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The double spike-standard addition (DSSA) is a powerful method proposed for isotope measurement of

ultra-trace elements in samples. Here, we test the method's practicality and robustness for obtaining

high-precision d114/110Cd data in samples with complex matrices and ultra-trace cadmium (Cd)

concentrations as low as 0.004 mg g−1. Through a DS data reduction routine and isotope binary

mixing model, the d114/110Cd values obtained for numeral geological and biological reference materials

(GRMs/BRMs) agree well with certified or previous measurements, even for ∼2.1 ng Cd of BCR-2. The

overall precision of both single- and multi-standard addition depends on the sample fraction (fspl)

owing to the error propagation. And 0.041 ± 0.022& (2SD, n = 46) of precision for d114/110Cd can be

achieved when the sample fraction (fspl) is $20%, comparable to 0.056 ± 0.039& (2SD, n = 23)

obtained by the traditional DS method. However, it becomes greater than 0.110& when fspl is <20%,

indicating that 20% (1/5) −50% (1/2) of fspl is the optimal mixing range to obtain high-precision data if

the minimal sample sizes are required. These further confirm that accurate and precise Cd isotope

ratios can be determined by DSSA. Correspondingly, the purification scheme can be simplified to

a single column due to the added standard solution boosting analyte and diluting ratios of matrix/Cd.

Animal organs, with 0.004–0.106 mg g−1 Cd, yield large variations of d114/110Cd (−0.054 ± 0.030&

(2SD, n = 4) and 0.681 ± 0.022& (2SD, n = 4) for ovine liver and kidney, respectively), suggesting that

Cd isotopes can be fractionated significantly during biological metabolic processes and may be

a potential use in medical diagnosis. Robust measurement of Cd isotope composition in ultra-trace

Cd samples with complex matrices by DSSA broadens the scope of measurable samples by the

traditional DS method, thus potentially opening a range of new opportunities in life, agricultural,

environmental, and earth/planetary sciences.
1. Introduction

Cadmium (Cd) is a group II-B element located in the h period of
the periodic table. It usually exists in bivalent Cd(II) in the natural
environment and is a toxic metal element with eight stable
isotopes (106Cd, 108Cd, 110Cd, 111Cd, 112Cd, 113Cd, 114Cd, and
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116Cd). Cadmium is of primary concern in environmental science
because of its high mobility from soil to plant and high toxicity to
humans.1,2 However, it also acts as a micronutrient promoting
phytoplankton growth by substituting Zn in marine organisms.3

Cadmium isotopes were rst employed in studying planetary
evolution as early as the 1970s based on the premise that evapo-
ration and condensation of Cd were the key factors driving Cd
isotope fractionation.4,5 In recent decades, beneting from tech-
nological advancements in multiple-collector inductively couple
plasma mass spectrometry (MC-ICP-MS) and multiple-collector
thermal ionization mass spectrometers (MC-TIMS), the measure-
ment precision of Cd isotopes (d114/110Cd) has been improved to
0.030–0.15& (2 standard deviation, 2SD).6–17 Thus, Cd isotopes
have been developed as a powerful proxy for constraining oceanic
primary productivities,18–22 reconstructing the biological extinction
and anoxic evolution in paleo-environment,23–26 deciphering the
sources and transport pathways of Cd in the surface environ-
ment,27 and understanding the mechanisms of Cd uptake, trans-
port, and accumulation in biological samples.28–31
This journal is © The Royal Society of Chemistry 2023
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However, since Cd content in igneous rocks such as peridotite
(0.05 mg g−1), basalts (0.15 mg g−1), and granite (0.10 mg g−1) is
commonly lower,32 its contents of Earth's continental crust and
primitivemantle have been estimated to be 0.13 mg g−1 and 0.04 mg
g−1, respectively.33–36 Additionally, Cd concentration in animal and
human organs is also characterized by trace levels, usually less
than 0.07 mg g−1,37–39 except for itai–itai disease patients with ∼60
mg g−1 Cd in the liver and kidney.40 Furthermore, even though the
amount of Cd required for high-precision Cd isotopemeasurement
has been reduced to ∼20 ng,8,9 large masses of low-Cd samples
(e.g., ∼5 g rock32,41 or ∼20 L seawater42) still need to be processed.
Consequently, challenges remain in determining the Cd isotopes
of these ultra-trace Cd samples, which impeded the further appli-
cations of Cd isotopes in understanding the evolution of Earth's
mantle and continental crust, biological metabolic processes, etc.

In effort to achieve high-precision measurement of Cd isotopes
in those ultra-trace Cd samples, two approaches should be per-
formed as suggested for chromium (Cr) isotopes in Wu et al.43 (1)
separate Cd from large mass samples with a more complex puri-
cation scheme with sufficiently low blank; (2) improve instru-
ment sensitivity for a smaller sample size. Currently, procedural
Cd blank has been decreased to 0.2–30 pg,8,10,11,13–16 and a Cd mass
of 20–100 ng is sufficient to determine Cd isotopes when using an
improved sample introduction system (Aridus II desolvator
equipped with ice chamber) or higher-impedance Faraday cups
(e.g., 1013 U amplier).8,13,14,17 With these setups, the precision has
been improved from approximately 0.2& to 0.050& for d114/

110Cd,8,9,14,41 even to 0.030& when using DSMC-TIMS.41 Despite all
these improvements, the requirement of large amounts of samples
for purication still hampers high-sensitivity measurement of Cd
isotopes in ultra-trace Cd samples.8,9,14

Recently, an innovated technique for analyzing isotopes in
ultra-trace element samples, named a double spike-standard
addition (DSSA), has been proposed.44 The key idea of the
DSSA technique is the addition of certied standard solution
containing DS (e.g.,111Cd–113Cd) with known isotope composi-
tion to a sample to boost the amount of analyte. This method
only needs ∼1/5 of sample mass required for traditional DS
while achieving comparable or better precision,44 which sheds
light on measuring Cd isotopes precisely for those naturally
ultra-trace Cd samples because the Cd mass of sample for
purication can be decreased signicantly by adding a DS
spiked standard solution. However, although the DSSA's reli-
ability was veried through the pure Cd standard solutions and
high-Cd geological reference materials (e.g., NIST 2711a and
JSd-2),44 its application to ultra-trace Cd samples needs to be
further tested with more natural samples with various types of
matrices to ensure the accuracy and precision is widely
applicable.

