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We report high-precision cadmium isotope ratios for a series of standard solutions and geological reference materials for
interlaboratory comparison. Complete separation of Cd from a matrix in geological samples was achieved using AG MP1M anion exchange resin with > 97.8% recovery. Cadmium isotope ratios were measured by both Neptune plus multicollector-inductively coupled plasma-mass spectrometry (MC-ICP-MS) and Nu Plasma II MC-ICP-MS at low-resolution
mode. Both sample calibrator bracketing (SSB) and double-spike techniques (DS) were utilised for mass bias correction.
Cadmium isotope ratio data of standard solutions (BAM I012 Cd, SPEX Cd, Alfa Aesar Cd, GSB Cd) and geological
reference materials (GSS-1, GXR-1, GXR-2, GSD-12, NIST SRM 2711a) are reported relative to Cd solution (NIST SRM
3108). The intermediate precision over a three-year period was better than ± 0.09‰ (2s) for d114Cd/110Cd and
± 0.06‰ (2s) for d112Cd/110Cd ratios. SPEX Cd was used as a secondary reference material for Cd isotopic measurement
with a d114/110CdNIST SRM 3108 value of -2.13 ± 0.09‰ (2s). The soil reference material NIST SRM 2711a has a
significantly heavier isotopic composition than other soil materials, GXR-1, GXR-2 and GSS-1. New recommended values
are presented for future interlaboratory calibration.
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Cadmium possesses eight stable isotopes, 106Cd,
108
Cd, 110Cd, 111Cd, 112Cd, 113Cd, 114Cd and 116Cd,
with the relative abundances of 1.25%, 0.89%, 12.47%,
12.80%, 24.11%, 12.23%, 28.75% and 7.51%, respectively (Meija et al. 2016). The maximum relative mass
difference for Cd isotopes (106–116) is approximately 10%,
which makes Cd isotope ratios a potential tool to resolve
mechanisms of mass-dependent fractionation processes
(Wombacher et al. 2004, Horner et al. 2011, Wasylenki
et al. 2014, Zhang et al. 2016) and to trace Cd oceanic
cycle (Lacan et al. 2006, Ripperger et al. 2007, Abouchami
et al. 2011, Yang et al. 2012, Xue et al. 2013, Abouchami
et al. 2014, Bridgestock et al. 2017, Xie et al. 2017) and
anthropogenic pollution sources (Cloquet et al. 2006, Sivry
et al. 2006, Shiel et al. 2007, Wen et al. 2015, Gao 2016,
Martinkov
a et al. 2016, Zhang et al. 2016, Zhu et al.
2018) in the environment. Variations in stable Cd isotopes
have been observed since 1976 (Rosman and DeLaeter
1976). The largest variations (d114/110CdJMC Cd of -7.8‰ to
+ 14.8‰) are of extraterrestrial and anthropogenic origins
(Wombacher et al. 2003, Cloquet et al. 2005, 2006, Lacan

et al. 2006, Sivry et al. 2006, Ripperger et al. 2007, Shiel
et al. 2007, 2008) relative to the ‘JMC Cd’ solution (Johnson
Matthey Company) (Wombacher and Rehk€
amper 2004).
The researchers have also identified a relatively narrow
range of ~ 1.5‰ in d114/110CdSpex-1 Cd ratios of terrestrial
samples, for example ocean island basalts, mid-ocean ridge
basalts, loess, sediments and sulfides. The Cd isotopic value
of the bulk silicate Earth (BSE) is at d114/110CdSpex-1 Cd of
0 ± 0.4‰ relative to Spex-1 Cd (Wombacher et al. 2003,
Schmitt et al. 2009a, Zhu et al. 2013). Given the modest Cd
isotopic variation in most of terrestrial materials, precise and
accurate measurement results is crucial to expanding the
application of Cd isotope ratios to geological processes.
Accurate measurement of isotope ratios requires the
removal of spectral interferences and calibration of the mass
discrimination effects induced by the instrument (Douglas and
Tanner 1998, Wombacher et al. 2003, Rehk€
amper et al.
2004, Wombacher and Rehk€
amper 2004). Recently, new
chemical separation methods of Cd from matrix elements
have been presented. Based on earlier studies (Rosman and
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DeLaeter 1974, 1975, Loss et al. 1984, 1990, Sands and
Rosman 1997), Wombacher et al. (2003) proposed a twostage column chemical procedure, involving a strongly basic
anion exchange resin and an Eichrom TRU Spec resin, to
isolate Cd from geological matrices. A three-stage column
chemical procedure was also used to separate Cd from
seawater samples with very low Cd mass fraction, which
allows Cd to be isolated sufficiently from the matrices
(Ripperger and Rehk€
amper 2007). These procedures can
effectively separate Cd from matrices, but are relatively
complex using different acids and different resins. The more
stages the samples were processed, the less likely they were to
achieve 100% recovery of all fractions. Cloquet et al. (2005)
proposed a one-stage purification procedure to separate Cd
from digested soil and sediment samples using HCl and AG
MP-1 strong anion exchange resin. This method is relatively
simple and has been widely used (Cloquet et al. 2005,
Lacan et al. 2006, Gao et al. 2008, Zhang et al. 2010, Wen
et al. 2015). In this study, one-stage column chemical
procedure modified from previous studies was used to
separate Cd from matrix elements. This procedure serves to
effectively isolate Cd from Sn, Zn and other ions in the solution.
To date, few geological reference materials have been
reported for Cd isotope ratio results, which hinders the
comparisons of Cd isotope results obtained in different
laboratories but also makes method validation more difficult.
Also, multiple in-house Cd solutions have been used for ratio
normalisation in different laboratories, which requires data
obtained from different groups to be converted and thus brings
extra deviation. A fixed reference standard for Cd isotope ratio
measurement results needs to be developed. Recently,
although NIST SRM 3108 has popularly become the recommended zero value for Cd isotopes and standard solutions
have been used to test the purification processes in most
previous studies when the soil or sediment samples were
measured, geological reference materials were rarely used
and measured directly relative to NIST SRM 3108. In this study,
we report all of the obtained d114/110CdNIST SRM 3108 values
of standard solutions and geological reference materials
directly relative to NIST SRM 3108, and the new recommended values are presented for interlaboratory calibration in
the future. This would facilitate the comparison of almost all
published data and strongly encourage other laboratories to
do so as well in future Cd isotope studies.

