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1 Introduction

High-precision low-level Cd isotopic analysis using
MC-ICP-MS and its application to marine samples
from Terra Nova Bay (Antarctica)t

Maria Alessia Vecchio, 2 Lana Abou-Zeid, @ Marco Grotti 2
and Frank Vanhaecke & *°

This study presents the development, validation and use of an approach for precise and accurate cadmium
(Cd) isotopic analysis at low concentration levels using multi-collector inductively coupled plasma-mass
spectrometry (MC-ICP-MS). The MC-ICP-MS unit used was equipped with a standard sample
introduction system, thus using an ICP operated under wet plasma conditions, and Faraday cup
amplifiers equipped with a 10 Q resistor. One-column anion exchange chromatography allowed
isolation of Cd with 80-99% recovery and absence of an effect of potential on-column fractionation on
the isotope ratio results was demonstrated. Use of both an internal (using Ag) and an external (measured
in a sample-standard bracketing sequence) standard was relied on for correction of the bias introduced
by instrumental mass discrimination. A long-term precision of 0.09%, (2SD) for §'*4/*'°Cd was achieved
at a Cd concentration of 10 ng mL™. The method developed was validated by analysing NIST SRM 2711a
(Montana soil) and NRC TORT-3 (Lobster hepatopancreas) reference materials, yielding results consistent
with literature values. Subsequently, the method was applied to two Antarctic marine organisms
Adamussium colbecki and Trematomus bernacchii, collected during both the 1990s and 2020s, to
investigate its potential for identifying changes in the biogeochemical cycle of Cd over time and reveal
natural or anthropogenic sources. A preferential uptake of the lighter Cd isotopes in both species was
observed, indicated by negative oMA10C values ranging between —0.24 and —0.099%,. This finding is
consistent with previous studies that have reported Cd fractionation during its uptake by marine
organisms, with a preference for the lighter isotopes. No significant differences in 6'**/*1°Cd values were
observed between organs of the same species or between the same species collected in the different
decades, suggesting minimal Cd isotope fractionation during internal transfer and consistent Cd sources
over time. Comparison with literature data suggests that the Cd source in Antarctic biota may be
predominantly of natural origin, with 6**4**°Cd values indicating isotopically heavier Cd than that found
in Cd-polluted areas. However, further Cd isotope ratio data from various Antarctic sample types are
necessary to further evaluate the Cd sources in marine samples.

nickel-cadmium batteries,® waste incineration, use of phos-
phate fertilisers and coal combustion.®
Cadmium can be associated with atmospheric aerosol and

Cadmium (Cd) is a toxic element found naturally in the Earth's
crust at trace concentration levels (~0.1 ug g '), with higher
values in Zn, Pb and Cu ores.’ Its concentration in the envi-
ronment is increased due to anthropogenic activities such as
ore mining,> smelting/refining,>* industrial production of
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transported over long distances, eventually reaching the
Antarctic continent.” Next to the deposition of these wind-
transported soil particles via wet processes,® also natural
processes, including submarine volcanic activity’ and direct
emissions from sea ice,'® can contribute to the occurrence of Cd
in the Antarctic marine environment.

Biota of Antarctic marine ecosystems, such as the bivalve
Adamussium colbecki (Antarctic scallop) and the fish Trematomus
bernacchii (emerald rockcod), are used as proxies for studying
the biogeochemistry of Cd."* These organisms, living in the
Southern Ocean, can accumulate much higher levels of Cd
compared to their counterparts in regions more influenced by
human activities. This occurs because Cd acts as a substitute for
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the essential element Zn, for which the input from the icy
continent 2 Therefore, bioaccumulation and bio-
magnification of Cd in the Southern Ocean occur as a natural
phenomenon.™ However, relatively high Cd levels between 100
to 200 pg g have been reported in the digestive gland of the
bivalve mollusc Adamussium colbecki, raising the question
whether all of this Cd is indeed from natural origin.*>***
Confirming that such high Cd accumulation is solely due to
natural processes is challenging when monitoring Cd concen-
trations only, highlighting the need for deeper and comple-
mentary information to reveal the sources of Cd in Antarctic
environments.?

Cd possesses eight stable isotopes, covering a wide mass
range from 106 to 116 amu. As with all other elements with =2
isotopes, it shows natural variation in its isotopic composition
owing to mass-dependent isotope fractionation, as a result of its
different isotopes participating in physical processes and
biogeochemical reactions to slightly different extents.'® Exam-
ining variation in Cd isotopic composition showed to be
a powerful tool to investigate the biogeochemical cycle of this
element and to reveal the sources of anthropogenic Cd pollu-
tion in the environment.>"'

Research into stable isotope fractionation of Cd dates back
to the 1970s with pioneering work carried out by Rosman and
collaborators,** revealing pronounced variations from 0.6%,
to 1.5%, per amu in extraterrestrial materials (meteorites).>**
Subsequently, Cd isotope fractionation was also evidenced in
terrestrial materials, such as seawater, geological and environ-
mental samples, by several authors.* For instance, Lacan et al.**
found that phytoplankton at the surface of seawater preferen-
tially absorbs the lighter Cd isotopes, making surface seawater
isotopically heavy. In contrast, decomposition and release of
sinking Cd-containing particulates govern the shape of Cd
isotopic profiles in the deeper ocean.”® Moreover, the water
mass circulation plays an important role in the redistribution of
Cd and its isotopes, while deep seawater remains lighter due to
mixing and nutrient regeneration.?>? Birch leaves showed 6"
9Cd variation up to 1%, during root uptake and trans-
location.>® Cd isotopic analysis was also relied on to reveal and
distinguish between natural and anthropogenic sources of Cd
in the environment. Some authors demonstrated that industrial
activities may affect the Cd isotopic composition. Cd deposited
around a Pb-Zn refinery was shown to be isotopically lighter
than the corresponding slag.®> Others observed significant Cd
isotope fractionation between the final products and the raw
materials.”” The ¢'****°Cd values ranged from —2.3%, in Pb
refinement waste to +5.869, in coal combustion slag, high-
lighting the method's usefulness in tracking Cd pollution. Shiel
et al. used this approach to identify the sources of Cd in bivalves
from different regions, revealing varying natural and anthro-
pogenic contributions in Atlantic and Mediterranean
bivalves.>7?*

Multi-collector inductively coupled plasma-mass spectrom-
etry (MC-ICP-MS) is the technique of choice for measuring Cd
isotope ratios as it offers high precision owing to the simulta-
neous monitoring of the ion beams of interest, enabling very
small differences in the isotopic composition of the target

is low.*
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element to be revealed and quantified.”*>' However, for also
assuring accuracy, (i) the bias introduced by instrumental mass
discrimination needs to be adequately corrected for and (ii)
potential spectral and non-spectral interferences need to be
addressed.