In order to ground truth of the DSSA and to evaluate its
extensive practicality, we subject the DSSA method to tests by
a wide variety of samples with ultra-trace Cd concentrations and
various matrices. We aim to: (1) conrm the operability of DSSA
by showing the detailed procedures, (2) validate Cd isotope
This journal is © The Royal Society of Chemistry 2023
accuracy and precision of the essentially ultra-trace Cd samples,
and (3) determine Cd isotopes in animal organ samples to test
the feasibility of Cd isotopes in medical applications.
2. Experimental methods
2.1. Chemical reagents and materials

All utilized optima-grade nitric acid (HNO3), hydrochloric acid
(HCl) and hydrouoric acid (HF) (bought from Beijing Institute
of Chemical Reagents, China) were distilled once in a sub-
boiling distiller (DST-4500, Savillex, USA). Ultrapure water
with an 18.2 MU cm−1 resistivity was obtained through aMilli-Q
Element system (Millipore, USA). Thirty-ve percent (v/v) H2O2

(trace metal grade) was bought from Alfa Aesar. The anion
exchange resin AGMP-1M (100–200 mesh) was purchased from
Bio-Rad, USA. The Cd standard solution NIST SRM 3108 (lot.
130116) was acquired from the National Institute of Standards
and Technology (NIST), USA, and Münster Cd was generously
provided by Prof. Rehkämper at Imperial College London (ICL)
and Dr Wombacher at University of Cologne. BAM-I012 and
SPEX Cd-CUGB were purchased from the Federal Institute for
Materials Research and Testing, Germany (BAM) and Merck,
China, respectively. The geological and biological reference
materials (GRMs/BRMs) were obtained from the United States
Geological Survey (USGS) and the Institute of Geophysical and
Geochemical Exploration, Chinese Academy of Geological
Sciences (CAGS). The GRMs determined in this study include
basalt (BHVO-2 and BCR-2), manganese (Mn) nodule (NOD-A-1),
river sediment (GSD-12 and GSS-4), marine sediment (MS-E1),
and loess (GSS-25). The BRMs included human hair (GSH-1),
shrub leaves (GSV-2), wheat our (GBW08503C) and pig liver
(GSB-29). All GRMs and BRMs are listed in Table 1. Actual
animal samples, such as liver, kidney, lung of ovine and pig, as
well as oysters selected in our experiments, were randomly
purchased from supermarkets in Beijing. Rice was collected
from the Pb–Zn mining areas in Hezhang County, Guizhou
Province, China.
2.2. Preparation of spiked secondary standard solutions

The DSSA includes single- and multi-standard addition
approaches. Whether single- or multi-standard addition, it
refers to the addition of a pure spiked (containing DS
111Cd–113Cd) Cd standard solution, with known Cd isotope
composition, into a sample to boost the amount of analyte.
Thus, the spiked secondary standard solutions were made by
mixing spiked NIST 3108 with unspiked Münster Cd (d114/110Cd
= 4.461 ± 0.047& in our lab8) and Spex Cd-CUGB (d114/110Cd =

−2.113 ± 0.041&9). According to the theory of DSSA and an
optimal ratio of 111Cdspike(spk)/

112Cdsample(spl) provided by Tan
et al.8 the recommended mixing range of the 111Cdspk/

112Cdspl
was 2–6.8,44 For Münster-mixed solutions, a d114/110Cd of 0.489±
0.015& (2SD) (named Std1Mu, Pstandard(std) = 4.132) was ach-
ieved by mixing 10.40% Münster Cd and 89.60% of NIST 3108
(111Cdspk/

112Cdspl = 4.621), and a d114/110Cd value of 0.283 ±
J. Anal. At. Spectrom., 2023, 38, 950–962 | 951
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Table 1 The d114/110Cd values of reference materials determined by DSSA in this study and the literature

Sample
name Sample type

Cd
(mg g−1)

Used mass
(ng, proportion)a

Spiked standard
solution massb

d114/110Cd
(&) sspl (&) sd-spl (&) 2SD (&) N

Sample
size
(mg)

BCR-2 Basalt 0.18 18.49 (48.03%) STD1Spex (20 ng) −0.022 0.018 0.034 0.039 3 102.7
4.72 (15.88%) STD1Spex (25 ng) 0.017 0.024 0.120 0.122 3 26.21
4.99 (16.63%) STD1Mu (25 ng) 0.010 0.018 0.117 0.119 3 27.71
2.09 (17.26%) STD1Mu (10 ng) −0.015 0.010 0.113 0.113 2 11.59

Multi-standard
(48.03% for
STD1Spex and
16.63% for STD1Mu)

0.012 0.020 0.110 0.112 9

Multi-standard
(15.88% for
STD1Spex and
16.63% for STD1Mu)

0.014 0.012 0.193 0.194 9

0.18 30 DS9 0.008 0.074e 3 166.7
0.18 25 DSe (ref. 8) −0.030 0.077 4 136.4
0.22 1000 DS13 0.018 0.067 8 4545
0.21 200–600 DS32 0.080 0.040 4 1000–

3000
BHVO-2 Basalt 0.086 8.75 (46.67%) STD1Mu (10 ng) 0.007 0.014 0.029 0.032 4 101.8

4.48 (14.61%) STD1Mu (25 ng) 0.035 0.011 0.135 0.137 3 49.75
9.25 (48.05%) STD1Spex (10 ng) 0.036 0.013 0.045 0.047 4 107.5
4.29 (14.64%) STD1Spex (25 ng) 0.043 0.017 0.131 0.132 3 48.85

Multi-standard
(48.05% for
STD1Spex and
46.67% for STD1Mu)

0.017 0.014 0.024 0.028 16

Multi-standard
(14.64% for
STD1Spex and
14.61% for STD1Mu)

0.024 0.012 0.198 0.199 9

Total averagec 0.018 0.022 0.033 0.046 42
0.09 30 DS9 0.021 0.074 6 333.3
0.09d 30 DS8 −0.031 0.077 4 333.3
0.09 100 DS13 0.039 0.047 14 1111
0.152 200 DS14 0.040 0.077 2 1316
0.085 200–600 DS32 0.090 0.080 6 800–3000

NOD-A-1 Mn-nodule 6.17 21.22 (51.47%) STD1Mu (20 ng) 0.133 0.024 0.029 0.038 3 3.44
24.56 (55.12%) STD1Spex (20 ng) 0.126 0.014 0.020 0.024 3 3.98

6.13 30 Multi-standard 0.135 0.015 0.019 0.024 9
6.13 30 Total average 0.132 0.017 0.023 0.028 15
6.13 1000 DS9 0.127 0.035 9 4.89

