,
they were constructed using all of the CTD data collected during cruise M77/3 and M77/4.

At 4°S, there are no conspicuous variations in salinity, temperature and oxygen along
the W-E transect and the upper boundary of the OMZ is constant at about 200 m depth.
This suggests that the upwelling at 4°S has a similar intensity at both coastal and offshore
locations. At 6°S, the upper boundary of the OMZ along the W-E transect is shallower
than at 4°S. Here, the upper boundary of the OMZ is located at a depth of about 100 m in
the offshore region; however, the boundary moves to depths as shallow as 50 m, close to
the coast. This upwelling is more intense at the coast, which is also apparent in transects
at 10°S, 12°S and 14°S (Fig. @ At these locations, the coastal and near-shore surface

water features lower salinity and lower temperatures. Moreover, oxygen concentrations at
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10°S, 12°S and 14°S reveal that the upper boundary of the OMZ is located at depths of 30

to 50 m, which is even shallower than that at 6°S.

Furthermore, figure .5 shows variations of salinity, temperature and oxygen along two
N-S transects, which are at near shore and at 85.83°W offshore. They further confirm
that (1) in general, upwelling is stronger in coastal regions than in offshore areas; (2) in
agreement with earlier studies (Strub et al.,|1998; [Montecino et al., 2006)), the most intense
coastal upwelling occurs at between 10°S and 14 °S; (3) the OMZ in the study area is
located at depths of between 30 m and 500 m in the water column; (4) the upper boundary
of the OMZ varies in depth between about 30 and 200 m.

4.4.2 Cd concentration and isotope composition profiles and their relation-

ship with oxygen contents

Profiles of Cd concentrations and isotope compositions (Fig. display broadly similar
trends for all 9 stations. In particular, Cd is depleted in the surface water, with concen-
trations of about 0.1 to 0.3 nmol/kg at the near-shore Stations 11, 78, 117, and 124 where
upwelling is particularly strong. In contrast, the offshore Stations 86, 93, 97, 109, and 134
have lower Cd contents of about 0.01 to 0.04 nmol/kg. Furthermore, at all stations the sur-
face seawater features Cd isotope compositions of ¢''4/11°Cd ~ +5 to +8. Such relatively
constant surface water Cd isotope compositions that are coupled with variable Cd contents

appear to be a typical characteristic for the Peruvian upwelling region.

From surface to subsurface depths above the upper boundary of the OMZ, the sam-
ples display generally increasing Cd contents and lower Cd isotope fractionation. These
observations are in accord with water mass upwelling and remineralization of biological
material. At 200 m depth, all 9 stations have nearly identical Cd contents of about ~ 0.7
nmol/kg and Cd isotope compositions of about €''*/11°Cd ~ +5.5 (Fig. [4.6). In this con-
text, upwelling water masses generally come from depths of about 100-300 m, both in

coastal and offshore locations (Huyer et al., 1987; Strub et al., [1998)).
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At intermediate water depths, remineralization of biological material can only occur at
high oxygen levels, which appears below the lower boundary of the OMZ (Fig. .7). As
a result, Cd concentrations increase to about 1 nmol/kg at 1 km depth. At this depth, the
Cd isotope compositions observed for all stations are also relatively constant at ¢!*4/11°Cd
~ +4 (Fig. . Below 1 km, both Cd concentrations and €'*4/*0Cd values decrease
slightly, possibly as a result of mixing between intermediate water (AAIW and/or ESPIW)
and deep water masses (LCDW) (Fig. #.4). At depths of 3 to 4 km, the water sampled at
all stations has a similar Cd content of about 0.9 nM. Furthermore, the Cd isotope compo-
sitions of these samples are essentially identical at ¢''*/119Cd ~ +2.5 (Fig. [4.7), which is
in excellent agreement with average values published for the Pacific and Southern Ocean
deep-water (>1km) with ''%/11°Cd = +2.5 4 0.7, ((Ripperger et al., [2007; Rehkimper
et al., 2011); chapter [3)).

