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The combined study of Ce and Nd stable isotopes is promising because Ce and Nd behave similarly in
geological processes and distinctively in redox reactions. However, the sequential purification of Ce and
Nd from other REEs is particularly challenging because of their similar physicochemical properties. In this
contribution, we present a novel two-stage ion-exchange chromatography method to purify Ce and
then Nd using Bio-Rad AG50W-X12 (200-400 mesh) and Eichrom TODGA resin (50-100 pm). The
yields of Ce and Nd are both typically more than 99.3% after measurements of natural materials. The
potential influence of the HCl content and rock type were thoroughly evaluated. Stable Ce and Nd
isotopic ratios were measured by MC-ICPMS and calibrated with Sm and Eu internal standards,
respectively. The long-term external reproducibility was better than +0.04%, (2SD) for 6'*?1%°Ce and
+0.039%, (2SD) for 6140"144Nd. The stable Ce and Nd isotopic ratios of ten commercially accessible
geological rocks were measured here. The 6*42190Ce values of four geological rocks were presented for
the first time. Other results are in good accordance with reported values within analytical uncertainties.

The similarity in the degree of Ce and Nd isotopic fractionation may be induced by diagenetic processes,
Received 7th March 2022 h the diff b d b d i | dditi thod usi inal
Accepted 8th June 2022 whereas the difference may be accused by redox reactions. In addition, our method using a single
sample aliquot can help to minimize the consumptions and heterogeneities of the samples. This

DOI: 10.1039/d2ja00082b procedure for a two-stage isolation of Ce and Nd and high-precision analysis of their isotopic ratios has

rsc.li/jaas important advantages in the study of Ce and Nd isotope geochemistry.

reported Ce stable isotopic variations in synthetic Ce/
ferrihydrite and Ce/3-MnO, systems, and proposed that the Ce

1. Introduction

Published on 17 June 2022. Downloaded by Library of Chinese Academy of Sciences on 7/24/2023 8:29:54 AM.

Cerium (Ce) is a lithophile and refractory rare earth element
(REE). It has four natural isotopes, '*°Ce (0.185%), '**Ce
(0.251%), **°Ce (88.450%) and "**Ce (11.114%).' Cerium (Ce)
has been studied for isotopic variations in two ways, the
1381,a-"%%Ce decay system (Ty, = 102 Ga)*® and Ce stable
isotopic system (5'**4°Ce).* The **La-'**Ce decay system has
been applied to geochronology and as a radiogenic isotope
tracer in the Earth and planetary sciences.**” The Ce stable
isotopic system (6'***%°Ce) is in its infancy. Nakada et al.* first
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stable isotopic ratios can be used as a paleo-redox proxy.
Subsequently, large Ce stable isotopic variations have also been
observed in natural samples.*** The currently available data
shows that the 6'**'*°Ce values vary from —0.330%, in Fe
precipitates to 0.295%, in marine ferromanganese oxides.’
According to the Eh-pH diagrams, Fe should be precipitated
under reductive conditions, whereas Mn precipitates under
oxidative conditions.>'* The large difference in the §'****°Ce
values of Fe (hydr-) oxides and Mn oxides indicates that the 6**/
14%Ce value is a novel proxy to trace the redox evolution of the
Earth's environment.>*

Like Ce, Nd is also a lithophile and refractory REE. It has
seven natural isotopes, “**Nd (27.152%), "**Nd (12.174%), ***Nd
(23.798%), “*°Nd (8.293%), **°Nd (17.189%), **Nd (5.756%)
and "°Nd (5.638%).* Among them, "*’Nd and "**Nd both have
radiogenic isotopic variations, which are the daughter products
of radioactive **°Sm (T, = 103 Ma (ref. 16) or 68 Ma (ref. 17))
and "*’Sm (T, = 106 Ga (ref. 18)), respectively. The other five
isotopes are stable and only fractionated by mass dependent
processes. Radiogenic Nd isotope geochemistry has been
successfully applied in Earth and planetary sciences,***® marine

This journal is © The Royal Society of Chemistry 2022
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science,”** deposits,* and so on. By comparison, stable Nd
isotope geochemistry (6******Nd) is still in its infancy. Initially
reported by Wakaki and Tanaka,** large Nd stable isotopic
fractionation has been observed above up to 1.4049,, in cation
exchange column chromatography. Recently, this fractionation
(about 0.25%,) has also been observed in natural samples, and
has been applied with success in magmatic differentiation,**-**
early evolution of the Earth®® and sediment provenances.*” From
this point of view, stable Nd isotopes can provide new insights
in many scientific fields and is uncovering a new set of tools in
geochemical studies.