DS8 0.124 0.067 14 4.89
DS13 0.039 0.047 163.1

MS-E1 Marine
sediments

0.064 6.57 (39.65%) STD1Mu (10 ng) −0.176 0.008 0.047 0.048 4 102.6
6.48 (39.32%) STD1Spex (10 ng) −0.136 0.021 0.046 0.054 4 101.4

Multi-standard −0.162 0.016 0.030 0.035 16
Total averagec −0.160 0.029 0.041 0.051 24

0.064 30 DS9 −0.168 0.057 9 468.8
GSS-4 Stream

sediments
0.34 16.76 (45.60%) STD1Mu (20 ng) −0.316 0.021 0.036 0.044 4 51.9

16.76 (45.60%) STD1Spex (20 ng) −0.314 0.014 0.052 0.053 3 51.9
Multi-standard −0.314 0.010 0.027 0.029 12
Total averagec −0.314 0.013 0.038 0.040 19

0.32 30 DS8 −0.308 0.016 3 93.75
GSD-12 Stream

sediments
3.78 19.66 (49.58%) STD1Mu (20 ng) −0.122 0.016 0.031 0.036 4 5.2

18.90(48.57%) STD1Spex (20 ng) −0.126 0.022 0.042 0.048 3 5
Multi-standard −0.123 0.009 0.027 0.028 12
Total averagec −0.123 0.012 0.033 0.035 19

3.78 30 DS9 −0.096 0.035 8 7.94
3.78 30 DS8 −0.071 0.060 8 7.94
3.78 200 DS14 −0.080 0.040 2 52.91

952 | J. Anal. At. Spectrom., 2023, 38, 950–962 This journal is © The Royal Society of Chemistry 2023
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Table 1 (Contd. )

Sample
name Sample type

Cd
(mg g−1)

Used mass
(ng, proportion)a

Spiked standard
solution massb

d114/110Cd
(&) sspl (&) sd-spl (&) 2SD (&) N

Sample
size
(mg)

GSS-25 Loss 0.15 16.08 (44.57%) STD1Mu (20 ng) −0.176 0.027 0.042 0.050 3 107.2
15.31 (43.39%) STD1Spex (20 ng) −0.144 0.014 0.051 0.053 3 108.7

Multi-standard −0.155 0.010 0.032 0.034 9
Total averagec −0.157 0.026 0.042 0.057 15

0.14 30 DS9 −0.093 0.024 12 214.3
GSH-1 Human hair 0.11 6.00 (37.49%) STD1Mu (10 ng) −0.326 0.017 0.041 0.045 4 57.35

6.00 (37.49%) STD1Spex (10 ng) −0.312 0.014 0.057 0.059 4 57.35
Multi-standard −0.314 0.010 0.041 0.043 16
Total averagec −0.316 0.011 0.047 0.049 24

0.1 30 DS8 −0.377 0.043 2 300
GSV-2 Plants 0.51 14.93 (42.75%) STD1Mu (20 ng) 0.116 0.023 0.027 0.045 4 29.28

14.93(42.75%) STD1Spex (20 ng) 0.117 0.005 0.027 0.032 4 29.28
Multi-standard 0.119 0.011 0.025 0.027 16
Total averagec 0.116 0.013 0.030 0.033 24

0.52 30 DS8 0.080 0.077 4 57.69
GBW08503C Wheat our 0.19 19.21 (49.01%) STD1Mu (20 ng) 0.103 0.018 0.031 0.035 3 101.1

19.21(49.01%) STD1Spex (20 ng) 0.106 0.033 0.043 0.046 3 101.4
Multi-standard 0.090 0.014 0.026 0.030 9
Total averagec 0.096 0.023 0.033 0.042 15

0.18 30 DS9 0.107 0.035 9 166.7
GSB-29 Pork liver 0.99 20.77 (50.95%) STD1Mu (20 ng) −0.621 0.012 0.025 0.028 3 20.98

20.77 (50.95%) STD1Spex (20 ng) −0.620 0.017 0.038 0.041 3 20.98
20.77 (50.95%) STD2Mu (20 ng) −0.580 0.013 0.037 0.043 3 20.98
20.77 (50.95%) STD2Spex (20 ng) −0.616 0.015 0.051 0.052 3 20.98

Multi-standard −0.619 0.053 0.001f 0.055 54
Total averagec −0.618 0.050 0.030 0.059 66

0.99 30 DS9 −0.611 0.069 9 30.3

a The mass (ng) used for purication and its proportion in the mixed solution. b The content in the brackets is the amount of standard solution
added. c Total average is calculated by single- and multi-standard addition, and 2SD is also calculated by the eqn (4), where sd-spl is the average
values of error propagation from single-standard and multi-standard methods, excluding the sample data of fspl z 15%. d This value was an
editorial error in Tan et al. (2020), which is corrected here. e The precision of traditional DS was calculated from the data reported by previous
literatures. f The error propagation of quadruple-standard addition was calculated by Soware MATLAB (2016a).
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0.021& (named Std2Mu, Pstd = 2.066) was obtained by mixing
5.21% Münster Cd and 94.79% NIST 3108 (111Cdspk/

112Cdspl =
2.180). For Spex-mixed solutions, similar procedures were con-
ducted. A d114/110Cd of−0.531± 0.014& (named Std1Spex, Pstd=
4.111) and−0.273± 0.033& (named Std2Spex, Pstd= 2.051) were
achieved by mixing 25.50% of Spex Cd-CUGB and 74.50% of
spiked NIST 3108 (111Cdspk/

112Cdspl = 5.518), and 13.11% Spex
Cd-CUGB and 86.89% of spiked NIST 3108 (111Cdspk/

112Cdspl =
2.360), respectively.

2.3. Sample digestion and purication

Fresh animal and rice samples were rinsed repeatedly with MQ
water to remove adsorbed materials. They were then frozen for
24 hours at−20 °C before being placed in a freeze-dryer to dry to
a constant weight. The dried samples were broken into ne
particles using ceramic scissors and then stored in sealed
bottles to avoid contamination and moisture.