A significant observation is that the Cd concentration profiles reveal clear differences
between the near-shore stations 11, 78, 117, 124 and the offshore stations 86, 93 97, 109,
134 (Fig. 7). At station 11 and 78, the strong coastal upwelling brings water masses with
high Cd but low oxygen contents from about 100 - 300 m depth to or close to the surface.
As a consequence, the surface and subsurface waters display relatively high Cd contents,
which increase rapidly from 0.1-0.3 nmol/kg at the surface to 0.8 nmol/kg at depths of 50-
200 m. This strong coastal upwelling extends through the upper boundary of the OMZ to
depths as shallow as 50 m. Hence, the Cd concentrations in the water column above the
upper boundary of the OMZ are determined by the interplay of biological utilization of Cd,
release of particulate Cd by remineralization of biological materials and Cd replenishment

by water mass upwelling.

The oxygen contents display a minimum value of < 5umol/kg between depths of 50
m and 450 m and at such low oxygen concentrations the remineralization of particulate
organic matter is severely limited. Therefore, in the OMZ between 50 m and 450 m depth,
the Cd content of the seawater is primarily a function of biological utilization and replen-

ishment of Cd by upwelling.
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At Station 124 (situated at 6°S), coastal upwelling is weaker than it is in the central
upwelling region between 10 - 14°S. Hence, the upper boundary of the OMZ is observed
at a depth of about 170 m, which is much deeper than that observed at 10-14°S. From the
surface to a depth of 50 m, Cd concentrations at Station 124 only increase to 0.7 nmol/kg,
which indicates that upwelling is weaker at this locality to replenish the low Cd contents in

the surface water.

At station 117, the upwelling is even weaker and consequently only a relatively thin
oxygen minimum layer is developed between depths of 300 m and 350m. Hence, the OMZ
is located below the depth from which water mass upwelling is sourced. Furthermore, a Cd
concentration of only about 0.4 nmol/kg is observed at 50m depth, as the weaker upwelling

only leads to modest replenishment of the Cd contents.

In comparison to the Cd profiles for the near-shore stations in the coastal upwelling
region, the Cd contents in the surface water at the offshore stations at 85.83°W are dis-
tinguished by much low Cd concentrations of about 0.01-0.04 nM (Fig. 4.7). In general,
the upwelling at offshore locations is much weaker than the coastal upwelling at the same
latitude (Strub et al.,|1998; Montecino et al.,|2006). This inference is supported by the ob-
servation that the upper boundaries of the OMZ at offshore stations are generally observed
at greater depths (of about 150 to 300 m) than at the near-shore stations. This reflects that
the offshore upwelling is not strong enough to bring water masses with high Cd and low
oxygen contents close to the surface. Hence, the surface waters at the offshore stations

have low Cd contents as a result of the less Cd-replenishment from upwelling.

The oxygen and temperature sections along 85.5°W (Fig. demonstrate that (1) off-
shore upwelling is strongest at about 6.5°S; (2) the intensity of upwelling decreases from
6.5°S to 14°S. This conclusion is supported by the Cd contents of surface and subsurface
water. At Station 93 and 97, the Cd concentrations are extremely low in the upper 50 m.
This is because the offshore upwelling is too weak to replenish depleted Cd in the surface
and subsurface waters. In contrast, at Station 134 extreme depletion of Cd to about 0.04

nmol/kg, is only observed in surface water (Fig. {.7). At a depth of 25 m, the Cd concen-
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tration rises to about 0.1 nmol/kg, which is much higher than the Cd concentrations that

are observed at Stations 93 and 97 at the similar depths.

At 4°S, the Cd profile at the offshore Station 109 is very similar to that of the near-
shore Station 117, even for the upper 200 m. The oxygen profiles (Fig. are also very
similar. Together, these observations suggest that the intensity of the water mass upwelling

at 4°S is similar at offshore and near-shore localities and weak compared to the near-shore

upwelling observed at 10 - 14°S (Fig. £.7).