For Cd, the instrumental mass bias is typically corrected for
by means of (i) external correction with the standard measured
in a sample-standard bracketing (SSB) approach,®*** (ii) external
correction (SSB) combined with the use of Ag as an internal
standard (IS) in a double correction approach or (iii) a double-
spike approach.****31233% Spectral interferences affecting the
isotopic analysis may be caused by the occurrence of elements
with isobaric nuclides, such as Pd, Sn and In, and polyatomic
interferences such as argide and oxide ions of elements such as
Mo, Zn and Ge. Non-spectral interferences caused by the co-
presence of matrix elements can introduce errors in the mass
bias correction. To overcome spectral and non-spectral inter-
ferences, Cd is typically isolated from matrix elements through
chemical purification usually achieved by single- or multiple-
stage ion exchange chromatography, with the use of AG-MP-
1M, AG1-X8 and/or Eichrom TRU Spec resins.*>*262931,34:36,37,39-45

Precise and accurate isotopic analysis of Cd in Antarctic
biota samples is challenging due to the low Cd concentration
present in such samples, leading to Cd concentration in the
solutions finally analysed typically in the 20-300 ng mL ™'
range.*® In addition, many studies report on-column Cd frac-
tionation during the chromatographic isolation, especially
when low Cd amounts are loaded into the column. This artifi-
cial fractionation is typically corrected through the use of
a double-spike approach.>*313438:40414347 The Jatter, despite
being the most reliable mass bias correction approach, is
labour-intensive and time-consuming. As a result, we aimed for
a more straightforward approach that allows for higher sample
throughput and faster processing, while still displaying fit-for-
purpose performance at the low Cd concentrations
encountered.

For MC-ICP-MS isotopic analysis at low concentration, an
aerosol desolvation unit such as an Aridus II (Teledyne Cetac
Technologies, USA) is typically used to introduce Cd into the
ICP. The dry plasma conditions thus obtained offer a signal
enhancement and therefore, theoretically also an improved
isotope ratio precision (¢f. counting statistics). In addition, the
use of such aerosol desolvation unit also reduces the level of
oxide formation, which is advantageous for minimising the
signal intensities of potentially present MoO" ions that can
overlap with the signals of Cd" isotopes, especially when rela-
tively high Mo/Cd post-isolation ratios persist in the purified Cd
fractions.”® However, notwithstanding these advantages, Palla-
vicini and colleagues reported that this introduction system
suffers from memory effects and poor signal stability, which can
potentially jeopardise the precision of the Cd isotope ratio
measurements.”® While the standard sample introduction
system (wet plasma) yields more stable Cd" signal intensities
and therefore a better precision compared to that obtained
when using an Aridus II introduction system, the corresponding
application range is limited to relatively high Cd concentra-
tions, due to the low analyte introduction efficiency. As a result,

This journal is © The Royal Society of Chemistry 2024
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the minimum Cd concentration that was measured with the
standard sample introduction system was reported to be 100 ng
mL*1‘48,49

Recently, Faraday cup amplifiers equipped with a 10" Q
resistor became commercially available and were demonstrated
advantageous for high-precision MC-ICP-MS isotopic analysis
of several elements at low concentration levels.*® To the best of
the authors’ knowledge, the combined use of a standard
introduction system and Faraday cup amplifiers equipped with
a 10" Q resistor for high-precision Cd isotopic analysis at low
concentration levels has not been described yet in the literature.

The aim of this work was to develop a method for accurate
and precise Cd isotopic analysis at low Cd concentration levels
using MC-ICP-MS equipped with the standard sample intro-
duction system (wet plasma conditions) and Faraday cup
amplifiers with a 10" Q resistor. Once developed, the method
was used to measure Cd isotope ratios in Adamussium colbecki
bivalve and Trematomus bernacchii fish samples collected in the
1990s and 2020s in Terra Nova Bay - Antarctica, with the aim of
obtaining information on the natural/anthropogenic origin of
Cd and on potential differences in its biogeochemical cycle in
this environment over the years.

2 Experimental

2.1. Chemical and reagents

Ultrapure water (18.2 MQ cm at 25 °C) was obtained from
a Milli-Q purification system (Millipore, France). Pro analysis
grade 12 M HCIl and 14 M HNO; were supplied by Fisher
Chemicals (UK) and further subjected to a sub-boiling distilla-
tion in a Savillex DST purification system (Savillex, USA).
Suprapure grade hydrogen peroxide 9.8 M H,0,, used for
sample digestion in addition to HNOj;, was purchased from
Sigma Aldrich (Belgium).

Standard solutions of Cd (NIST SRM 3108) and Ag, used for
external and internal mass bias correction were purchased from
the National Institute of Standards and Technology (NIST, USA)
and ChemlLab (Belgium), respectively.

The certified reference materials (CRMs)*******> Montana
Soil (NIST SRM 2711a) and Lobster hepatopancreas (NRC TORT-
3), previously characterized for their Cd isotopic composition
were used for method validation and were purchased from the
National Institute of Standards and Technology (NIST, USA) and
the National Research Council of Canada (NRC), respectively.
An “in-house” Cd standard solution from ChemLab, Belgium
(Batch number 31.4372108) was characterized for its Cd
isotopic composition and was measured after every 6 samples in
each sequence for quality control purposes.