still. High-purity (≥ 18.2 MΩ cm), prepared by deionisation
of reverse osmosis water using a Milli-Qâ system (Merck
Millipore, Burlington, MA, USA), was used to prepare all
solutions. Savillexâ PFA vials were cleaned with 1:1 v/v nitric
acid, 1:1 v/v HCl and high-purity water. Other materials,
including columns, pipette tips and tubes, were washed in a
heated bath of 3% HNO3 and rinsed with high-purity water
prior to use.

Reference materials
Five different mono-elemental Cd solutions were used:
(a) NIST SRM 3108, diluted from a 10.00 mg ml-1 solution
and used as a reference solution; (b) BAM I012 Cd, an
isotopic reference material (Lot: C152382M, 1000 lg ml-1);
(c) SPEX Cd (Lot: CL8-71CDY, 1000 lg ml-1); (d) Alfa Aesar
Cd (Lot: 855869B, 1000 lg ml-1); and (e) GSB Cd
(1000 lg ml-1). BAM I012 Cd was already reported in
previous studies (Wombacher and Rehk€
amper 2004,
Pritzkow et al. 2007, Ripperger and Rehk€
amper 2007,
Gao et al. 2008, Schmitt et al. 2009a, Shiel et al. 2009,
Xue et al. 2012, Yang et al. 2012, Xue et al. 2013, Brand
et al. 2014, Murphy et al. 2016, Wiggenhauser et al.
2016, Bridgestock et al. 2017, Imseng et al. 2018) and
was also used in this study to estimate the accuracy of Cd
isotope ratio measurement results. However, SPEX Cd was
not reported before, which is not the same as Spex-1 Cd
reported in previous studies (Cloquet et al. 2005, Gao et al.
2008, Wei et al. 2015).
Geological reference materials analysed in this study
include the following: (a) soils: GSS-1 (China), GXR-1 &
GXR-2 (USGS quality control materials) and NIST SRM
2711a (USA); (b) sediment reference material: GSD-12
(China); and (c) ferromanganese nodules: Nod-A-1 and
Nod-P-1. GSS-1 and GSD-12 are distributed by the Institute
of Geophysical and Geochemical Prospecting, People’s
Republic of China (IGGE), GXR-1, GXR-2, Nod-A-1 and
Nod-P-1 by US Geological Survey, (USGS), and NIST SRM
2711a by National Institute of Standards and Technology,
USA (NIST). NIST SRM 2711a (Montana II soil) was
collected from the top 10 cm to 12 cm of an agricultural
field located near a site formerly used by smelting plant, in
east Helena, Montana. The description of other geological
reference materials is given in detail by Cloquet et al.
(2005).

Reagents and standard solutions
Measurement procedures
Reagents
Nitric, hydrochloric and hydrofluoric acids used in this
study were purified in-house by double distillation in Teflonâ
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The detailed procedures for sample digestion, chemical
purification procedure and instrumental measurements are
presented in the following sections.
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Sample digestion
Cadmium mass fraction in the analysed geological
reference materials varies from 3 to 55 lg g-1, and thus, 10
to 100 mg of the materials were weighed such that the
resulting subsamples contained at least ~ 0.1 lg Cd for
isotope analysis. First, samples were digested in doubledistilled nitric acids (15.8 mol l-1) in high-pressure bombs,
followed by ultrasonic treatment and then heated at 185 °C
in an air circulation drying oven for about 24 h. H2O2 (1 ml,
40% m/m) was added to remove any organic materials.
The solutions were evaporated at 150 °C, refluxed with 3:1
v/v mixture of HF (23.1 mol l-1) and HNO3 (15.8 mol l-1) at
160 °C, and then evaporated to dryness at 160 °C. Then,
the samples were refluxed with a 1:3 v/v mixed HNO3 and
HCl, followed by heating and then evaporating to dryness at
80 °C. Finally, the samples were redissolved with concentrated HCl (10.8 mol l-1) until complete dissolution was
achieved and subsequently dried down at 80 °C. A 1 ml of
2 mol l-1 HCl was added to the beaker and then heated to
dryness. This process was repeated to ensure that all cations
were converted to chloride species. The final material was
dissolved in 2 ml of 2 mol l-1 HCl in preparation for ion
exchange separation.