The key differences in the Cd profiles between offshore and near-shore localities in the
center of the Peruvian upwelling region at about 14°S are highlighted in Fig. {.8] In all
cases, the water mass at 100-300 m depths is characterized by an average value of [Cd]
~ 0.7 nmol/kg and €"'*/1°Cd ~ +6. This is important, because the upwelling water at
both offshore and near-shore areas is sourced approximately from these depths (Strub et al.,
1998}, Montecino et al., 2006; Hormazabal et al., 2006). Upwelling brings oxygen depleted
but Cd-rich water masses close to the surface. As a consequence, the upper boundary of
the OMZ extends to shallower depths and the Cd content of surface and subsurface water
is replenished, where upwelling takes place. Hence, the intensity of upwelling has a major
influence on the depth of the upper boundary of the OMZ and the Cd contents, which are

observed in the upper water column to depths of about 200 m.

These effects can be clearly seen in the 3 depth profiles from the W-E transect at 14°S
(Fig. 4.8). Here, upwelling is thought to be weakest at the offshore location of Station 93.
Clearly, the depth of upper boundary of the OMZ increases from 170 m at Station 93 to
about 50 m at Station 78. Cadmium is furthermore extremely depleted in the upper 50 m at
Station 93, whereas at Station 78, the Cd content of the surface water is about as 10 times
higher than that observed at Station 93. In addition, a much more rapid rise in Cd content
is observed in subsurface water at depths of < 100 m at the near-shore Station 78 than at

offshore Station 93.

In the upper water column, to the depth of the upper boundary of the OMZ, Cd contents
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are determined primarily by the intensity of upwelling, biological utilization and reminer-
alization of organic matter. From the upper boundary of the OMZ to about 200 m depth, the
Cd concentrations are dominantly affected by the intensity of upwelling, as both biological
utilization and remineralization are limited by the low oxygen content of the water column.
The Cd concentrations show a general increase between 200 m and 1 km, as the higher
oxygen concentrations at intermediate depths again support remineralization. Below 1 km,
the Cd concentrations decrease slightly, presumably as a consequence of mixing between
intermediate water with higher Cd contents (from remineralization) and deep water, which

is characterized by a relatively lower Cd concentration.
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(a) Profiles of salinity, temperature and oxygen.
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(b) Profiles of salinity, temperature and oxygen for the upper 400m of the water column.

Figure 4.3: The depth variations of salinity, temperature and oxygen CTD data for the 9
stations in this study.
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(g) The hydrology section profile of the N-S transect nearshore.

Figure 4.5: The hydrology section profiles of the W-E transects and N-S transects in the upper
500m.
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Figure 4.6: Cd concentrations and isotope compositions for 9 stations.
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4.4.3 Comparison of Cd concentration and isotope composition depth pro-

files for the OMZ in the EEP with data for other locations

In the following, typical [Cd] and €!'%/119Cd depth profiles for the OMZ in the EEP are
compared with data for the Southern Ocean HNLC region and non-HNLC open ocean ar-
eas. For this comparison, the following locations were selected (Fig. 4.9): (1) the BATS
station in the North Atlantic (Chapter [2), which is representative of an oligotrophic ocean
region; (2) Station 198 from the Weddell Sea (Chapter [3)), which represents an HNLC en-
vironment; (3) the depth profile of Station 78 at 14°,S which characterizes the Peruvian
OMZ, as it was previously shown that the Cd distribution at this location is clearly affected

by the strong coastal upwelling and the presence of an OMZ at shallow depth.

The data that were acquired for the GEOTRACES intercomparison samples from the
BATS station provide the first comprehensive depth profile of Cd and Cd isotope compo-
sition in the oligotrophic North Atlantic Ocean (Fig. [4.9). For this station, water sam-
ples from depths of less than 250 m have extremely low Cd contents (of 0.0012 to 0.035
nmol/kg) and they feature large isotope fractionations with €''*/11°Cd values of greater
than +10. In contrast, below 1 km, the water exhibits almost identical Cd concentrations of
about 0.29 nmol/kg and €''4/1°Cd ~ +4.4 +0.4 (relative to NIST 3108 Cd standard). This
€'14/110Cd value is slightly more positive than deep water results obtained for localities in
the Southern and Pacific Ocean, which define a deep water average value of €''*/11Cd =
2.5 £ 0.7. It was previously inferred that the more fractionated Cd isotope composition of
the North Atlantic Ocean deep water may reflect the relatively young ventilation age of this

water mass (Chapter 2).