2.2. Antarctic samples

Two marine species, the bivalve mollusc Adamussium colbecki
and the fish Trematomus bernacchii, were selected and collected
at Terra Nova Bay (Ross Sea—Northern Victoria Land), during
the XI, XIII and XXXVII Italian Antarctic Expeditions and stored
at —80 °C until analysis. The organisms were dissected, sepa-
rating the soft tissue from the shell for the bivalve and collecting

This journal is © The Royal Society of Chemistry 2024
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liver, spleen and gonads from the fish. All samples were
weighed and subsequently lyophilized. Organisms were pooled
and further stored in the Antarctic Environmental Specimen
Bank.*

2.3. Sample digestion

Three replicates of 250 mg of lyophilized and homogenized
(agate mortar) sample, from pooled individuals, were subjected
to acid digestion with 2 mL of 14 M HNO; and 0.5 mL of 9.8 M
H,0,, using a MARS-5 microwave digestion system (CEM, USA).
Following the mineralization, samples were diluted to 10 mL
with ultrapure water. The selected certified reference materials
(NIST SRM 2711a, NRC TORT-3) were digested following the
same procedure as the samples. Finally, digests of samples and
reference materials were evaporated to dryness in 15 mL Teflon
beakers heated to 110 °C on a ceramic-top hot plate and the
residues thus obtained were redissolved in 3 mL of 2 M HCI for
subsequent chromatographic Cd isolation.

2.4. Chromatographic isolation of Cd

All sample purification steps were conducted in a class-10 clean
lab (PicoTrace, Germany) at Ghent University. All Savillex™ PFA
beakers used in this work were previously kept soaked in 7 M
HNO; for 2 x 24 h and subsequently in 6 M HCI at 110 °C for 2
x 24 h. The chromatographic isolation of Cd was carried out
using 2 mL of AG®MP-1M anion exchange resin from Bio-rad,
Belgium (100-200 um dry mesh size, chloride anionic form).
The resin was pre-cleaned in bulk 3 times using 7 M HNO; and 3
times using ultrapure water, then loaded into 2 mL poly-
propylene columns (Eichrom, France). The columns were con-
nected to a polycarbonate vacuum box (24 positions, Triskem,
France) attached to a chemically resistant diaphragm pump
purchased from Fisher Scientific (UK). The elution flow rate
under vacuum conditions was 0.07 mL s~ .

The isolation protocol selected for separating Cd from the
matrix elements was originally proposed by Cloquet et al.,*® and
modifications were suggested by Li et al*® The protocol is
summarised in Table 1.

The amount of Cd loaded into the column ranged from 20 to
100 ng. The collected pure Cd fractions were evaporated to
dryness at 110 °C and then redissolved in 2 mL of 2% HNOj; for
subsequent elemental and isotopic analysis.

2.5. Instrumentation

2.5.1. Elemental analysis. Quantification of Cd and other
relevant elements was carried out using an Agilent 8800 tandem
ICP-MS/MS instrument (Agilent Technologies, Japan) equipped
with a MicroMist nebuliser and a Peltier-cooled (2 °C) Scott-type
spray chamber for sample introduction. Measurements were
performed in vented (no gas) mode, NH; mode (using a 10%
NH; - 90% He gas mixture in the collision/reaction cell) or O,
mode, depending on the element of interest (see Table 2).
Quantification was carried out through external calibration
using calibration standards ranging from 0-10 ng mL ™" with 2
ng mL ™" of Rh as internal standard (IS). The purified Cd
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Table 1 One-column Cd isolation procedure using 2 mL of AGMP-1M resin as adapted from Cloquet et al.* and Li et al.*®

Step Volume (mL) HCI conc (M) Element(s) eluted

Washing and conditioning 20 2 —

Sample load 2 2 —

Elution matrix 1 10 2 Mg, Ca, Fe, Ni, Ga, Ge, Zr, Ag, Mo, In, Pd etc.
Elution matrix 2 20 0.3 Pb, Mo

Elution matrix 3 20 0.06 Zn, Sn

Elution matrix 4 10 0.012 Residual Sn

Cd elution 20 0.0012 Ccd

Table 2 Agilent 8800 ICP-MS/MS instrument settings and data acqui

sition conditions

Plasma parameters

RF power 1550 W
Plasma gas flow rate 15 L min~
Auxiliary gas flow rate 0.90 L min~

1
1

Nebulizer gas flow  1.12 L min ™"
rate
Sample uptake rate 350 uL min "

Mass/charge ratios monitored (Q1— Q2)
No gas (on mass)
NH;/He (mass shift)
193Rh* (18)
0, (on mass)* 103 103ph* (1g), 120 120gp*

Gas flow rates
1

He Collision gas, 1 mL min~
NH;/He (10%/90%) Reaction gas, 3 mL min "
0, (30%) 0.45 mL min "

Acquisition parameters
Q2 peak pattern 1 point per peak

Integration time 1s
Replicates 10
Sweeps/replicate 100

90—90r7..+ 95— 95 + 105—105 + 107—107 + 111 111 + 115—115y..+ 208—208 + 103—103 +
70zt 2T Mo, 1 TP, 1Y T AT T T T, M T I, 20T 28T 19 T ISRET (1S)

23Na~*’Na(NH3),", *°Ca™"7, Ca(NH;)", *°Fe ~*°Fe(NH;),", ®*Cu~?’Cu(NH;),", **Zn " %%Zn(NH,),", 7*Ge ~ *°Ge(NH,)", '~

“ 0, mode was used to avoid interference from potentially present isobaric MO" ions.

fractions were diluted 20-fold in 2% HNO; prior to their ICP-
MS/MS quantification.

2.5.2. Isotopic analysis. Isotope ratio measurements were
performed with a Thermo Scientific Neptune XT MC-ICP-MS
instrument (Bremen, Germany), using a PFA 100 uL min~"
concentric nebulizer (Elemental scientific) and a dual (cyclonic
plus Scott-type) spray chamber for sample introduction. The
unit is equipped with a high-transmission Jet interface.
Measurements were performed at low mass resolution and in
static collection mode using eight Faraday cups. Four of the
Faraday cups were connected to amplifiers with a 10" Q resistor
for monitoring the *'°Cd, ***Cd, ***Cd and '**Cd isotopes; the
other were connected to amplifiers with a standard 10 Q
resistor, for monitoring '*’Ag, '°®Cd, '°°Ag and '"’Sn. Signals
were collected over 1 block consisting of 50 measurement
cycles, each cycle with 4.194 s integration time. The cup
configuration and operating conditions are provided in Table 3.

Cd isotope ratios were reported in delta notation, as per mil
deviation (%,), relative to the NIST SRM 3108 standard:

2594 | J Anal. At. Spectrom., 2024, 39, 2591-2603
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(1C8)
()
M0Cd/ st srwm 3108

With x being 112 or 114.