Ion exchange chromatography
Chemical separation procedures for Cd rely on its affinity to
ion exchange resins in acid media (Wombacher et al. 2003,
Cloquet et al. 2005, Lacan et al. 2006, Ripperger and
Rehk€
amper 2007, Gao et al. 2008, Zhang et al. 2010, Zhu
et al. 2013, Wen et al. 2015). Here, the chemical analytematrix separation method is modified from a one-stage
purification procedure (Cloquet et al. 2005, Lacan et al.
2006, Gao et al. 2008, Zhang et al. 2010, Wen et al. 2015).
The major differences between this study and previous studies
are the size of polypropylene column and the volume of the
resin. The procedure that was used to separate the Cd from the
matrix is shown in Table 1 and described below. The Bio-Rad
AG MP-1M strong anion exchange resin (100–200 mesh,
chloride form) was precleaned with 2 mol l-1 HCl, 0.012 mol l1
HCl and 0.0012 mol l-1 HCl alternating with high-purity
water twelve times. The precleaned polypropylene column
(7.4 mm in diameter) was filled with 2.5 ml of precleaned resin
and washed with 5 ml 2 mol l-1 HCl, 4 ml 0.012 mol l-1 HCl
and 4 ml 0.0012 mol l-1 HCl alternating with high-purity
water six times. A 10 ml of 2 mol l-1 HCl was added to the
column for conditioning, and then, samples dissolved in 2 ml
2 mol l-1 HCl were loaded onto the column. Matrix elements
(e.g., Al, Cr, Zr, Zn and Sn) were eluted with HCl in stepwise
decreases in concentrations of 2, 0.3, 0.06 and 0.012 mol l-1.
Cadmium fraction was eluted from the resin with 15 ml of

0.0012 mol l-1 HCl. The elution sequence was checked by
artificial mixed solution (Cd :Zn : Sn = 1 lg: 1 lg: 1 lg) and
reference sample (GXR-1) (Figure 1). The ratios of all other ions
(such as Pd, Zn and Ge) to Cd were found to be less than 0.01.
These interferences generated undetectable influence on Cd
isotope ratio measurement. The two compositionally different
artificial solutions/samples yielded analogous elution curves
(Figure 1), suggesting that this method is widely suitable to
samples with various matrix compositions. However, little Sn
(Sn/Cd < 0.1) was observed in the Cd fraction of soil sample, so
that Sn-doped SPEX Cd solutions are required to verify the
accuracy of the spectral interference corrections (see Matrix
effect). Cadmium fraction was evaporated to dryness and then
refluxed with 100 ll concentrated nitric acid (15.8 mol l-1) to
remove all resin-derived organics. The residues were dissolved
in 3% m/m HNO3, re-evaporated to dryness and redissolved
in 3% HNO3 to remove all chlorides prior to isotopic ratio
determination.

Mass spectrometry
Elemental mass fractions were quantified using inductively coupled plasma-mass spectrometry (ICP-MS, Agilent
Technologies Inc., Agilent 7900) with PerkinElmer Model
AS93F autosamples, skimmer cones and a Scott-type spray
chamber in the Mineral Laser Microprobe Analysis Laboratory of the China University of Geosciences, Beijing. The
calibration of elemental mass fractions was performed with
Rh in 3% HNO3 m/m as an internal standard element.
For isotope ratio, aliquots of samples were diluted with
3% HNO3 m/m to a final mass fraction of 100 ng g-1 for
analysis. The samples were measured on a Thermo Scientific
Neptune plus MC-ICP-MS at the Isotope Geochemistry Lab
of the China University of Geosciences, Beijing (Lab 1,
CUGB), with a Cetac ASX-110 automatic sampler and a
PFA Teflon self-aspirating micronebuliser system at 100 ng g-1.
The same rock powers digested and purified independently
were also measured on a Nu Plasma II MC-ICP-MS

Table 1.
Elution scheme for separation of Cd for isotopic
determination
Reagent
AG-MP-1M
2 mol l-1 HCl
2 mol l-1HCl
2 mol l-1HCl
0.3 mol l-1HCl
0.06 mol l-1HCl
0.012 mol l-1HCl
0.0012 mol l-1HCl

Volume (ml)
2.5
10
2
10
30
20
10
15

Procedure
Resin
Condition
Load sample
Collect matrix
Collect matrix
Collect matrix
Collect matrix
Collect Cd
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2 mol l-1 0.3 mol l-1

0.06 0.012
mol l-1 mol l-1

0.0012
mol l-1

Relative intensity

1.0
Recovery of
99.5%

Artificial
solution

0.8

Instrument parameters
Al

0.4

Cr
Zn

0.2

Pd
Zr
Ga

1.0

Nb

Relative intensity

Lab 1 (CUGB)

0.6

0.0

GXR-1

0.8

Rf power
Cooling Ar
Auxiliary Ar
Nebuliser Ar
Extraction voltage (hard)
Vacuum
114
Cd sensitivity
Cones, sample + skimmer
Sample uptake rate

1250 W
~ 16 l min-1
~ 1.0 l min-1
~ 1.0 l min-1
-2000 V
4–8 9 10-9 Pa
~ 12.5 V lg g-1 (LR)
Ni (X) + Ni (Jet)
~ 100 ll min-1

Ru
Sn

0.6

LR, low resolution.