In the Southern Ocean HNLC region, biological uptake of Cd and macronutrients is
limited, most likely due to the restriction of biological productivity by the lack of the mi-
cronutrient Fe. The Cd concentration and isotope composition depth profiles obtained for
samples from Station 198 in the Weddell Sea clearly exhibit this HNLC signature (Fig.
4.9). At the surface and shallow depths, Cd is only modestly depleted and the Cd isotope
compositions €''*/119Cd is only up to + 4. At depths of 200-400 m, the water column
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Figure 4.8: Profiles of Cd concentration, Cd isotope compositions and oxygen contents in
the W-E section at 14°S. Cd concentration data are shown in dark blue squares; Cd isotope
composition data are shown in red dots; oxygen concentrations are shown in the green solid

line.

features the lightest yet measured Cd isotope compositions for open-ocean seawater, with

€'14/110Cd ~ +1. These light isotope compositions are likely caused by the release of Cd

from remineralized organic matter, which is characterized by a negative ¢!'*/11°Cd, as a
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consequence of incomplete Cd utilization in the HNLC environment of the Weddell Sea.
Such light Cd isotope compositions in the upper part of the water column may therefore be
typical for the Southern Ocean HNLC region (Chapter [3). Waters from below 1 km depth
have Cd contents of about 0.8 nmol/kg and the Cd isotope compositions are relatively con-
stant at ¢!1%/119Cd ~ 42.5 + 0.4 (Is, n = 15), which is in excellent agreement with the

published Pacific and Southern Ocean deep-water average value of €''4/11°Cd = +2.540.5.

In the EEP off the Peruvian coast, the combination of intense upwelling, high primary
productivity, remineralisation and presence of a shallow OMZ have a distinct impact on the
distribution of Cd in the water column. This can be clearly seen in the Cd concentration
and isotope composition profiles for Station 78 at 14°S, close to the Peru coast (Fig. .9).
At this location, surface water is only modestly depleted in Cd and the Cd concentrations
rise rapidly within the upper 50 m. Furthermore, Cd isotope fractionations with ¢''4/11°Cd
~ +0 to +8 are seen in this upper part of the water column. Particularly noteworthy is that
the Cd concentrations do not increase further but are relatively constant (with a ’kink’) at
depths of about 50 m to 400 m, where the oxygen depletion is most prevalent. The Cd
isotope compositions are also nearly constant in this depth interval. The coastal upwelling
in this region is thought be sourced primarily from the depths of about 100-300 m. At
Station 78, this depth is within the oxygen minimum zone and characterized by [Cd] ~ 0.7
nmol/kg and €''*/1'°Cd ~ +4-6. Therefore, upwelling delivers oxygen-depleted but Cd-rich
water to the surface. This replenishment of Cd, acting in combination with remineraliza-
tion, can explain the rapid rise of [Cd] in the upper 50m of the water column and the only
moderate depletion of Cd in surface waters, despite high productivity. The rapid rise of the
Cd with depth ends at the upper boundary of the OMZ, as the low oxygen concentrations
that are encountered within the OMZ severely limit the remineralization of organic matter
and hence, the release of Cd. Below the OMZ, down to about 1 km, the Cd concentrations
increase moderately with a small concomitant change in Cd isotope composition, presum-
ably due to either water mass mixing and/or remineralization reactions that occur in the

more oxygen-rich waters found at greater depth.
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4.4.4 (Cd isotope fractionation in the Peruvian OMZ

Comparison of Cd isotope variations in the Peruvian OMZ with data for

other locations

The distinct €''4/11°Cd vs. [Cd] trends that are exhibited by samples from primarily olig-
otrophic open ocean areas, the Southern Ocean HNLC region and the OMZ of the EEP, are
shown in Fig. 4.10|and further discussed in this section.

The clear difference between the trends, which are exhibited by seawater from olig-
otrophic oceans and the Southern Ocean HNLC region, were previously discussed in Chap-
ter 3} The main conclusions of this discussion are summarized below. The Cd isotope
compositions and concentrations of the HNLC samples display a single, well defined log-
arithmic correlation, which is in accord with a closed system Rayleigh fractionation factor
of a = 1.0005 for biological uptake of Cd. In contrast, water samples from non-HNLC
open ocean areas, such as the Pacific, Arctic and Atlantic Ocean, are in good accord with
closed system Rayleigh fractionation trend that has a much lower slope, which is equivalent
to a =~ 1.0002.