All samples (geological and biological) were decomposed
following the procedures described in Zhu et al.45 Briey, approx-
imately 50 mg of basalt samples was placed in a 15 mL PFA beaker
with 2 mL of HF and 1 mL of HNO3, sealed, heated at 150 °C on
This journal is © The Royal Society of Chemistry 2023
a hot plate for 8–10 h, and then evaporated. Aqua regia (4mL;HCl :
HNO3 = 3 : 1) was then added and heated for 8–10 h until the
samples were completely dissolved. For soil and sediment samples,
approximately 100 mg of powder sample was weighed into 30 mL
Teon (PTFE) liner vials. Then, 0.6 mL HF and 2.6 mL HNO3 were
added. Aer heating at 180 °C for 36–48 h in a pre-heated oven, the
samples were evaporated to incipient dryness and the above
procedures were repeated. For plant and animal samples, 100–
200 mg was weighed into 30 mL PTFE. Then, 3 mL HNO3 was
added for degassing 2 h and then heated at 180 °C for 16 h before
being evaporated to dryness. Finally, all samples were dissolved in
10% HNO3 (v/v) as stock solutions. Due to high organic contents,
animal samples (e.g., oyster shell) were digested in several parallel
aliquots and recombined aer each complete digestion.

Before purication, samples containing approximately 2.09–30
ng Cd were mixed with an appropriate amount (proportion 20–
80%, w/w) of the spiked secondary standard solutions in 15 mL of
PFA, sealed, and heated on a hotplate overnight at 100 °C to ensure
that the mixed solutions were homogeneous. Samples were dis-
solved by adding 2 mL of 2 M HCl aer evaporation and loaded
onto a clean column containing 3 mL of AGMP-1M resin which
J. Anal. At. Spectrom., 2023, 38, 950–962 | 953
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were conditioned with 2 M HCl, followed by 2 M, 1 M, 0.3 M and
0.06 M HCl.8 Finally, Cd was eluted and collected with 0.0012 M
HCl. The above steps were repeated twice for DS and once for DSSA
to obtain high-purity Cd for isotope measurement.
2.4. Cd content and isotope measurement

The initial Cd contents of biological samples were determined by
high-resolution (HR)-ICP-MS (Element-XR, ThermoFisher, U.S.A.)
at the Isotope Geochemistry Laboratory (IGL-CUGB), China
University of Geosciences (Beijing), and the actual Cd contents
was corrected by the double spike method.9 The Cd isotopes were
determined on a MC-ICP-MS (Neptune Plus, ThermoFisher,
U.S.A.) at IGL-CUGB and the instrumental parameters were
similar to those reported in Tan et al.8 (Table S1†) to ensure that
the 112Cd signal was maximized. The puried solution was
diluted to 5–10 ng mL−1 using 2% HNO3 + 0.1% HF and intro-
duced into the plasma via an improved Aridus II desolvator with
an ice chamber.43 NIST SRM 3108 was analyzed every 4–5 samples
before and aer tomonitor instrument shi or stability, and then
they were used to normalize the sample data. Each sample was
repeatedlymeasured 3–4 times in the different analytical sessions
to achieve the actual 2SD (external reproducibility: sexternal) used
in calculating the data precision of the samples. The d114/110Cd
was expressed relative to NIST 3108 as eqn (1).

d114/110Cd = ((114Cd/110Cd)sample/(
114Cd/110Cd)NIST3108 − 1)

× 1000 (1)
2.5. Data reduction

DSSA can be done with a single standard or can be repeated with
multiple standards (with different known Cd isotope composi-
tions) to cross-validate results. The d114/110Cdstd represents the Cd
isotope compositions of the spiked secondary standard solution,
which was certied by long-termmeasurement. The d114/110Cdspl,
d114/110Cdmix (mixed solution: std + spl), Pstd(

111Cdspk/
112Cdstd),

and Pmix(
111Cdspk/

112Cdmix) can be precisely achieved by DS data
reduction Worksheet. For a single-standard, the d114/110Cd value
of an unknown sample can be solved by eqn (2):44

d114/110Cdspl = (Pstd × d114/110Cdmix – Pmix × d114/110Cdstd)/

(Pstd − Pmix) (2)
d114=110Cdspl-multi

¼ Pstd1 �
�
d114=110Cdstd1 � d114=110Cdmix1

�� �
d

ðPstd2 � Pmix2Þ � Pstd1 �
�
d114=110Cds

ðPstd1 � Pmix1Þ � Pstd2 �
�
d114=110Cds

954 | J. Anal. At. Spectrom., 2023, 38, 950–962
The uncertainty of calculated dspl comes from the errors
associated with the P and d values of the standard and mixed
solutions. Error propagation can be calculated by eqn (3).44

sd-spl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pmix

2sd-std
2 þ Pstd

2sd-mix
2

p

Pstd � Pmix

(3)

where sd-std and sd-mix are the 2SDs of the measured standard
and mixed solutions, respectively. Here, the uncertainty of all
data is expressed as 2SD, and the overall precision was
calculated by the average error propagation of multiple
measurements of the single mixed sample solution
and its external reproducibility, as provided by Schoenberg
et al.46

2SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsexternalÞ2 þ

�
sd-spl

�2q
(4)

where sexternal represents the external reproducibility of each
sample, obtained by $3 times analytical results.

For multi-standard approach, sample solutions are
mixed with two or more spiked secondary standard solutions
with different known Cd isotope compositions. These mixed
solutions generate a series of two-end member mixing lines.
These lines ideally should intersect at one point for a sample,
which denes the true Cd isotope composition of the
unknown sample. However, due to analytical uncertainties
or the weak dri during analytical sessions, these (or
regression) line themselves may generate multiple
intersections.

The number of intersections can be calculated as n1× n2 + n3
× (n1 + n2) + n4 × (n1 + n2 + n3). (where n1, n2, n3, and n4. were
the analysis times of the corresponding single-standard). For
instance, four measurements produce four mixed lines using
Std1Spex, and so do Std1Mu (e.g., Fig. S1b†). The total intersec-
tions should be 4(n1) × 4(n2) = 16. When the third (Std2Mu) or
fourth (Std2Spex) spiked standard solution was employed and
each was measured 3 times (e.g., Fig. S2a†). The total intersec-
tions should be 3(n1) × 3(n2) = 9 for double (Std1Mu and
Std1Spex), 3(n1)× 3(n2) + 3(n3)× (3 + 3)= 27 for ternary and 3(n1)
× 3(n2) + 3(n3) × (3 + 3) + 3(n4) × (3 + 3 + 3) = 54 for quadruple-
standard addition. Then, the d114/110Cd value and uncertainty of
an unknown sample can be acquired by solving intersections of
regression lines using eqn (5) and (6) for double-standard
addition.
114=110Cdstd2 � d114=110Cdstd1

�
td1 � d114=110Cdmix1

��
td2 � d114=110Cdmix2

�
þ d114=110Cdstd1 (5)