Ge
Cd

0.4

Recovery of
97.8%

0.2
0.0
0

30

60

90

Volume (ml)

Figure 1. Elution curves for ‘mixed’ standard solution
(a) Sn : Zn : Cd = 1 lg : 1 lg : 1 lg and geological
reference material and (b) GXR-1 on a 2.5 ml resin bed
of AG MP-1M. See text for details

instrument at the Institute of Geochemistry, Chinese Academy
of Sciences (Lab 2, CAS), with an Apex desolvation system, at
100 ng g-1. No significant differences in Cd isotopic
compositions measured on the two instruments are observed
(see Matrix effect). Measurement results with the Neptune
plus MC-ICP-MS are reported mainly in this paper, and the
specific instrument parameters are listed in Table 2.
Different measurement and data reduction procedures
can be used to obtain precise measurements for Cd isotopic
compositions: external normalisation (Wombacher et al.
2003), sample calibrator bracketing (SSB) (Cloquet et al.
2005, Gao et al. 2008, Xue et al. 2013, Zhu et al. 2013)
and double-spike techniques (DS) (Schmitt et al. 2009b,
Horner et al. 2011, Xue et al. 2012, Yang et al. 2012, Xue
et al. 2013, Murphy et al. 2016, Palk et al. 2018). Prior to
sample introduction, samples and reference materials were
diluted to produce ~ 100 ng g-1 Cd solution in 3% m/m
HNO3 and the difference in Cd mass fraction between the
samples and the reference materials were less than 10%.
The uptake rate was 100 ll min-1, and the take-up time was
140 s. Prior to each analysis, sequential rinses of two
separate 3% m/m HNO3 of 130 s were used to reduce
baselines to < 1 mV on the m/z 114 channel. The sampler
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Table 2.
Neptune plus operating conditions for Cd isotopic
ratio measurements

and skimmer cones are made of Ni, and high-sensitivity (X)
cones are used to increase transmission by a factor of 2–3
relative to the routine H-cones (Liu et al. 2014). The samples
containing 0.15 lg Cd can be measured for at least four
blocks of thirty cycles each (100 ng g-1 in 1.5 ml solution),
and thus, each value reported is an average of 120 ratios.
This is particularly important for measurement of samples
with a low mass fraction of Cd. Cd isotopic ratios were
measured in low-resolution mode with 111Cd+ in the central
cup. 109Ag+ and 117Sn+ in the L2 and H4 Faraday cup
were monitored to correct possible Ag and Sn interferences.
Furthermore, instrumental mass bias method was also
performed using 111Cd-113Cd double spike with an aim
to evaluate whether there is a significant difference in
measurement results between the two methods. The results
will be discussed in the section ‘Matrix effect’. For each rock
power digested independently, the isotope spike and
sample solution was mixed in terms of c(111Cdspike)/
c(112Cdsample) ~ 2.0. The spiked samples were evaporated
to dryness and dissolved in 2 ml 2 mol l-1 HCl and then left
to equilibrate for overnight prior to further processing. Tin was
monitored to correct possible isobaric interference. Correction of Sn interference on 112Cd+, 114Cd+ and 116Cd+ was
enabled by the measurement of 118Sn+.
To date, there is no fixed international measurement
standard for normalising measured Cd isotopic data. In this
study, NIST SRM 3108 was used as ‘zero-delta’ Cd
reference material, which is increasingly used by recent
studies (Xue et al. 2012, Abouchami et al. 2013, Conway
et al. 2013, Wasylenki et al. 2014, Martinkov
a et al. 2016,
Murphy et al. 2016, Zhang et al. 2016, De Baar et al.
2017, Wei et al. 2017, Imseng et al. 2018, Palk et al.
2018, Zhu et al. 2018). All Cd isotope ratio data were
reported as the deviation relative to Cd reference material
NIST SRM 3108, which are given in per mil (delta) notation
following the equations (Coplen 2011):
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d114=110 CdNIST SRM 3108
¼ Rð114 Cd=110 CdÞsample =Rð114 Cd=110 CdÞNIST SRM 3108  1
ð1Þ
d112=110 CdNIST SRM 3108
¼ Rð112 Cd=110 CdÞsample =Rð112 Cd=110 CdÞNIST SRM 3108  1
ð2Þ
As the delta values of Cd isotope ratios of the sample
relative to different Cd standards are different, d114/110Cd
values for each sample reported in previous studies need to
be recalculated. The conversion of d114/110Cd relative to
two different Cd standards is as follows:
d114=110 CdXA ¼ d114=110 CdXB þ d114=110 CdBA
þ ðd114=110 CdXB  d114=110 CdBA Þ=1000

ð3Þ

where X represents the sample, and A and B stand for NIST
SRM 3108 and other Cd RMs, respectively.

Results and discussion

Albar
ede 2002, Zhu et al. 2002, Liu et al. 2014) and Mg
(Teng et al. 2007). Cadmium that was eluted earlier was
always isotopically heavier than those eluted later, and the
isotope fractionation can be as large as 2.4‰ (Cloquet et al.
2005). Therefore, to reduce the impact from chemical
purification and to achieve accurate Cd isotope ratio data,
complete recovery must be achieved. A Cd solution (SPEX Cd,
1 lg) and a natural sample (GXR-1, 50 mg) with well-known
Cd mass fraction were purified to check the yield. The Cd cut
(total 15 ml) eluted from these samples was compared with
the amount of Cd in the samples. These yielded a recovery of
97.8 ± 0.5% (2s, n = 3) and 99.5 ± 0.6% (2s, n = 3),
respectively (Figure 1). Clearly, this purification method
yielded closely complete recovery for Cd. Previous studies
show that Cd isotopes are not fractionated during chemical
purification when the total yield is more than 95% (Cloquet
et al. 2005, Gao et al. 2008). This is verified by the same Cd
isotopic ratios between unpurified and purified fractions of the
same standard solutions (e.g., SPEX Cd vs. NIST SRM 3108;
Table 3 and Figure 4). The total procedural blanks (from
sample dissolution to mass spectrometry) were lower than
100 pg, which was always negligible compared to the total
amount of Cd loaded in this study (more than 0.12 lg).