In comparison to the samples from HNLC and non-HNLC regions, the water samples
from the OMZ in the EEP display distinct systematics (Fig. [4.10). In particular, the seawa-
ter samples from surface and subsurface depths of < 50 m show broadly constant e!'4/110Cd
values of about +5 to +8, despite highly variable Cd contents of between 0.01 nM and 0.3
nM. Between depths of 50 m to about 1.5 km, seawater samples from this region cluster
€!14/110Cd values of about +4 to +6, whilst Cd contents range between 0.7 nmol/kg and 1.1
nmol/kg. Furthermore, the majority of these samples define a positive correlation between

¢114/110Cq and Cd concentration.

Water samples from depths below 3 km are characterized by an average ¢!'%/11°Cd value
of +2.5, which is in excellent agreement with the mean value (e''*/1'°Cd = +2.5 4 0.7) of
the Pacific and Southern Ocean deep-water (discussed in Chapter [3)). In addition, the Cd

concentrations of these deep waters are in accord with the trend of increasing Cd con-
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tents that are encountered along the global deep-water convection system from the North

Atlantic/Arctic Ocean, to the Southern Ocean and the North Pacific.

Interpretation of the Cd isotope fractionation trends observed for the Peru-

vian OMZ

In the following, a detailed interpretation of the Cd isotope fractionation trends that are ob-
served for the EEP is attempted. This interpretation assumes that the presence of the OMZ
in association with intense water mass upwelling, high primary productivity and reminer-

alisation of organic matter have a key impact on the cycling of Cd in this environment.

The surface and near-surface seawater from depths of < 50 m in the Peruvian OMZ
shows only modest Cd isotope fractionation and broadly constant e''*/1'°Cd values of about
+5 to +8. Furthermore, these samples exhibit highly variable Cd contents of between 0.01
nmol/kg and 0.3 nmol/kg. As a result, the data for the surface seawater from the OMZ in
the EEP are not in accord with Cd isotope fractionation trends identified for samples from
other localities (Fig. 4.10). Rather, the unusual Cd isotope and concentration systematics

of these samples require a different explanation.

In the EEP off the coast of Peru, strong upwelling continuously supplies Cd and other
nutrients to the surface and shallow subsurface depths to replenish the Cd that is utilized
by biological productivity. Hence, it appears that a steady state open system fractionation
model may be most appropriate to describe the Cd cycling in the Peruvian OMZ in the EEP.
The Cd isotope compositions and concentrations of such a steady-state system are linked

by the equation:

1
E114/110Cdseawater = 6114/HDCdseawater,O - 107 000 - a ’ (1 - f)

where [Cdseawater0] and €'14/11°Cd,uyaer0 denote the initial Cd concentration and isotope
composition of the surface water, [Cdawaer] and €'14/M0Cd,qyaer are the Cd concentration

and isotope composition of surface seawater that has been affected by biological uptake of
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Cd, f is the depletion factor given by f = [Cdseawater0] / [Cdseawater] » and « is the Cd isotope

fractionation factor.

Hydrological data support the conclusion that upwelling supplies water from depths of
about 100-300 m to the surface ocean. Hence, based on the available data, the calcula-
tions assume that the initial composition of seawater is characterized by values of about
eM/MOCA aero = +4.5 to +6.5 and [Cdseawarero] = 0.7 to 0.9 nmol/kg. Based on these
values, the calculated open system Cd isotope fractionation trends are shown in Figs. {.11]

for fractionation factors « of between 1.0001 and 1.0003.