Instrumental mass bias was corrected for via a double
correction approach based on the use of Ag as an internal
standard using the protocol described by Baxter, combined with
external correction using a standard measured in a SSB
sequence.*

A blank solution of 2% HNO; was introduced in-between
every sample/standard measurement to rinse the sample

6°Cd(%,) = —1]|x1000 (1)

introduction system and control for possible memory effects.
The signal intensity for the blanks was typically lower than 0.2
fA (0.002 V) for ''°Cd, **Cd '**Cd and "**Cd and lower than 10
fA (0.001 V) for '*”Sn, which corresponds to approximately 0.86
fA at a mass-to-charge ratio of 114. For 10 ng mL " of Cd, the
signal intensity for "'°Cd ranged between 12-15 fA (0.12-0.15 V)

This journal is © The Royal Society of Chemistry 2024
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Table 3 Neptune XT MC-ICP-MS instrument settings and data
acquisition conditions

Neptune XT settings
Sample uptake rate
Plasma gas flow rate
Auxiliary gas flow rate
Nebulizer gas flow rate
RF power

Sampling cone
Skimmer cone
Resolution mode

100 pL min~*

15 L min™*

0.8 L min "
1.015-1.050 L min~
1200 W

Ni; Jet-type; 1.1 mm O orifice
Ni; X-type; 0.8 mm O orifice
Low

1

Data acquisition parameters

Scan type Static, multi-collection

Number of blocks 1

Number of cycles/block 50

Integration time 4.194 s

Number of integrations 1

Idle time 3.000 s

Cup configuration

L4 L3 L2 L1 C H1 H2 H4

10''Q 10"Q 10"Q 10°Q 10°Q 10°Q 10°Q 10MQ

107Ag 108Cd 109Ag 110Cd lllcd 112Cd 114Cd 117SI_1
108Pd 1lzsn 114Sn

and that for '"Cd between 29-32 fA (0.29-0.32 V). Blank
correction was applied when the instrumental "'’Sn back-
ground was =10 fA. For each sample, three digests were sub-
jected to chromatographic isolation and the purified Cd
fraction was subsequently measured with MC-ICP-MS for its
isotopic composition and unless stated otherwise, the mean
6 value of the three measurements was reported throughout this
work £2SD (n = 3).

3 Results and discussion
3.1. Chromatographic isolation of Cd from matrix elements

As mentioned previously, the single-column Cd purification
procedure (Table 1), originally proposed by Cloquet et al.** and

a) Lobster hepatopancreas (TORT-3)
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modified by Li et al.*®* was employed. As this protocol requires
large volumes of HCI (up to 80 mL),* the time required for
completing the isolation would be excessive using gravity-driven
elution, reaching 5-6 hours for the entire procedure.*® There-
fore, the selected isolation procedure was accelerated through
the use of a vacuum box (Fig. S1f), permitting halving the
isolation time compared to that with standard gravity-driven
elution to approximately 2.5-3 hours. In order to evaluate the
efficiency of the vacuum-assisted isolation protocol for sepa-
rating Cd from the matrix elements, two relevant reference
materials, previously characterized for their Cd isotope ratios,
Lobster hepatopancreas (NRC TORT-3)** and Montana soil
(NIST SRM 2711a),33637:45:485156 were digested in the same way
as the samples. Then, an amount of sample digest corre-
sponding to 20 ng of Cd was loaded into the column and elution
fractions of 1 mL each were collected individually and subse-
quently measured for elemental concentrations using ICP-MS/
MS (see Table 2). The elution profiles obtained for both refer-
ence materials are presented in Fig. 1.

The elution profile obtained under vacuum conditions is
identical to that obtained using gravity-driven elution*®* and
allowed successful isolation of Cd from the matrix elements
using 20 mL of 0.0012 M HCl as reported in other
studies.*?31:42:43:4849 C(d recoveries of 97 + 6% (n = 3) and 92 +
6% (n = 5) were obtained for NRC TORT-3 and NIST SRM 2711a,
respectively, showing (near) quantitative recovery of Cd using
this method. Moreover, matrix elements (E) such as Cu, Fe and
Zn, present at an E/Cd pre-isolation ratio of 8.75, 3.22, 2.51 for
NRC TORT-3 and of 2.06, 329 and 5.2 for NIST SRM 2711a were
successfully separated from the Cd fraction, with an E/Cd post-
isolation ratio ranging between 0.02 and 0.2. Critical elements
such as Sn, Pd, Mo, Ag and In already displayed very low E/Cd
pre-isolation ratios for these reference materials, ranging from
0.001 to 0.02, which is also representative for the concentration
of these elements in our target samples. The concentrations of
the latter elements in the collected Cd fraction were lower than
the corresponding detection limits and therefore their levels
were considered to be negligible with respect to that of Cd.** In
addition, Zn was eluted with 20 mL of 0.06 M HCI with a total
recovery (>99%), meaning that this fraction can be kept for Zn

b) Montana soil (NIST 2711a)

M 03M 0.06M 0012M  00012M 2M 03M 0.06 M 0012M  00012M
70 -« > < > < > < > < > < > < < > < > < >
: 140 —Cd
60 0 —z
T o
) 50 cd _-_’10.0 Cu
oh E‘h Zﬂ
& 40 = 1
T g 80 —Pd
< 30 35 6.0 . —Ag
< ’ < cd In
L 9 3 —
=20 3 240 o
10 \/\w 20 ——Pb
00 = 0.0

0 10 20 30 40 50 60 70 80
Volume HCI (mL)

20 30 40 50 60 70 80
Volume HCI (mL)

Fig.1 Elution curves for (a) NRC TORT-3 Lobster hepatopancreas and (b) NIST SRM 2711a Montana soil reference materials (the concentrations

of Fe, Cu and Zn are divided by 10 for a better visualization).

This journal is © The Royal Society of Chemistry 2024
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isotopic analysis if required, as was proposed by Pallavicini
et al.”®

3.2. Accuracy of Cd isotope ratio measurements

The accuracy of Cd MC-ICP-MS measurements can be affected
by several parameters such as (i) high procedural blank
contribution, (ii) instrumental mass discrimination, (iii) the
presence of residual isobaric/polyatomic ions causing spectral
interference following chemical purification and (iv) matrix
effects. As the measurement of Cd isotope ratios was carried out
at lower concentrations than usually reported in the literature,
the effect of these parameters on the accuracy of the Cd isotope
ratio data was revisited and observations were discussed in
comparison to previously published results.