Matrix effect

Analyte yield
Significant cadmium isotope fractionation can occur
during ion exchange chromatography due to incomplete
recovery of Cd (Wombacher et al. 2003, Cloquet et al.
2005). Similar ion exchange fractionation has also been
found for other metal isotopes, for example Cu (Marechal and

The impact of matrices requires interference monitoring
and possible correction for Cd isotope ratio measurement
results. Sn, especially because of its ubiquity in metal alloys and
anticorrosion coatings, can be a problematic contaminant
leading to a bias as noted in previous studies (Wombacher

Table 3.
Cadmium isotopic composition relative to NIST SRM 3108 obtained from different experiments
Name

Type

Cd
(lg g - 1 )

d 1 14 / 11 0
Cd N I S T S R M 3 10 8

2s

(‰)
Sn:Cd = 0.01
Sn:Cd = 0.05
Sn:Cd = 0.1
Sn:Cd = 0.3
Sn:Cd = 0.5
Sn:Cd = 0.8
Sn:Cd = 1.0
Through chemistry
SPEX Cd
SPEX Cd
SPEX Cd
GXR-1
GXR-1
Cd:Zn = 1:1
Cd:Zn = 1:400
Cd:Zn = 1:1000

SPEX
SPEX
SPEX
SPEX
SPEX
SPEX
SPEX

Cd
Cd
Cd
Cd
Cd
Cd
Cd

+
+
+
+
+
+
+

GSB
GSB
GSB
GSB
GSB
GSB
GSB

Sn
Sn
Sn
Sn
Sn
Sn
Sn

Reference solution
Reference solution
Reference solution
Jasperoid
Jasperoid
SPEX Cd + GSB Zn
SPEX Cd + GSB Zn
SPEX Cd + GSB Zn

d112/110
Cd N I S T S R M 3 1 0 8

2s

d114/110
Cd N I S T S R M 3 1 08 (‰)/
d112/110
Cd N I S T S R M 3 10 8 (‰)

(‰)

0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.06
0.00
0.07
0.15
0.17
0.25
0.32

0.12
0.04
0.07
0.06
0.09
0.09
0.12

0.04
0.03
0.09
0.19
0.29
0.46
0.58

0.06
0.04
0.07
0.03
0.08
0.11
0.07

0.2
1
5
0.12
0.33
1
1
1

-2.12
-2.14
-2.16
-0.29
-0.32
-2.16
-2.12
-2.15

0.10
0.04
0.08
-0.16
-0.16
0.19
0.09
0.09

-1.06
-1.08
-1.09
0.04
0.11
-1.09
-1.05
-1.08

0.09
0.03
0.03
0.00
0.08
0.10
0.05
0.04
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2.00
1.98
1.98
1.87
1.97
1.97
2.01
1.96
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δ114/110CdNIST SRM 3108 (‰)

0.6

0.4

0.2

The measured isotope ratios of all reference solutions and
reference materials fall on the theoretical mass fractionation
line in a three-isotope diagram with the theoretical slope of

1.0

δ114/110CdNIST SRM 3108 (‰)

Cadmium has a similar geochemical behaviour as Zn and
can replace Zn in many minerals, such as sphalerite,
smithsonite, hydrozincite, etc. These minerals commonly have
extremely high Zn/Cd ratios (e.g., up to 500) (Wen et al. 2016).
A significant influence of Zn on Cd isotope ratio measurement
result was previously found by Cloquet et al. (2005). Here, a set
of synthetic solutions with a fixed amount of Cd in a solution of
variable Zn mass fractions were investigated to test the
capability of complete Zn purification. The synthetic solutions

were made with mono-elemental Zn standard and SPEX Cd,
and the molar ratios of Zn/Cd vary from 1 to 1000. All mixed
solutions were processed through column chemistry
as the same as done for natural samples and yield a mean
d114/110CdNIST SRM 3108 = -2.14 ± 0.12‰ (2s, n = 3). The
obtained d114/110CdNIST SRM 3108 values are in
good agreement within current precision with those
(d114/110Cd NIST SRM 3108 = -2.13 ± 0.09‰, 2s, n = 74)
obtained without through column chemistry (Figure 5), indicating that Cd can be well separated from Zn for considerably
high Zn/Cd (up to 1000) samples with complete recovery.

(a)

0.0

-1.0

-2.0

Slope = 1.965 ± 0.006 (s)
Intercept = -0.016 ± 0.005 (s)
r 2 = 0.998, N = 172

-3.0
-1.5

1.0

-0.2
0.0

The range of unspiked SPEX Cd solution

0.2

0.4

0.6

0.8

1.0

Sn/Cd (molar ratio)

-0.5

0.0

0.5

(b)

0.5
0.0
-0.5
-1.0

Lin

e1

:1

-1.5
-2.0
-2.5
-2.5

0.0

-1.0

δ112/110CdNIST SRM 3108 (‰)
δ114/110CdNIST SRM 3108 (‰) SSB

et al. 2003, Cloquet et al. 2005, Gao et al. 2008). The
potential isobaric interference for Cd isotopic analysis includes
114 +
Sn on 114Cd+ and 112Sn+ on 112Cd+. Significant
influence of Sn on Cd isotope measurement results has been
found using both SSB and DS methods (Wombacher et al.
2003, Cloquet et al. 2005, Ripperger and Rehk€
amper 2007,
Gao et al. 2008). To ensure an accurate Cd measurement
results, the interference of Sn is investigated here by measuring
standard solutions doped with interfering elements at widely
varying concentration levels (Figure 2). The plot shows that Cd
isotope ratio data in our working conditions (SSB) is sensitive to
the presence of Sn. The influence of Sn on Cd isotope
measurement result towards a heavy isotopic composition is
likely a result of 114Sn+ interference on the heavier isotope of
Cd (114Cd+). Nevertheless, the influence can be neglected
when Sn/Cd molar ratio is less than 0.1 in both SSB and DS
working conditions. After chemical purification, the molar ratio
of Sn/Cd for all samples analysed was much below 0.1 and
often below 0.01, which causes an undetectable deviation on
the measured isotope ratios and can be negligible. This allows
measurement results with small uncertainties using sample
calibrator bracketing or double-spike techniques.