A comparison of the calculated trends with the results obtained for seawater from depths
of < 50 m shows that, with only very few exceptions, the samples are in accord with sys-
tematics predicted by the open system isotope fractionation model. In particular, the model
can explain why the surface and near-surface seawater of the OMZ in the EEP shows a
large range in Cd concentrations with only relatively constant ¢''*/11°Cd values. In gen-
eral, upwelling at offshore locations is less intense compared to that observed in coastal
regions (particularly at 10 to 14°S). This is in accord with the observation that that surface
and near-surface water samples from offshore stations have the lowest Cd contents, as the
weaker upwelling at these locations is unable to effectively replenish biologically utilized
Cd.

There are, however, a few samples that are not in accord with the calculated open-
system fractionation trends. In particular, these are samples that were collected at 0 to 50
m depth either above or from within the oxygen minimum zone at near-shore locations
(Figs. ; Table [4.1). The origin of the distinct ¢''4/''°Cd-[Cd] systematics of these
samples is presently unclear, but there are a number of possible explanations for the Cd
isotope fractionations that are coupled with comparatively high Cd concentrations. Firstly,
it is possible that Cd isotope fractionation at these particular locations was governed by a
higher fractionation factor « or by closed system Rayleigh fractionation, potentially due to
distinct local conditions before and at the time of sampling. Alternatively, these samples

may reflect Cd uptake from an unusually Cd-rich and fractionated initial isotope compo-
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sition. In fact, such a composition may be exhibited by two of the unusual samples from
Stations 11 and 78 at 50 m with [Cd] ~ 0.8 nmol/kg and ¢!'*/119Cd ~ 7.5. The origin
of these unusual Cd systematics is also unclear. However, it is noteworthy that both sam-
ples featured very low oxygen contents and were collected in close proximity to the upper
boundary of the OMZ at near-shore stations, where upwelling is particularly strong. Hence,
it can be speculated, for example, that the high Cd contents of these samples may be due
to desorption of Cd from organic particulate matter that is available in situ. Alternatively,
additional fluxes of Cd may be derived from anoxic sediments, which have been previously

inferred to release Cd into the water column (Boning et al., 2004, [2009).

The Cd isotope compositions of the seawater from the intermediate depths between 200
m and 1.5 km display a positive correlation with Cd concentrations. This correlation is, fur-
thermore, in accord with trends expected for either closed- or open-system stable isotope
fractionation at o ~ 1.0005 - 1.0006 (Fig. 4.12), which is appropriate for biological uti-
lization. For example, an appropriate Rayleigh fractionation trend can be calculated with a
fractionation factor of o ~ 1.0005 and an initial composition akin to seawater from 1500
m depth, with [Cd] = 1.0 nmol/kg and ¢'**/11°Cd = +4. Alternatively, open system Cd frac-
tionation is also in accord with the observed trend, assuming the same initial composition

and a fractionation factor of o = 1.0006.

Given that this trend is defined by samples that were collected either from within the
OMZ or from depths below the photic zone, it is doubtful that the correlation is a conse-
quence of in situ biological uptake of Cd. Rather, it is more likely to be product of binary
mixing between two endmembers that have distinct Cd concentrations and isotope compo-
sitions. This interpretation is supported by the observation that changes in both parameters
are also roughly correlated with depth. In detail, the correlation may be generated by mix-
ing of a deeper water mass (from about 1500 m) with [Cd] ~ 1.0 nmol/kg and ¢''*/11°Cd
~ 44 and a shallower water mass (that is present at about 200 m depth), which features
[Cd] ~ 0.7 nmol/kg and €'**/119Cd ~ +6 (Fig. 4.13). In addition, the higher Cd contents

may also be a consequence of Cd additions, which are provided by the remineralization of
organic matter at depth (Fig. 4.14).
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Regardless of the origin of the higher Cd contents, the observation of Cd isotope com-
positions with €!'4/119Cd values of greater than +5 at depths of about 200 m is also unusual.
It is likely that such compositions constitute an inherited water mass signature, which was
formed in the surface ocean by biological uptake of Cd and associated isotope fractionation.
For example, a previous study (Huyer, 1990; Strub et al., |1998) suggested that Peru Chile
Undercurrent (PCUC) often reaches to the surface water, which may lead to this uncom-
mon Cd isotope composition at about 200 m depths.. However, it is also conceivable that
these unusual Cd isotope features are produced by distinct processes, which are linked to
the OMZ environment. For instance, they may be associated with denitrification reactions,
which occur at the boundary of an OMZ or with the release of Cd from particulate organic
matter or carbon-rich shelf sediments. Clearly, further work is needed to better understand

some aspects of the Cd distribution in this and probably most other OMZs.
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4.5

Conclusion

This investigation has revealed key characteristics of the Cd distribution and isotope frac-

tionation in a major OMZ.