3.2.1. Procedural blank. Careful attention must be paid to
blank levels especially when low amounts of Cd are loaded into
the column and solutions with low concentration are measured
with MC-ICP-MS. To ensure low column-derived Cd blanks, the
resin was first cleaned several times in bulk and on-column (see
experimental part). The blank contribution was evaluated, by
processing a 2% HNO; blank solution through all the steps of
sample preparation and purification. Only 0.03 & 0.05 ng (n = 6)
of Cd were detected in the blank which corresponds to less than
0.03% of the Cd from the sample at 100 ng Cd-load and less
than 0.15% at 20 ng Cd-load. This contribution is thus
negligible.

To confirm this, the effect of the blank was further evaluated
by processing 20 ng of Cd NIST SRM 3108 solution through the
column and comparing the §****'°Cd value obtained for this
processed standard to that for an unprocessed solution. The
recovery obtained for the processed NIST solution was 88 + 3%
for 3 replicates and was thus not entirely quantitative. However,
the 6*'¥11°Cd value of —0.03 =+ 0.07%, (2SD, n = 6) obtained for
the processed solution measured at 10 ng mL ™" matches the
6M*11°Cd value of the unprocessed solution measured at the
same concentration, 0.01 £ 0.09%, (2SD, n = 9) within the
experimental uncertainty. Hence, it was concluded that the
contribution of the blank was negligible (<0.15%) and the
incomplete (ca. 90%) recovery does not have an impact on the
accuracy of the isotope ratio measurements performed at low
Cd concentration.

3.2.2. Instrumental mass bias

3.2.2.1 Impact of sample - (bracketing) standard concentration
mismatch. As the extent of instrumental mass bias is affected by
the elemental concentration, samples and the bracketing
standard must be matched in concentration to the largest
extent possible for accurate mass bias correction. The accept-
able mismatch range was evaluated by fixing the concentration
of the NIST SRM 3108 bracketing standard at 10 ng mL™" and
measuring the same solution with a concentration mismatch
varying from —25 to +15%. Results obtained under those
conditions are reported in Fig. 2.

As can be seen in Fig. 2, the accuracy seems unaffected when
the mismatch between the samples and standard is within
+10%. Beyond this limit, the 6'****°Cd value deviates from the
correct value by up to £0.29, in the range investigated. Based on
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Fig. 2 Effect of concentration mismatch between sample and
bracketing standard bracketing used for external correction for the
mass bias on the accuracy of the 6*****°Cd measurement resuilt.

these results, samples and standard concentrations were always
matched within +£10% in all further work.

3.2.2.2 Impact of internal standard concentration. Ag was
used by several authors for the correction of the mass bias
affecting the Cd isotope ratios and different Ag/Cd ratios were
used; Shiel et al.,® e.g., used a ratio of 1/2 and Pallavicini et al. of
1/4.%¢ In this part of the work, we have evaluated the impact of
different Ag/Cd ratios on the accuracy of the Cd isotope ratio
results corrected for mass bias using the Baxter + SSB approach.
For this purpose, the NIST SRM 3018 concentration was fixed at
10 ng mL ™" and the solution was spiked with Ag to final
concentrations ranging from 2.5 to 15 ng mL ™", corresponding
to an Ag/Cd ratio ranging from 1/4 to 1/0.7. The corrected 6'*¥
°Cdyist srm 3018 values obtained at each Ag concentration are
reported in Fig. 3.

As illustrated by the data in Fig. 3, the concentration of the
internal standard did not have a significant impact on the
accuracy of the corrected Cd isotope ratio within the range
tested. The same observation was also reported for mass bias
correction of Hg isotope ratios using Tl as an internal standard
in a combined Baxter + SSB approach.”” As for the rest of the
study, the Ag concentration was systematically fixed at 5 ng
mL~", corresponding to an Ag/Cd ratio of 1/2 as this showed to
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Fig. 3 6*%1°Cd measurement results for 10 ng mL™* Cd NIST SRM
3108 solutions spiked with different concentrations of the internal
standard Ag. Error bars correspond to 2SD (n = 10).
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be a good compromise in terms of sensitivity (0.4 V for '*’Ag and
'9Ag) and internal precision (2SE of 0.04%, for the **°Ag/**’Ag
ratio).

3.2.3. Isobaric and polyatomic interferences. The
measurement of Cd isotope ratios with MC-ICP-MS can be
affected by isobaric nuclides of Pd and Sn (*'°Pd, '**Sn and
114gn), the signals of which overlap with those of **°Cd, **Cd
and '**Cd, respectively. In addition, Ar- and oxide-based poly-
atomic interferences of Zn, Ge, Zr and Mo (ArZn", ArGe", ZrO",
MoO") can also interfere with the measurement of the Cd
isotopes.*****® Literature showed that chromatographic purifi-
cation these interfering elements if
present. 63142434849 However, the success of removal of

removes

elements from the Cd fraction might depend on the matrix
composition. In Section 2.1, we report that chromatographic
isolation reduces the Zn content in the Cd fraction to a Zn/Cd
post-isolation ratio of 0.02 for both NRC TORT-3 and NIST
SRM 2711a.

The effect of potential residual amounts of the elements
mentioned above on the accuracy of Cd isotope ratio
measurements was assessed by doping NIST SRM 3108 stan-
dard solution with increasing amounts of Zn, Zr, Mo and Ge.
Despite being one of the major isobaric interferences affecting
measurement of the Cd isotopes, Sn was excluded from this test
as doping with increasing concentrations of Sn resulted in
higher instrumental Sn backgrounds due to memory effects,
affecting the signals of '**Cd and '>Cd, especially when low Cd
concentrations were measured. In addition, elemental analysis
of the actual samples showed that Sn was initially not present in
our samples (Table S1f) and therefore it was not considered
a critical element that could potentially jeopardise the accuracy
of our results. Other elements with isobaric nuclides were
completely separated from Cd during the chromatographic
isolation (see paragraph 2.5). The effect of the selected inter-
fering elements (E) present at different E/Cd ratios on the
accuracy of the 6"***°Cd measurement result is presented in
Fig. 4 when using either external correction (SSB) only or the
combined Baxter + SSB correction approach.