This journal is © The Royal Society of Chemistry 2023
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where d114/110Cdspl-multi is the calculated values from multi-
standard method, d114/110Cdstd1, d

114/110Cdstd2 are the Cd isotope
composition of the different spiked secondary standard solutions
such as Std1Mu and Std1Spex. d

114/110Cdmix1 and d114/110Cdmix2 are
the Cd isotope composition of the sample mixed with Std1 and
Std2, respectively. Pstd1, Pstd2, Pmix1, and Pmix2 denotes
111Cdspk/

112Cdstd/mix of Std1, Std2, mix1, and mix2, respectively.
The error propagation can be estimated by the following

equation:
Fig. 1 Comparison of Cd isotope data between this study and tradi-
tional DS reported in previuos studies.8,9,13,14,32 The green and yellow
symbols represent d114/110Cd for single- and multi-standard,
respectively.

sdspl-multi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vdspl-multi

vdstd1

�2

� sdstd1
2 þ

�
vdspl-multi

vdstd2

�2

� sdstd2
2 þ

�
vspl-multi

vdmix1

�2

� sdmix1
2þ

�
vdspl-multi

vdmix2

�2

� sdmix2
2 þ

�
vdspl-multi

vPstd1

�2

� sPstd1
2 þ

�
vdspl-multi

vPstd2

�2

� sPstd2
2þ

�
vdspl-multi

vPmix1

�2

� sPmix1
2 þ

�
vdspl-multi

vPmix2

�2

� sPmix2
2

vuuuuuuuuuuuut
(6)
where sdstd1, sdstd2, sdmix1 and sdmix2 represent the two standard
deviations (2SD) of d values of std1, std2, mix1 and mix2,
respectively, and sPstd1/sPstd2 and sPmix1/sPmix2 denotes the 2SD
of P values of standard and mixed solutions, respectively. Each
error term derivation is provided in the TEXT S1.†

3. Results and discussion
3.1. Blank contribution

The total procedural blank of Cd from digestion to the end of
purication in our experiments is ∼23 pg, less than 0.08% of
samples containing 30 ng Cd. The blanks from digestion and
column procedures are individually 8± 6 pg (2SD, n= 5) and 7± 5
pg (2SD, n = 5). For DSSA, the minimum Cd amount in the
unknown samples is 1.53 ng. Thus, the digestion, column, and
total procedural blank accounts for 0.52%, 0.98% and 1.50% of
this sample, respectively. These blanks should be a negligible
effect on the d114/110Cd values.8 However, to evaluate the blank
effect further on the d114/110Cd in ultra-trace Cd samples, the blank
solution from digestion step was mixed with the unprocessed
Std1Spex containing 5 ng Cd, which is no effect on the d114/110Cd
(−0.533 ± 0.010&, 2SD, n = 3) of Std1Spex. Simultaneously, the
Std1Spex containing 5 and 20 ng Cd was puried and measured,
yielding d114/110Cd values of −0.530 ± 0.035& (2SD, n = 3, deter-
mined at 5 ppb injection concentration) and −0.531 ± 0.017&
(2SD, n = 5), respectively, identical within uncertainty to the
unprocessed standard (d114/110Cd = −0.531 ± 0.014&; 2SD, n =

13). Besides, an aliquot of BCR-2, containing 2.09 ng Cd, was also
processed, and its d114/110Cd is consistent with reported values
within the uncertainty.8,9,13,14,32 Therefore, the blank does not
inuence the accuracy in the calculated d114/110Cd values of
unknown samples.

3.2. Evaluation of the accuracy and precision

Accuracy and precision are critical indicators of judging data
quality. Standard solutions and RMs are typically used to
This journal is © The Royal Society of Chemistry 2023
evaluate the precision and accuracy of natural samples. In this
study, accuracy was evaluated by comparison with published or
certied d114/110Cd values of RMs. Long-term measurements of
NIST SRM 3108, BAM-I012, and Spex Cd-CUGB yielded average
d114/110Cd values of −0.002 ± 0.013& (n = 117), −1.320 ±

0.032& (2SD, n = 10), and −2.104 ± 0.017& (2SD, n = 10),
respectively. These data agree well with previously reported
values.7,8,13,18,42,47 For the spiked secondary standard solutions,
the measured d114/110Cd values of Std1Mu and Std1Spex were
0.489 ± 0.015& (2SD, n = 13) and −0.531 ± 0.014& (2SD, n =

13), respectively, in agreement with the theoretically calculated
values (0.484± 0.030& and−0.531± 0.023&) using the isotope
binary mixing model. These measured values will be used in
single- or multi-standard addition approaches of DSSA as an
initial endmember in eqn (2).

For the single-standard addition, d114/110Cd values and their
precision of RMs were obtained by eqn (2) and (4). All RMs' d114/
110Cd values are analytically indistinguishable from the re-
ported data (Fig. 1).8,9,13,14,32 However, it is worth noting that the
precision depends strictly on the proportion of sample mass in
the mixture owing to the error propagation. As shown in Fig. 2a,
when sample fraction (fspl) is close to 15–10% (w/w), our
J. Anal. At. Spectrom., 2023, 38, 950–962 | 955
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Fig. 2 The relationship between overall precision and sample fraction (fspl) of single-standard (a) and multi-standard (b). The y value of the
horizontal blue dashed line is the overall precision, and the x value of the vertical blue dashed line is fspl.
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samples' precision becomes relatively large with up to 0.137&
(BHVO-2: d114/110Cd = 0.035 ± 0.137&, Table 1), even up to
0.246& when fspl is 8.29% although its accuracy is acceptable
(Ovine liver: d114/110Cd = −0.048 ± 0.246&, Table 2). This
observation is similar to the trend line presented in Lu et al.44

Still, if the fspl is$20% as listed in Table 1, the precision can be
signicantly improved. For example, 2.09 ng of Cd from BCR-2
Table 2 The d114/110Cd values of biological materials

Sample type Cda (mg g−1) Used massb (ng, proportion)
Spiked solu
(added ng)

Ovine kidney 0.076 30.85 (72.00%) STD1Mu (12
4.81 (16.13%) STD1Mu (25
36.25 DSe

Ovine liver 0.077 39.16 (79.67%) STD1Mu (10
2.26 (8.28%) STD1Mu (25
30 DSe

Ovine lung 0.009 8.58 (36.39%) STD1Mu (15
Pig kidney 0.106 38.55 (79.40%) STD1Mu (10