(1

2)

3)

“4)

The Peruvian OMZ is expressed at depths of between 30 m and 500 m and its for-
mation is directly related to the intense upwelling, which occurs in this region. In
general, coastal upwelling is stronger than upwelling observed further offshore. The

most intense upwelling is centered on coastal localities at between 10°S and 14 °S.

This study and previous work (Huyer, |1990; [Strub et al., 1998]) shows that the water
masses upwelling to the surface at both offshore and near-shore locations are derived
from depths of about 100-300 m. The present investigation reveals that the upwelling
water is characterized by [Cd] ~ 0.7 nmol/kg and ''*/11°Cd ~ +5 to +6. Hence,
upwelling brings oxygen-poor but Cd-rich water masses to shallow depths. This
replenishes the Cd content of surface and subsurface seawater, which would other-
wise feature low Cd concentrations due to biological utilization. Both upwelling and
enhanced biological productivity, act to extend the upper boundary of the OMZ to
shallow depths.

Cd distribution in the Peruvian OMZ is determined by the interplay of various pro-
cesses and conditions, such as the location of OMZ, biological utilization, reminer-
alization of biological material as well as the intensity of upwelling. In particular,
surface waters above 50m in the Peruvian OMZ are distinguished by variable Cd
contents, which are coupled with relatively constant Cd isotope composition with
e14/110Cd approximate values between +5 and +8. This may be caused by the re-

plenishment of Cd from upwelled water masses from 100-300m.

A positive correlation between Cd concentrations and isotope compositions is ob-
served for water samples from depths of about 200 m to 1.5 km. This correlation is
most reasonably explained by either water mass mixing and/or the continued release

of Cd from remineralization of organic matter at greater depth. In addition, the trend



Chapter 4. Cd Cycling in the Eastern Equatorial Pacific Ocean (3°S-14°S) 169

indicates that water masses are present in the OMZ region at depths of at least 200
m, which likely have inherited a biological fractionation signature at significantly

shallower depths.

(5) The marine environment of an OMZ generates distinct Cd concentration and isotope
signatures in the water column. The correlation between Cd concentrations and iso-
tope compositions of water samples from the OMZ in the EEP is distinguished from

oligotrophic open ocean areas and the Southern Ocean HNLC region.
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Chapter 5

Conclusions and Outlook

5.1 Summary and conclusions

This PhD research project has generated a number of important achievements and findings,

as summarized below.

To improve the understanding of the marine cycling of Cd and its isotopic variations,
a new methodology has been developed for precise and accurate Cd isotope analyses by
MC-ICP-MS. This enables the analysis of large-volume seawater samples with low Cd
concentrations. In detail, the procedure is suitable for processing seawater samples with
volumes as large as 10 to 20 L and Cd concentrations as low as 1 pmol/L. The procedure
involves the application of new '''Cd-'"*Cd double spike and Cd purification by AI(OH);
co-precipitation and ion chromatography. The overall Cd yield of the new method is consis-
tently better than 85% and an external precision (2sd) of about 0.1 to 0.2 ¢/amu is routinely

achieved, when samples with 30 ng of natural Cd are analysed.

With the help of this method, Cd stable isotope variations were investigated in different
marine environments and this work has led to a number of important findings. In particular,
the study obtained the first Cd isotope profile for the North Atlantic Ocean. In addition,
the first comprehensive coupled [Cd]-Cd isotope surface water and depth profile data for

the Southern Ocean HNLC region and the oxygen minimum zone (OMZ) of the eastern
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tropical Pacific Ocean were generated. Importantly, we find that each marine environment
shows a different Cd distribution that is reflected in distinct trends of the datasets in dia-

grams of €''*/119Cd versus [Cd].