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

δ114/110CdNIST SRM 3108 (‰) DS

Figure 3. Cadmium three-isotope plot for reference
and digested geological reference material solutions
measured by sample calibrator bracketing method in

Figure 2. Cadmium isotopic variations of SPEX Cd

this study (a). All samples fall on the theoretical mass

spiked with different amounts of Sn relative to the

fractionation line, indicating limited spectral interfer-

unspiked Cd solution. The Cd mass fraction for samples

ences. Comparison of values obtained with the SSB and

-1

and bracketing calibrators is the same (100 ng g ).

double-spike mass bias correction methods (b). The

See text for details

data are reported in Tables 3 and 4
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1.9649 (Young et al. 2002) (Figure 3a). This indicates that
spectral interferences and nucleosynthetic or other non-massdependent isotope anomalies are insignificant. The d114/
110
CdNIST SRM 3108 values of all samples obtained with SSB
and DS methods follow the 1:1 linear trend, indicating the
consistency of the two methods and validating the use of the
efficient SSB method for correction of instrumental mass bias in
Cd isotope ratio measurement results (Figure 3b).

The amount of loaded Cd
Because most of natural rocks have very low Cd mass
fraction, it is necessary to evaluate any possible influence of
the amount of loaded Cd on the precision of Cd isotope
ratios by considering the contribution from blank. Therefore,
different masses of in-house mono-elemental Cd standard
solutions (SPEX Cd) ranging from 0.2 to 5 lg and GXR-1 from
0.12 to 0.33 lg were routinely purified. The results yielded
consistent d114/110CdNIST SRM 3108 values within analytical
errors for samples containing Cd from 0.2 to 5 lg, with the
mean d114/110CdNIST SRM 3108 of -2.14‰ (SPEX Cd) and
-0.31‰ (GXR-1) relative to NIST SRM 3108 (Figure 4). This
suggests that the contribution from blank (< 100 pg) is still
insignificant when the amount of Cd loaded to the column is
as low as 0.12 lg.

Uncertainty contributions
Repeated measurements of an in-house Cd standard
solution (SPEX Cd) have been performed. The results are
plotted in Figure 5. The intermediate precision over a
3-year period gave a mean d114/110CdNIST SRM 3108 of
-2.13 ± 0.09‰ (2s, n = 74) and d112/110CdNIST SRM 3108 of

-1.07 ± 0.06‰ (2s, n = 74) relative to NIST SRM 3108. SPEX
Cd has a lighter Cd isotope ratio than other batches of Spex-1
Cd solution reported by the previous studies (Cloquet et al.
2005, Gao et al. 2008, Wei et al. 2015, Zhang et al. 2016,
Zhu et al. 2018). The SPEX Cd solutions produced in different
batches show a large isotopic distinction, and this may form a
subject of further study. The results for SPEX Cd purified through
column chemistry yield consistent d114/110CdNIST SRM 3108
values indistinguishable from different loaded amounts of Cd
(from 0.2 to 5 lg).

d114/110 CdNIST SRM 3108 and d112/110 CdNIST
3108 ratios of reference materials

SRM

The Cd isotope ratios of standard solutions and
geological reference materials obtained in this study and
a comparison with published data are illustrated in Figure 6
and Table 4. At least two repeat measurements were taken
over a 1-year period for all samples in this study. These
measurement results include independent digestion and
duplicate measurements of unprocessed standard solutions
and geological reference materials.
In-house SPEX Cd solution was most frequently analysed,
and we recommend a mean d114/110CdNIST SRM 3108 of
-2.13 ± 0.09‰ (2s, n = 74) and d112/110CdNIST SRM 3108
of -1.07 ± 0.06‰ (2s, n = 74) for SPEX Cd relative to NIST
SRM 3108. However, batch number must be indicated
when SPEX Cd is reported in different laboratories, because
of the large difference in d114/110CdNIST SRM 3108 values
obtained in different batches, for example d114/110CdNIST
SRM 3108 of Spex-1 are -0.09 ± 0.01 ‰ for Lot: 74075219K and -1.25 ± 0.06‰ for Lot: CL6-30CDY relative

δ114/110CdNIST SRM 3108 (‰)

0.0
-0.5
-1.0

Mean = -2.14‰ ± 0.06‰
(2s, n = 3)

0.12 µg

0.33 µg

purified SPEX Cd solution
purified GXR-1

-1.5
0.2 µg

1 µg

5 µg

Mean = -0.31‰ ± 0.10‰
(2s, n = 2)

-2.0
-2.5

Figure 4. Test of the influence of the amount of loaded Cd on the bias and precision of Cd isotopic analysis. In-house
mono-element standard solutions and geological RMs were prepared to contain different amounts of Cd (0.2–5 lg
for SPEX Cd and 0.12–0.33 lg for GXR-1) and were purified through column chemistry. See text for details

© 2018 The Authors. Geostandards and Geoanalytical Research © 2018 International Association of Geoanalysts

7

δX/110CdNIST SRM 3108 (‰)