As can be observed in Fig. 4, when the Baxter + SSB correc-
tion approach is employed, the accuracy is not significantly
affected by polyatomic interferences due to Zr, Ge, Mo and Zn

SSB
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when these matrix elements (E) occur at E/Cd ratios < 0.1 for Zr
and Ge and <1 for Mo and Zn. This result is in accordance with
the literature, where a Zn/Cd ratio < 1 was also reported to be
acceptable by Cloquet et al.** When only external correction is
used, the deviation of the measured 6'***'°Cd value is already
present at Zr/Cd and Ge/Cd ratios = 0.01, thus demonstrating
the advantage of using Ag as an internal standard. On the other
hand, the presence of trace amounts of isobaric interferences
such as Pd can obviously not be corrected for using an internal
standard. A deviation of about 0.19,, was observed when the Pd/
Cd ratio is 0.0001 and about 1.359, when the Pd/Cd ratio is
0.001, using both the SSB and Baxter + SSB correction
approaches. Therefore, total removal of Pd needs to be achieved
upon chromatographic isolation to ensure accurate Cd isotope
ratio results.

3.2.4. Effect of residual matrix elements. The potential
presence of residual matrix or contaminant-prone elements
such as Na, K, Ca, Fe, Cu and Mg in the pure Cd fraction might
have an impact on the mass bias correction.

In order to evaluate the effect of such potential contamina-
tion, the NIST SRM 3108 standard solution was doped with
increasing amounts of a multi-element solution containing
equal concentrations of Na, K, Ca, Fe, Cu and Mg (referred to as
“Matrix”) with the matrix element/Cd ratio varying from
0.0001 to 1 (Fig. 5).

As shown in Fig. 5a, when doping the sample solution with
increasing amounts of the multi-element matrix solution, the
delta values obtained using external correction only deviate
from the expected value, in accordance with the data reported
by Shiel et al.>* However, when correcting with the Baxter + SSB
approach (Fig. 5b), the Ag internal standard compensates for
the matrix effect caused by these elements and yields correct
results at all matrix/Cd ratios tested. This observation is
consistent with the results of Wombacher et al.,*® who observed
that the Ag normalization procedure exhibits lower suscepti-
bility to matrix effects compared to the simple SSB approach.*

3.3. Precision and reproducibility of Cd isotope ratio
measurements

3.3.1. Effect of Cd concentration on internal and external
precision. One of the main goals of this study was to develop

Baxter + SSB
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0.80 b)
0.60

040
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Fig. 4 Effect of the presence of different elements on the §'***°Cd measurement result for 10 ng mL™* NIST SRM 3108 as a function of the
element/Cd ratio, using (a) external and (b) internal + external correction of the mass bias. Error bars correspond to 2SD (n = 3).
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(n=3).

a method for measuring Cd isotope ratios with high accuracy
and precision at low concentration levels. Many studies in the
literature report the use of aerosol desolvation systems such as
an Aridus I1?*?31:3%4547 ynit (Teledyne Cetac Technologies, USA)
to enhance the Cd signal intensity and extend the application
range of MC-ICP-MS to lower Cd concentrations. By measuring
Cd in dry plasma conditions using the Aridus II, concentrations
down to 5 ng mL~" were measured.** However, as mentioned
previously, such introduction systems may suffer from strong
memory effects and signal fluctuations which compromise the
internal precision (0.06-0.20%,,) as reported by Pallavicini et al.>®
These authors have also measured Cd isotope ratios in wet
plasma conditions using the standard introduction system,
consisting of a PFA nebulizer and a double pass spray chamber.
This approach offered better signal stability and therefore,
better internal precision in comparison to that with the Aridus
II (0.02-0.04%,),%° but its use is limited to higher Cd concen-
trations. The minimum Cd concentration measured under
these conditions was reported to be 100 ng mL ™" using 10"" Q
amplifiers,**** due to the degradation of the precision at lower
concentrations. In this work, Cd was introduced into the MC-
ICP-MS unit operated in wet plasma conditions by using the
standard sample introduction system while measuring the Cd

ion beams with Faraday cups connected to amplifiers with
a 10"’ Qresistor. Only Cd concentrations lower than 15 ng mL ™"
could be measured with the 10" Q amplifiers as higher
concentrations caused detector saturation (saturation at 0.5 V).
Therefore, NIST SRM 3108 was measured at Cd concentrations
ranging from 10 ng mL ™" down to 2.5 ng mL™". The impact of
the decreased Cd concentration on the internal and external
precision on the 6'***'°Cd value is demonstrated in Fig. 6.

For a block of 50 measurement cycles, internal precision
(2SE) values of 0.09, 0.11 and 0.14%, for 6'***'°Cd and of 0.08,
0.12 and 0.17%, for 6''*''°Cd were obtained at Cd concentra-
tions of 10, 5 and 2.5 ng mL™", respectively. This shows that by
reducing the Cd concentration and, therefore, the Cd signal
intensity 4-fold, the internal precision was slightly degraded
only when using the 10" Q resistors. Pallavicini reported an
internal precision of up to 0.04%, for 6*****°Cd at 200 ng mL~*
with the standard introduction system and up to 0.20%, at 10 ng
mL~' when using dry plasma conditions.?® Our data show that
good internal precision can be obtained even at a Cd concen-
tration as low as 2.5 ng mL ™",

Moreover, the external precision for 6''¥'*°cd for 10
measurements showed to be similar when Cd is measured at 2.5
and 5 ng mL ™" with 2SD values of 0.11 and 0.15%,, respectively.
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Fig. 6 Impact of Cd concentration on the internal and external precision for (a) 62*°Cd and (b) 6*21°Cd at 10, 5 and 2.5 ng mL™. Solid red
lines represent the mean values of the ten replicates and the dashed lines £2SD (n = 10). Error bars correspond to 2SE for single runs.
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Fig.7 Long-term reproducibility of the 614/*1°Cd measurement value
for NIST SRM 3108 at 10 ng mL™! over five months. The grey area
represents +£2SD (n = 170).