These findings underline that Cd isotope compositions can indeed provide valuable
new insights into biogeochemical processes and that Cd isotope have the potential to be

developed as a paleoceanographic proxy of nutrient cycling and utilization.

5.2 OQOutlook for future work

5.2.1 Further investigation of Cd isotope fractionation mechanisms in the

ocean

Whilst there 1s good evidence that biological utilization primarily governs Cd isotope frac-
tionations in the oceans, there is a great need to further investigate the fractionation mech-
anisms. Although new Cd isotopic datasets are currently being generated in a number
of laboratories, the overall number of marine, and in particular, seawater Cd isotope data
available is still limited. Hence, larger Cd isotopic datasets should be obtained for ocean
regions not yet investigated, such as the Indian Ocean and the South Atlantic Ocean. These
results can be applied to re-examine the currently suggested mechanisms for the marine

behavior and isotope fractionation of Cd.

Furthermore, studies are required to reexamine the uptake mechanisms of Cd by marine
microorganisms and its biological function in phytoplankton and bacteria in different ocean
regions. For instance, there are 3 major OMZs in the oceans, located in the eastern tropical
Pacific Ocean, the northern reaches of the tropical Indian Ocean and the tropical Atlantic
Ocean (Stramma et al.,|2008). Hence, whether the present mechanisms for Cd distribution
and isotope fractionation in the tropical Pacific OMZ are also suitable for the other two
OMZs, should be explored.

In addition, Cd isotope analyses of phytoplankton biomass collected from the water
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column can be used to test the mechanism for Cd isotope fractionations in seawater by
biological utilization. If the current mechanisms that were inferred from and modeled for
Cd isotope fractionation in seawater are correct, the Cd contents and isotope fractionations

of the biomass should provide compatible results.

5.2.2 Investigation of the sources and sinks of Cd in the oceans

Previous studies demonstrate that Cd is provided to the ocean by rivers through estuarine
systems, atmospheric dust particles and hydrothermal fluids. In the oceans, Cd participates
in many internal cycles of assimilation into biogenic matter and remineralisation, and is
finally incorporated into marine sediments, which are the primary Cd sink (Collier and Ed-
mond, 1984; Rosenthal et al., 1995)). The isotopic compositions of these different sources
and sinks of Cd in the oceans are essentially unstudied at present; however, they are likely
to exhibit differences in €''*/1'9Cd. Therefore, the Cd isotope compositions of the main
sources and sinks of marine Cd should be investigated. The ¢!'*/1'°Cd value of the oceans
is also affected by any isotopic fractionation that occurs during incorporation of Cd into
marine sediments. In this case, the isotopic fractionation that occurs when Cd substitutes
into calcite and ferromanganese oxyhydroxides has been characterized (Horner et al., 2010,
2011). However, Cd fractionations associated with the incorporation of Cd contents into
other sediments, such as C-rich anoxic/suboxic shelf sediments, which are known to have
high Cd contents (Boning et al., 2004), are unstudied so far. Such key gaps in understand-

ing need to be closed.

Furthermore, such information when combined with Cd concentration data can be used
to re-evaluate the marine residence time of Cd, which is presently only poorly characterized
at about 10 to 100 kyr (Bewers and Yeats, [1977; Martin and Whitfield, [1983; Ruttenberg,
2003).
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5.2.3 Understanding the ¢"'*/119Cd-[Cd] correlations of the modern ocean

as a basis for developing the Cd isotope proxy for past oceans

The ¢14/110Cd-[Cd] seawater data features distinct trends for different marine environ-
ments, such as the Southern Ocean HNLC area, oligotrophic regions and the OMZ in the
eastern Pacific Ocean. Although further seawater analyses are needed to confirm these dis-
tinct trends and to better understand their origin, the correlation of coupled seawater Cd
isotope and concentration obtained from currently available Cd dataset implies a poten-
tial important application of the Cd isotope as a proxy for the study of past oceans. This
€'14/110Cd-[Cd] correlation would be valuable for paleoceanographic research to study past
changes in ocean circulation and to distinguish between different modes and mechanisms
of nutrient cycling and utilization. Hence, the investigation of ¢''4/"0Cd-[Cd] correlation

in foraminifera will help to examine this hypothesis.
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