5.18 (17.16%) STD1Mu (25
38.31 (78.86%) STD1Spex (10

Muti-standa
Total averag

Pig liver 0.020 13.82 (58.02%) STD1Mu (10
9.98 (49.95%) STD1Spex (10

Muti-standa
Total averag

30 DSe

Pig lung 0.011 8.98 (30.57%) STD1Mu (15
Oyster shell 0.004 1.58 (24.01%) STD1Mu (5.0

10.51 (29.61%) STD1Mu (25
Rice 1.00 32.53 (72.26%) STD1Mu (15

4.10 (14.64%) STD1Mu (25
DSe

a Cd content was obtained by DS. b The mass (ng) used for purication a
amount of standard solution added. d Total average is calculated by sin
method. f The sample sizes in brackets are calculated by traditional DS a

956 | J. Anal. At. Spectrom., 2023, 38, 950–962
digest solution was mixed with 10 ng of Std1Mu, its proportion
(fspl) is 17.26% and the d114/110Cd is −0.015 ± 0.113& (2SD, n =

3). This value is still identical to the published data, but the
precision is approximately two times what was previously re-
ported.8,9,13,32. The basalt reference material BCR-2 (18.49 ng Cd,
fspl = 48.03%) was dopped with Std1Spex (20 ng Cd), yielding
a calculated d114/110Cd value of −0.022 ± 0.039& (2SD, n = 3)
tion d114/110Cd
(&) sspl (&) sd-spl (&) 2SD N Sample size (mg)

)c 0.681 0.016 0.022 0.027 4 408.1
) 0.648 0.022 0.121 0.123 3 63.26

0.565 0.037 3 477.1
) −0.054 0.018 0.014 0.030 4 506.0
) −0.048 0.014 0.246 0.246 3 29.34

−0.081 389.6
) 0.101 0.023 0.045 0.051 3 957.2 (3333)f

) 0.383 0.027 0.027 0.038 4 365.1 (284.1)
) 0.344 0.012 0.114 0.114 3 48.86
) 0.370 0.03 0.031 0.043 3 365.3
rd 0.381 0.022 0.042 0.048 12
ed 0.370 0.024 0.032 0.040 22
) 0.037 0.038 0.036 0.058 3 694.1
) 0.060 0.033 0.044 0.055 3 692.0
rd 0.042 0.021 0.042 0.049 9
ed 0.044 0.031 0.031 0.044 15

0.083 0.010 3 1500
) −0.009 0.018 0.057 0.060 4 816.1 (2724)
) −0.591 0.013 0.020 0.024 4 395.2 (7515)
) −0.608 0.019 0.062 0.065 3 2629
) 0.175 0.022 0.028 0.035 4 32.53
) 0.158 0.021 0.120 0.122 3 4.14

0.159 0.060 3 103.4

nd its proportion in the mixed solution. c The mass in brackets is the
gle- and multi-standard addition. e DS is the traditional double-spike
ccording to the minimum Cd mass of 30 ng used in our laboratory.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The d114/110Cd values of several RMs ((a) BCR-2; (b) BHVO-2; (c) MS-E1; (d) GSH-1) obtained by DSSA. The blue and red triangles are the
d114/110Cd values of STD1Mu and samples mixed with STD1Mu, respectively. The blue and red diamonds are the d114/110Cd values of STD1Spex and
samples mixed with STD1Spex, respectively. The open circles and squares represent the actual d114/110Cd values calculated for unknown samples.
The black dashed lines are linear fitting lines. The intersection of the fitting lines with the fspl= 1 (vertical red dash line) defines the “true” d114/110Cd
value of the sample. The calculated values (open circles and squares) should fall on the horizontal line passing through the “true” value. The gray
bar denotes the values (±2SD) measured in Tan et al. (2020)8 and Lu et al. (2021).9
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(Fig. 3a, Tables 1 and S2†). Measurement of BHVO-2 (8.75 ng
and 9.25 ng Cd, fspl = 46.67% and 48.05%) with single-standard
addition yielded a d114/110Cd value of 0.007 ± 0.032& (2SD, n =

4) using Std1Mu (10 ng Cd) and 0.036 ± 0.047& (2SD, n = 4)
using Std1Spex (10 ng Cd) (Fig. 3b, Tables 1 and S2†), which are
consistent with the published values and their corresponding
precision.8,9,13 Similarly, the d114/110Cd values of NOD-A-1 were
0.133 ± 0.038& (2SD, n = 3) using Std1Mu and 0.126 ± 0.024&
(2SD, n = 3) using Std1Spex (Tables 1, S2 and Fig. S1a†). For river
sediment RMs, the d114/110Cd of GSS-4 was −0.316 ± 0.044&
(2SD, n = 4) using Std1Mu and −0.314 ± 0.053& (2SD, n = 4)
using Std1Spex (Tables 1, S2 and Fig. S1b†). The results of GSD-
12, MS-E1, and GSS-25 using Std1Mu and Std1Spex were almost
identical and consistent with reported values and uncertainty
(Fig. 3c, S1† and Tables 1, S2†).8,9 Thus, 20–50% of fspl is the
optimal mixing range for Cd isotopes if we want to obtain high-
precision data using as small a sample mass as possible.

For the multi-standard addition, similar observation for
precision still existed (Fig. 2b). When the fspl is less than 15%,
This journal is © The Royal Society of Chemistry 2023
the uncertainty for multi-standard is larger than 0.190& (BCR-
2: d114/110Cd= 0.014± 0.194&, Table 1), while the fspl is close to
50%, the precision for RMs can reach to 0.033 ± 0.017& (2SD, n
= 10, Table 1). For example, the precision of BHVO-2 is 0.199&
at 14.64% of fspl for Std1Spex and 14.61% of fspl for Std1Mu,
whereas it can be decreased to 0.028& when fspl is 48.05% for
Std1Spex and 46.67% for Std1Mu (Table 1). Thus, the optimal
mixing range of 20–50% is still applicable to the multi-standard
approach. As shown in Table 1 and Fig. 3b, the average d114/

110Cd values obtained from double-standard intersections (each
measured four times) were 0.017 ± 0.028& (2SD, n = 4 × 4 =

16; Fig. 3b) for BHVO-2 (fspl $ 46.67%) and −0.314 ± 0.043&
(2SD, n = 4 × 4 = 16; Fig. 3d) for GSH-1 (fspl = 37.49%), which
are identical to published data.9 The d114/110Cd values of other
GRMs and BRMs obtained from double-standard addition are
also consistent with those achieved from single-standard
addition as well as with those measured in previous studies
(Table 1).8,9,14 Beside Std1Mu and Std1Spex, Std2Mu and Std2Spex
were also individually mixed with GSB-29 (fspl = 50.95%). The
J. Anal. At. Spectrom., 2023, 38, 950–962 | 957
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Fig. 4 Normal distribution test for RMs' data ((a) MS-E1; (b) BHVO-2; (c) GSH-1; (d) GSB-29).
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d114/110Cd of −0.619 ± 0.055& (2SD, n = 54) calculated by
quadruple-standard addition is consistent with single-standard
addition result (−0.620 ± 0.041&, n = 12). Above comparison
with published values shows that both single and multiple
standard addition can produce accurate isotope ratio data
(Fig. 1).