However, this figure was improved to 0.059%, when the
measurement was conducted at 10 ng mL ™" of Cd. The external
precision obtained is similar to values reported in the literature,
where a 6'***'°Cd external precision of 0.06%, (ref. 26) and
0.08%, (ref. 31) was reported at 10 ng mL~" and 25 ng mL ",
respectively, using the Aridus introduction system. On the other
hand, an external precision of 0.099,, was reported at 100 ng
mL~" Cd concentration levels using the standard introduction
system and 10" Q resistors.*®

3.3.2. Long term reproducibility. The long-term reproduc-
ibility of the 6'***'°Cd values measured using this method was
evaluated by monitoring the §''*1°Cd value obtained in 170
measurements of NIST SRM 3108 over a period of five months
(Fig. 7).

The long-term precision measured for 6*****°Cd was 0.09%,
(2SD, n = 170) and fits the precision reported in the literature
(which generally falls within the range of 0.05-0.10%,)
wel].>5-27,31,3487,38,4851,59 [t {g jmportant to emphasize that most
authors report the use of a desolvating sample introduction
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system and the double-spike method for mass bias correction.
In this study, it was possible to achieve a similar precision at
lower concentrations and using wet plasma conditions, while
employing the combined Baxter + SSB approach using Ag as
internal standard for mass bias correction.

3.4. Method validation

In order to validate our proposed method, 6'****°Cd was
measured for two digests and several chromatographic isola-
tions of Montana soil (NIST SRM 2711a) and Lobster hepato-
pancreas (NRC TORT-3) reference materials and the results
were compared with the previously published data (Table 4).

The 6"*°Cd values obtained in this study are in good
agreement with the data reported in the literature, which were
measured at higher concentrations using the standard intro-
duction system (wet plasma) or at similar/higher concentrations
using an aerosol desolvation unit (dry plasma).

3.5. Application to Antarctic samples

The tissues and shells of the mollusc bivalve Adamussium col-
becki (Antarctic scallop) and spleen, liver and gonads of the fish
Trematomus bernacchii (emerald rockcod) collected during the
1996-1998 and 2021-2022 sampling campaigns at Terra Nova
Bay in Antarctica were analysed for their Cd concentration and
Cd isotopic composition. Each organism was digested in 3-fold
and each digest was subjected to Cd chromatographic purifi-
cation (30-100 ng of Cd load, depending on the Cd concentra-
tion in the sample) and followed by isotope ratio measurement
in duplicate at 10 ng per mL Cd concentration. The isolation
procedure successfully achieved the separation of Cd from all
matrix elements and the trace elements with isobaric nuclides.
The critical element-to-cadmium (element/Cd) ratios in the Cd
fraction were drastically reduced, from 18 to 0.11 for Zn/Cd,
from 0.04 to 0.00 for Mo/Cd, from 0.13 to 0.00 for Ge/Cd,
from 0.2 to 0.00 for Pd/Cd, from 65 to 0.00 for Ag/Cd and

Table 4 Cd isotope ratios measured for NIST SRM 2711a and NRC TORT-3 reference materials and corresponding literature values and the

isotopic composition obtained for the in-house Cd solution®

Concentration Sensitivity
Instrument Introduction system  (ng mL™") 6M4110¢d (9,) £ 28D (Vppm™Y) Mass bias correction ~ Reference
NRC TORT-3
Neptune plus  Aridus II 10 0.07 +£0.04n=1 NR SSB Scott et al.> 2019
Neptune plus ~ Wet plasma 10? 0.00 £ 0.10n =16 25-28 (*'>Cd)  Baxter + SSB This study
NIST SRM 2711a
Neptune plus  Aridus II 50-100 0.55+ 0.051n =8 103 (***Cd) DS Liu et al.>! 2019
Neptune plus  Aridus IT 5-25 0.53 + 0.04 n = 26 640 (*"*Cd) DS Tan et al.** 2020
Nu plasma II  Aridus II 100 0.62 =+ 0.03 NR DS Peng et al.*® 2021
Neptune plus  Aridus IT 40 0.55 £ 0.05 n = 10 110 (***cd) DS Guo et al.*” 2022
Neptune plus  Aridus II 100 0.55 + 0.05 130 (***cd) DS Dong et al.** 2022
Neptune plus ~ Wet plasma 100 0.57 £0.07n=>5 11 (***cd) DS Li et al.*® 2018
Neptune plus ~ Wet plasma 10? 0.544+0.12n =8 25-28 (*'>Cd)  Baxter + SSB This study
In-house Cd solution
Neptune plus ~ Wet plasma 10? —0.01 £011n=25  25-28 (*">*Cd)  Baxter + SSB This study

“ NR: Not Reported. ” The absolute amount of Cd needed for a single measurement is 10 ng.
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Table 5 Mean Cd concentrations and ¢ values in pooled organisms collected in Terra Nova Bay during the 1990s and 2020s. The 2SD is related
to the measurement of three digests of the same sample

(Mean + 2SD, n = 3 digests) N° [Cdlpg g ortocqy o11#M0cdy oM0cqy
Adamassium colbecki (bivalve)

Shell 1990s 10 0.9 £0.1 —0.12 £+ 0.08 —0.07 £ 0.12 —0.04 £ 0.12
Tissue 1990s 10 29.5 + 1.6 —0.18 £ 0.09 —0.10 £ 0.05 —0.03 £ 0.06
Tissue 2022 10 14.6 £ 0.2 —0.24 £ 0.12 —0.11 + 0.04 —0.04 £+ 0.09
Trematomus bernacchi (fish)

Gonads 1990s 20 1.1+ 0.0 —0.09 £ 0.09 —0.00 £ 0.05 —0.05 £ 0.15
Spleen 1990s 20 19.4 £ 0.6 —0.14 £+ 0.08 —0.08 £+ 0.06 —0.02 £ 0.00
Liver 1990s 20 17.7 £ 0.5 —0.18 = 0.12 —0.12 £+ 0.08 —0.06 £+ 0.06
Liver 2022 11 5.0 £0.9 —0.12 £+ 0.03 —0.04 £ 0.15 —0.06 £+ 0.07

% N: number of organisms in a pool.

from 0.09 to 0.00 for Sn/Cd (Table S17). The Cd recovery for all
the samples ranged from 80 to 99%. The average 6'**/**°cd, 6**¥
110Cd and 6'"**°Cd values for three digests of each organism
collected in the 1990s and 2020s are presented in Table 5.