0
δ112/110CdNIST SRM 3108 = -1.07 ± 0.06‰ (2s, n = 74)
-1
Zn : Cd = 1, 400, 1000

-2
δ114/110CdNIST SRM 3108 = -2.13 ± 0.09‰ (2s, n = 74)
-3

Figure 5. Long-term measurement results of in-house mono-element standard solutions (SPEX Cd) relative to NIST
SRM 3108 on the Neptune plus. The synthetic solutions (SPEX Cd : Zn = 1, 400, 1000; molar ratio) were processed
through column chemistry, whose d 1 1 4/ 11 0 Cd N I S T

S R M 3 1 08

values are indistinguishable from the results without

column chemistry treatment. The data are reported in Table 3

Spex Cd
BAM-I012

Standard solutions

Alfa Cd

GSB Cd
GXR-2

GXR-1

Soil reference
materials

NIST SRM 2711a
NIST SRM 2711

GSS-1

Nod-A-1

Manganese nodules
Reference

Nod-p-1

DS-this study
SSB-this study

-2.5

-2.0

-1.5

Sediment RM

GSD-12

-1.0

-0.5

0.0

0.5

1.0

δ114/110CdNIST SRM 3108 (‰)
Figure 6. Cadmium isotopic ratios of reference solution and geological RMs (relative to NIST SRM 3108). The red
circles and green squares represent the samples calibrated by SSB on Neptune Plus and double-spike correction on
Nu Plasma II. Previously published data are listed for comparison. Source: Brand et al. (2014), Cloquet et al. (2005),
Gao et al. (2008), Schmitt et al. (2009a), Abouchami et al. (2013), Brand et al. (2014), Pallavicini et al. (2014), Du
(2015), Wei et al. (2015) Murphy et al. (2016), Wiggenhauser et al. (2016), Bridgestock et al. (2017), Imseng et al.
(2018) and Zhang et al. (2018). The data of this study are reported in Table 4
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Table 4.
Cadmium isotopic composition of reference materials relative to NIST SRM 3108
Name

Type

d 1 1 4/ 1 10
Cd
(lg g - 1 ) Cd N I S T S R M 3 1 08

2s

(‰)
SPEX Cd

Reference
solution

BAMI012

Reference
solution

Alfa Cd

Reference
solution

GSB Cd

Reference
solution

74

SSB-this study

-2.16
-1.31

0.06
0.09

-0.66

0.08

1.99

13

DS-this study
SSB-this study

-1.33
-1.33 b
-1.305
-1.32
-1.30

0.06
0.04

-1.29
-1.31
-0.86

0.07
0.10
0.08

-0.43

0.03

1.99

9

-0.87
-0.75

0.06
0.09

-0.38

0.08

1.98

46

0.06
0.03
0.08
0.06
0.23

Montana
Soil

41.7

0.58
0.53

3.3

GXR-2

Soil

4.1

Nod-A-1

Nod-P-1

GSD-12

a
b
c

Mn-Nodule

Mn-Nodule

Sediment

7.5

22.5

4

d112/110
Cd N I S T S R M 3 1 0 8

(‰)

1.98

NIST SRM
2711

Jasperoid

Comments

0.06

54.1

GXR-1

a

-1.07

Montana
II Soil

4.3

n
d114/110
Cd N I S T S R M 3 1 0 8 /

0.09

NIST SRM
2711a

Soil

2s

-2.13

-0.76
-0.65
0.08
0.11
0.10
0.20
-0.02
-0.31
-0.31
0.20
-0.29
-0.31
-0.04
0.57

GSS-1

d 1 12 / 11 0
Cd N I S T S R M 3 10 8

0.80
0.71
0.16
-0.05
0.13
0.09
0.13
0.04
0.16
0.21
0.15
0.17
0.12
0.09
0.00
-0.04
0.01
-0.36

c

c

c

c

c

c
c

c
c

c

0.07
0.09

0.11
0.08
0.06
0.19
0.07
0.06
0.19
0.07

0.06

0.04

1.92

4

-0.16

0.04

1.91

3

-0.13

0.07

1.96

2

0.29

0.06

1.99

5

DS-this study
Abouchami et al. (2013)
Brand et al. (2014)
Murphy et al. (2016)
Wiggenhauser et al.
(2016)
Bridgestock et al. (2017)
Imseng et al. (2018)
SSB-this study
DS-this study
SSB-this study
DS-this study
Wei et al. (2015)
SSB-this study
DS-this study
Cloquet et al. (2005)
Du (2015)
Gao et al. (2008)
SSB-this study
DS-this study
Cloquet et al. (2005)
SSB-this study
DS-this study
Cloquet et al. (2005)
SSB-this study

0.08
0.06

DS-this study
Cloquet et al. (2005)

0.07
0.11
0.10
0.12
0.08
0.03
0.08
0.06
0.08
0.03
0.12
0.08
0.04
0.05
0.13
0.06
0.17
0.12

Pallavicini et al. (2014)
Pallavicini et al. (2014)
SSB-this study
Cloquet et al. (2005)
Schmitt et al. (2009a)
Pallavicini et al. (2014)
Murphy et al. (2016)
Zhang et al. (2018)
SSB-this study
DS-this study
Cloquet et al. (2005)
Schmitt et al. (2009a)
Pallavicini et al. (2014)
Zhang et al. (2018)
SSB-this study
DS-this study
Du (2015)
Cloquet et al. (2005)