However, it is necessary to note that, if no systematic errors
occur during single- and multi-standard calculation, obtained
d114/110Cd values should conform to normal distribution. For
example, the number of intersections was 24 for MS-E1 (Fig. 4a
and Table 1), including 16 intersection values by double-
standard mixing lines (n = 16) and single-standard addition
(n = 8). Normal distribution tests were performed using
Kurtosis/skewness coefficient, P–P plot, and Shapiro–Wilk
approaches. Assuming that the data follows normal distribu-
tion at the condence level of 0.05, the hypothesis will be
rejected when the Kurtosis and skewness coefficient is >1.96
and the data is not subject to normal distribution. Otherwise,
the assumption is valid. All Kurtosis and skewness coefficients
are <1.96 for d114/110Cd values. And P–P plot displays that all
data of each sample fall on line with the slope of 1. The Shapiro–
Wilk test also gives the same results at the condence level of
0.05. These observations show that the distribution of all values
958 | J. Anal. At. Spectrom., 2023, 38, 950–962
accords with normal distribution, and so do the others (Fig. 4a–
d). Thus, the short-term external reproducibility can be repre-
sented by arithmetic mean and standard deviation. The average
external precision for single standard addition is 0.019 ±

0.014& (2SD, n = 43) with range of 0.005 to 0.038&. And the
overall reproducibility of multi-standard is 0.017 ± 0.022&
(2SD, n = 15). Revisiting the uncertainty of all data with
considering error propagation, we know the precision ranges
from 0.024 to 0.137&with an average of 0.059± 0.066& (2SD, n
= 43) for single standard addition, whereas it falls within the
range of 0.024 to 0.199& with an average of 0.062 ± 0.117&
(2SD, n = 15) for multiple standard addition (including double-
and quadruple-standard). Obviously, the relatively large preci-
sion variation is dominantly coming from the error propagation
contribution of fspl (sample fraction)z 15%. Two independent-
sample t-tests (P < 0.05) show there are no signicant difference
between them. Thus, excluding the sample data of fspl z 15%,
the overall precision of DSSA in our work is 0.041 ± 0.022&
(2SD, n = 46), which is comparable with the statistical average
value (0.056 ± 0.039&, 2SD, n = 23, Table 1) obtained by the
traditional DSmethod in previous works,8,9,13,14,32 indicating that
the d114/110Cd values from single- and multi-standard
approaches are both robust, and the results in our study are
This journal is © The Royal Society of Chemistry 2023
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good in the repeatability and consistency. The d114/110Cd values
of the selected GRMs and BRMs are excellently in line with
published data (Table 1).8,9,13,14,32

Additionally, since multiple standard addition needs $2
spiked standard solution, and its operation is relatively tedious,
our results conrm that single-standard addition is sufficient to
obtain the reliable data and easier to operate when using DSSA.
It should be noted that some intersections of mixing lines do
not exactly coincide with the “true value” of the sample (Fig. 3c
and d), which is likely due to instrument dri or analytical
errors from measurements. However, the intersection values
obtained from mixing lines (intersections demarcated in ovals
in Fig. 3b) are within analytical uncertainty identical with the
calculated values from the single-standard addition (open
markers in Fig. 3). The worst precision (0.057&; fspl $ 20%)
obtained by multiple-standard addition is still comparable with
the 0.056 ± 0.039& (2SD, n = 23, Table 1) of traditional
DS.8,9,13,14,32
3.3. Feasibility of DSSA for ultra-trace Cd samples

Generally, the loading amount of Cd for chemical purication
ranged from 30 to 1000 ng.8–17,44,45 For ultra-trace Cd GRMs (e.g.,
BHVO-2 andMS-E1) and natural samples (e.g., peridotites, Cd=

11.5 ng g−1), the minimum sample mass containing 30 ng Cd
are approximately 340 mg of BHVO-2 (ref. 8) and 3000 mg of
rock powder32 according to the traditional DS. Whereas for
DSSA, according to the recommended optimal range of 20–50%
for fspl, precision requirement and blank effect, approximately
60 mg or 600 mg of sample mass is sufficient to extract Cd for
isotopemeasurement because the amount of Cd can be reduced
to 6 ng (30 ng × 20%) or lower through optimizing fspl. In our
work, the sample mass of BCR-2 and BHVO-2 was used
commonly 100 mg while at least 300 or 800 mg is needed in the
study of Tan et al.8 and Pickard et al.32 What's more, we still
obtained good data using sample mass of ∼12 mg BCR-2 and
∼50 mg BHVO-2 (Table 1). Similarly, for BRMs with ultra-trace
Cd (e.g., GSH-1 and GBW080503C), the sample mass can also
be reduced to 30–50 mg, a 6-fold reduction compared to those
(300 mg) used in Tan et al.8

With decreased sample consumption and added pure stan-
dard solution to boost analyte, the ratios of matrix/Cd, espe-
cially Sn/Cd, can be correspondingly decreased by 80–50% of
the actual samples. The observation of Sn tailing into Cd cut has
been reported in literature,8 and the positive dri of d114/110Cd
value could occur when Sn/Cd in puried solution is >0.02,
which leads to the double separation for traditional DS.8 In our
test experiments, the comparison between DS and DSSA using
single column showed that Sn/Cd of GSB-29, GBW08503C and
GSV-2 were sometimes higher than 0.02 for DS, causing their
d114/110Cd values deviating from the recommended values
(Fig. S2†). Whereas for DSSA, matrix is reduced and diluted by
adding pure standard solution, the separation of single column
can make Sn/Cd decrease to less than 0.001 and achieve the
expected results. Thus, DSSA simplify the purication process,
greatly reducing reagents volume and shortening the separation
time. Additionally, this also suggests that high-precision
This journal is © The Royal Society of Chemistry 2023
measurement of Cd isotopes in ultra-trace Cd samples can be
performed without changing the instrument conguration or
using higher-impedance Faraday cups (e.g., 1012/1013 U