For both species, a light Cd isotopic composition was ob-
tained, characterized by a negative 6*****°Cd value, indicating
that these species show a preferential uptake of the lighter Cd
isotopes.”® Indeed, these §''*''°Cd values are significantly
lighter compared to the 6'***'°Cd value of +0.4%, reported by
Xue et al. for Southern Ocean water at a depth of 150 meters,
representative of the depth at which these species are
present.***° This is in accordance with the findings of Shiel et al.
who report that 6****'°Cd values for oyster and bivalve species
were significantly lighter than the value of the seawater, sug-
gesting Cd fractionation upon biological uptake.”®

For the Adamussium colbecki bivalve, the tissue exhibits
insignificant variations in 6*****°Cd values only (determined by
a two-sided t-test, p > 0.05) for the organisms collected during
the 1990s and the 2020s. Although no clear difference was
observed in the Cd isotopic composition, the pooled tissue
samples collected from the 1990s show higher Cd concentration
(2-fold) in comparison with those collected in the 2020s (Fig. 8).

Similarly, no statistical difference was observed between the
61141190 values for the shell and the bivalve tissue. Thus, it can
be suggested that the high Cd content in the tissues of the
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bivalve collected in Terra Nova Bay during the 1990s in
comparison with those collected during the 2020s is probably
related to the same source, as no clear difference was observed
in 6"%11°Cd within the measurement precision. This is in
accordance with the observations of Shiel et al.,*” who did not
report any significant correlation between Cd concentration
and isotopic composition for bivalves collected from smelting-
polluted areas during the 1980s and 2004-2005.

Like bivalves, fish can also accumulate harmful heavy metals
in their tissues.®* While the liver and kidneys are primary organs
for accumulation, other tissues such as muscle, intestinal
mucosa, spleen, brain, pancreas and gonads also play a signifi-
cant role.®**®* As shown in Table 5, for the organs of the Trem-
atomus bernacchii fish collected during the 1990s, higher Cd
contents were found in the liver and spleen in comparison with
the gonads. Moreover, they exhibited slightly lighter é-values
(—0.14 £ 0.08%, and —0.18 + 0.129%,, 2SD, n = 3, respectively) in
comparison to the gonads (—0.09 £+ 0.08%, 2SD, n = 3),
although the differences were not significant (two-sided ¢-test, p
> 0.05). Furthermore, as indicated in Table 5, liver samples
collected during the 1990s showed a significantly higher Cd
content in comparison with those collected during the 2020s
and their isotopic composition showed to be slightly lighter
although the differences were not significant (two-sided ¢-test, p
> 0.05) (Fig. 8). This means that, similarly to the bivalve, the Cd
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Fig. 8 Diagrams of (a) 6'*19Cd and (b) 6*2*1°Cd versus Cd concentrations in bivalve Adamussium colbecki and the organs of the fish
Trematomus bernacchii collected at Terra Nova Bay during the 1990s and in 2022. Error bars correspond to the SD (n = 3).
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content in the liver of the fish collected during the 1990s and
2022s is most likely related to the same source, as no clear
difference was observed in 6''**°Cd at the instrumental
precision obtained.

The insignificant difference in the 6'***'°Cd values between
the different organs of the fish collected in the 1990s suggests
that there is no clear Cd isotope fractionation during the Cd
distribution over the different organs' Moreover, no significant
difference in the 6'****°Cd values between the bivalve and the
fish was observed. This could be hypothetically explained by the
fact that the bivalve in question is one of the most consumed
items by the fish T. bernacchii,** suggesting no significant Cd
fractionation along the trophic chain. Finally, 6*****°Cd values
for fish and bivalves collected at Terra Nova Bay in the 1990s
and 2020s ranged between —0.24 and —0.099,, and did not show
a significant difference, which suggests a stable Cd biogeo-
chemical cycle over the 30 years timeframe. As for the source of
Cd, the 6'****°Cd results reported in the literature for bivalves
collected from Cd-polluted areas are characterised by signifi-
cantly negative values, down to —1.29,,.”® Since our values are
isotopically heavier compared to the Cd-polluted areas, we can
suggest that the source of Cd in these samples is probably
linked to natural processes. This aligns with the findings of
Bargagli and Rota findings, who explain that Cd acting as
a substitute for Zn, is actively absorbed by primary producers
and transferred to consumers.'* However, more Cd isotope ratio
data for various sample types from the Antarctic continent still
need to be gathered in order to further unravel the origin of the
Cd present in marine samples.

4 Conclusions

This study aimed at the development, characterization, valida-
tion and use of a method for precise and accurate Cd isotopic
analysis at low concentration levels using MC-ICP-MS equipped
with a standard sample introduction system (wet plasma
conditions) and with Faraday cups connected to amplifiers with
a 10" Q resistor. A long-term precision of 0.09%, (2SD) was
achieved for 6''*'°Cd at a Cd concentration of 10 ng mL™*
using the Baxter + SSB mass bias correction approach with Ag as
an internal standard. This value is similar to those documented
in the literature, for which Cd was measured with Faraday cup
amplifiers with a 10"" Q resistor at higher concentrations using
the standard introduction system (0.09%, at 100 ng mL " of
Cd)* or similar concentrations using an Aridus aerosol des-
olvation unit (0.06%,%° at 10 ng mL™"). The method developed
was validated by characterizing NIST SRM 2711a and NRC
TORT-3 reference materials for their 6*1#*°Cd values, which
were in agreement with the data reported in the literature.
Finally, the method was applied to the Antarctic marine
organisms Adamussium colbecki and Trematomus bernacchi
collected during the 1990s and 2020s to explore the biogeo-
chemical cycle of Cd throughout the years and to potentially
identify the element's natural/anthropogenic sources. The Cd
isotopic composition in these organisms showed a preferential
uptake of light Cd isotopes, characterised by a negative 6*'¥
™9Cd value which ranged between —0.24 and —0.09%,, in
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accordance with earlier literature reporting Cd fractionation
upon biological uptake by marine organisms. No significant
difference in the 6*****°Cd value was observed between organs
of the same species or between the same species collected in the
1990s and 2020s. This allowed to conclude that (i) there is no
clear Cd isotope fractionation during the distribution of this
element over the different organs and that (ii) the source of the
Cd is most likely the same in the 1990s and 2020s and that the
element is probably present due to a natural process, suggesting
a stable Cd biogeochemical cycle in the area of Terra Nova Bay
throughout the 30 years timeframe.
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