0.08

0.06

1.95

4

0.08

0.06

1.99

4

0.09

0.06

3

n represents the number of sessions in which different primary samples were analysed.
A single bottle of NIST SRM 3108 (50 ml) was distributed to the different laboratories for assay (Abouchami et al. 2013).
The 114/110Cd of samples in previous studies was recalculated relative to NIST SRM 3108, according to Abouchami et al. (2013) and Wei et al. (2015).
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to NIST SRM 3108 (Wei et al. 2015, 2017). BAM I012
yielded a d114/110CdNIST SRM 3108 value of -1.31 ± 0.09‰
(2s, n = 13) and a d112/110CdNIST SRM 3108 value of
-0.66 ± 0.08‰ (2s, n = 13), which is indistinguishable from
value reported by previous studies (Abouchami et al. 2013,
Murphy et al. 2016, Wiggenhauser et al. 2016, Bridgestock
et al. 2017, Imseng et al. 2018) and recommended value
(d114/110CdNIST SRM 3108 = -1.305‰) by Brand et al.
(2014). Two other standard solutions (Alfa Cd and GSB
Cd) yielded Cd isotopic ratios of d114/110CdNIST SRM
114/110
CdNIST
3108 = -0.86 ± 0.07‰ (2s, n = 9) and d
=
-0.75
±
0.09‰
(2s,
n
=
46),
respectively.
These
SRM 3108
values are indistinguishable from the results measured by the
DS method (d114/110CdNIST SRM 3108 = -0.87 ± 0.06‰
and d114/110CdNIST SRM 3108 = -0.76 ± 0.06‰, respectively) in this study. Wei et al. (2015, 2017) reported that the
d114/110CdNIST SRM 3108 value of Spex-1 Cd solution
(lot no.: 74-075219K) relative to NIST SRM 3108 was
-0.09 ± 0.01‰, and the value of GSB Cd relative to Spex-1
Cd was -0.56 ± 0.03‰. The d114/110CdNIST SRM 3108
value of GSB Cd solution relative to NIST SRM 3108 was
-0.65 ± 0.03‰ calculated according to the formula (3),
which is indistinguishable from our results.
Similarly, we calculated the d114/110CdNIST SRM 3108
values of geological reference materials reported by
previous studies according to Equation (3), and the values
relative to NIST SRM 3108 were discussed below. The
sediment sample GSD-12 has a mean Cd isotope ratio
equivalent to NIST SRM 3108, with d114/110CdNIST SRM
114/110
CdNIST SRM
3108 = 0.00 ± 0.13‰ (SSB) and d
114/110
CdNIST SRM 3108
3108 = -0.04 ± 0.06‰ (DS). The d
of GSD-12 obtained here is significantly heavier than the
value (-0.36 ± 0.12‰) reported by Cloquet et al. (2005),
but is identical to the value (0.01 ± 0.17‰) reported by Du
(2015). The soil sample GXR-2 has a slightly lighter Cd
isotope ratio than soil sample GSS-1, and d114/110CdNIST
SRM 3108 values of the two RMs obtained here are
indistinguishable from those reported in the literature
(Cloquet et al. 2005, Gao et al. 2008, Du 2015). NIST
SRM 2711a (Montana II soil) has d114/110CdNIST SRM 3108
values of 0.57 ± 0.07‰ (SSB) and 0.58 ± 0.08‰ (DS),
significantly heavier than other soil reference materials. NIST
SRM 2711a has a similar Cd isotope ratio to NIST SRM
2711 (Montana soil) (Cloquet et al. 2005, Pallavicini et al.
2014). The two manganese nodule reference materials,
Nod-P-1 and Nod-A-1, have d114/110CdNIST SRM 3108 of
0.16 ± 0.08‰ (2s, n = 4) and 0.16 ± 0.10‰ (2s, n = 4),
respectively. These results are in excellent agreement with
the d114/110CdNIST SRM 3108 values (0.09‰ to 0.17‰ for
Nod-P-1 and -0.05‰ to 0.13‰ for Nod-A-1) measured
by Cloquet et al. (2005), Schmitt et al. (2009a), Pallavicini
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et al. (2014), Murphy et al. (2016) and Zhang et al.
(2018),. The jasperoid sample GXR-1 has d114/110CdNIST
SRM 3108 =
-0.31 ± 0.08‰ (2s, n = 3), which is lighter than the value
(0.20‰) reported by Cloquet et al. (2005). The significant
differences in Cd isotope ratio of GSD-12 and GXR-1
between this study and Cloquet et al. (2005) may reflect
the following: (a) the utilisation of different measurement
reference solutions, which vary from different laboratories
and thus result in bias in the calculated values; (b) the d114/
110
Cd/d114/112Cd ratios (0.18‰/0.15‰ for GXR-1 and 0.38/-0.27‰ for GSD-12, respectively) reported by Cloquet et al. (2005) deviate from the theoretical mass
fractionation line (Young et al. 2002). We suggest that
the two reference materials require future studies and list the
values measured in this study in Table 4 as new references
for future interlaboratory comparison.

Summary
High-precision Cd isotope ratios for natural samples
has been obtained on MC-ICP-MS in this study using both
SSB and DS mass bias correction methods. The purification
procedure for Cd gave a chemical yield of > 97.8% and
effectively reduced the possible Sn spectral interference to
a near-negligible level using one-stage column chemical
procedure. The intermediate precision over three years of
better than ± 0.09‰ (2s) for d114/110CdNIST SRM 3108
measurement was routinely obtained. We strongly recommend the use of NIST SRM 3108 as a zero-delta
reference in different laboratories, which will eliminate any
extra deviation brought by frequent conversion in different
reference materials. In this study, we reported all Cd
isotopic data of standard solutions and geological
reference materials directly against NIST SRM 3108,
which were recommended for future interlaboratory comparison.
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