amplier).
3.4. Application of DSSA to biological samples with ultra-
trace Cd

Since the Cd content in biological samples is very low, more
than 1 g sample is required to digest for isotope analysis.
However, with the DSSA method, the largest sample size of our
investigated biological samples was 2629 mg despite its Cd
content is as low as 0.004 mg g−1 in oyster shell, approximately 1/
5 of the requirement by the traditional DS8 (Table 2). Reduced
sample requirement allows us to investigate variations in the Cd
concentrations and isotope compositions of animal organs.
Cadmium contents in investigated animal organs are extremely
low, with the order of liver (0.077 mg g−1) z kidney (0.076 mg
g−1) > lung (0.009 mg g−1) in ovine and kidney (0.106 mg g−1) >
liver (0.020 mg g−1) > lung (0.011 mg g−1) in pig. The distribution
trend of Cd in ovine and pig is consistent with that in mice,48–50

suggesting enrichment of Cd in the kidney and liver of animals.
The d114/110Cd values are 0.681 ± 0.027& (2SD, n = 3) for

ovine kidney, 0.101 ± 0.051& (2SD, n = 4) for lung, and −0.054
± 0.030& (2SD, n = 3) for liver. The d114/110Cd of the pig kidney,
lung, and liver are 0.370 ± 0.040& (2SD, n = 22), −0.009 ±

0.060& (2SD, n = 3), and 0.044 ± 0.044& (2SD, n = 15),
respectively (Table 2 and Fig. S4†). Kidneys have the highest
d114/110Cd values among investigated organs, consistent with
literature data for rats and pigs (0.635 ± 0.034&12 and 0.465 ±

0.062&,41 respectively). Ovine livers have the lowest d114/110Cd
values, with lungs falling between ovine kidneys and lungs,
whereas Cd isotopes in pig livers are slightly heavier than pig
lungs.

The main Cd source in animal kidneys and livers is dietary
intake,49 and previous studies indicated that Cd in these organs
is primarily complexed with the sulfur group (–HS) of metal-
lothionein.48,51 The d114/110Cd values of the ovine and pig
kidneys are higher than those of plants such as our
(GBW08503C, 0.096 ± 0.042&) or rice (0.175 ± 0.035&). This
may be explained by the metabolization of Cd through urine,
during which isotopically light Cd preferentially binds to –HS in
urine and isotopically heavy ones accumulate in the
kidney.28–30,52 Light Cd isotopes bound to –HS may be accumu-
lated in livers due to the slowly metabolic rate of Cd with
a biological half period of 10–30 years, resulting in Cd enrich-
ment with slightly lighter Cd isotope signals than the initial
intake.55 However, the d114/110Cd values of ovine livers are
slightly lower than pig livers. This can be attributed to higher
specic surface area and uptake rates in ovine livers, leading to
more light Cd isotopes into ovine lives.53,54 Besides, the pig
livers have another free Cd2+ transport channel, that is, Cd2+ can
enter pig livers through specic transport proteins.54 Previous
experiments have shown that free Cd2+ is isotopically heavier
than Cd associated with transporter.28,29 The d114/110Cd values
for the lung are within the aerosol range of −0.19–0.190&,56

indicating limited Cd isotope fractionation during Cd uptake by
J. Anal. At. Spectrom., 2023, 38, 950–962 | 959

https://doi.org/10.1039/d3ja00047h


JAAS Paper

Pu
bl

is
he

d 
on

 0
1 

M
ar

ch
 2

02
3.

 D
ow

nl
oa

de
d 

by
 C

he
ng

du
 L

ib
ra

ry
 o

f 
C

hi
ne

se
 A

ca
de

m
y 

of
 S

ci
en

ce
 o

n 
6/

7/
20

24
 4

:0
8:

24
 A

M
. 

View Article Online
the lung. The large differences in Cd isotope ratios among
animal organs imply that Cd isotopes can potentially trace the
biological processes of Cd in animals or humans, especially for
the kidney and liver.

The Cd content in studied oyster shells is 0.004 mg g−1. DSSA
yields an average d114/110Cd value of −0.591 ± 0.024& (Table 2,
2SD, n = 4), within the range of −1.20& to −0.09& for bivalves
from French, American, and Atlantic Oceans.57,58 The d114/110Cd
values of bivalves are signicantly lower than those of the global
ocean (∼0.30&),20,21 indicating that carbonate shells preferen-
tially take up light Cd isotopes from seawater. Thus, besides
oceanic algae,22 the evolution of carbonate biomineralization in
Earth's history may have shaped Cd isotope composition of the
seawater.
4. Conclusions

Using a series of certied GRMs and BRMs, including basalt,
Mn-nodule, sediment, loss, plant, and human hair samples, we
demonstrate the robustness of DSSA method for measuring the
d114/110Cd values in ultra-trace Cd samples with complex
matrices and with as low as 2.09 ng of Cd. d114/110Cd values
derived from single- and multi-standard approaches are well
consistent with recommended values, suggesting the robust-
ness of both. However, if sample fraction (fspl) is #15%, the
precision can be up to 0.137& for single-standard addition and
0.199& for multi-standard addition. When fspl is $20%, the
overall precision, including single-standard and multi-
standard, is 0.041 ± 0.022& (2SD, n = 46), indicating that 20–
50% is the optimal mixing range to obtain high-precision Cd
isotopes using as small sample masses as possible. The
comparison between single- andmulti-standard addition shows
that there is no signicant difference between the results, sug-
gesting that DSSA can be operated simply by mixing sample
with only one spiked secondary standard solution.

High accuracy and precision of DSSA in ultra-trace Cd
samples allows for d114/110 Cd measurement of a suite of animal
organ samples with 0.004–0.106 mg g−1 Cd content with preci-
sions better than 0.040&. Large d114/110 Cd variations among
ovine and pig kidneys (0.681 ± 0.027& and 0.370 ± 0.040&,
respectively), livers (−0.054± 0.030& and 0.044± 0.044&), and
lungs (0.101 ± 0.051& and −0.009 ± 0.060&) indicate that Cd
isotopes might be used to trace metabolic processes. The d114/

110 Cd value of oyster shells is −0.591 ± 0.024& lower than
global seawater values, implying that carbonate shells may be
one of the crucial sinks of light Cd isotopes from the ocean.
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B. J. Coles, K. Kreissig, K. Nilsson-kerr, S. J. Hammond,
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