Combined studies of stable isotopic systems of Ce and Nd
have an important advantage because Ce and Nd behave simi-
larly in geological processes and distinctively in redox reactions.
Cerium (Ce) can be present as Ce(i), like Nd(u), as well as Ce(wv)
under oxic conditions.*® This difference can make the degree of
stable Nd isotopic fractionations as a reference to better deci-
pher the redox conditions of the stable Ce isotopic fraction-
ations that occur in natural systems.®? Generally, Ce and Nd in
natural rocks are purified by completely different methods,
including four elution schemes (Table 1): (1) the classical two
column AG50W + LN,**%*%° tandem column TRU + LN I**"*? or
TRU + LN II;** (2) a-HIBA technique;**"*>*® (3) the NaBrO;
method, also called liquid-liquid micro-extraction (LLME);>*"->*
(4) the single TODGA resin column.**** For the elution scheme
(1), this method has not been applied to the study of Ce and Nd
stable isotopes because 100% yield with perfect Ce-Nd separa-
tion is not achieved well (see Table S1 in Bai et al*®). For
example, Pin and Gannoun® presented a triple tandem column
extraction for the isolation of highly purified Nd, but the
chemical recoveries were between 80% and 90% in natural
rocks. The incomplete Nd yield during chemical separation will
result in mistaken information for stable Nd isotopic analyses
when not using a double spike.*"** For the elution scheme (2),
in an original paper, Tanaka and Masuda® presented a protocol
for Ce separation using cation-exchange column chromatog-
raphy with an o-HIBA reagent. This method was subsequently
applied by several researchers to separate Nd.*3%3465¢
However, the a-HIBA chemistry suffers from several limitations
when it is applied to stable Ce and Nd isotope purifications. For
example, the pH value of a-HIBA needs to be well calibrated
because the elution bands of La, Ce, Pr and Nd are very close. In
fact, low yield and residual isobaric elements, such as Ce in Nd
cuts, have been reported,**® which can severely impact the
accuracy and precision of the measurements of stable Ce and
Nd isotopes.>** In addition, a long and thin column (0.2 cm X
20 cm)* was used in their method, which is time-consuming
(~4 days).*"** For the elution scheme (3), Rehkamper et al.*
reported a two-phase micro-extraction technique for the sepa-
ration of Ce from the other LREEs, which can be called the
NaBrO; method®” or liquid-liquid micro-extraction (LLME).** In
their procedure, cerium (Ce) was oxidized from Ce(u) to Ce(wv)
with NaBrO; in 10 M HNO; and then Ce(v) was preferentially
absorbed onto the organic phase. Further modification of the
NaBrO; method was developed by other researchers.>®**8-3¢
However, the inconveniences of this method have not been well
solved, including (i) the non-reproducibility of the Nd yield (80-
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100%), which is a noticeable phenomenon for stable Nd isotope
analyses; (ii) the residual 10-20% Pr in the Nd cuts, which may
cause the molecular interference of **!PrH on ***Nd,* and data
on stable Nd isotopes using the NaBrO; method has not been
reported so far; (ii) the use of inorganic oxidizing agents (KBrO;
or NaBrO;) and concentrated HNOj;, which may cause higher
blanks (~500 pg)*® and are not easy to operate. For elution
scheme (4), some researchers recently reported the use of
a TODGA resin column to purify Ce'” or Nd,**** which has a very
high efficiency for LREEs. For example, Bai et al.> established
a single TODGA resin column to separate Nd from the other
REEs. However, this method cannot be applied to purify Ce for
the determination of Ce isotopic compositions because of the
overlapping La-Ce-Pr bands (see Fig. 1 in Bai et al.*®). Residual
La can cause large isobaric interference on Ce isotopes, and
residual Pr may generate molecular interference from **'PrH on
142Ce,2% and achieving very high Ce purity is of paramount
importance. Taken together, all the techniques mentioned
above suffer from two main problems: (1) two completely
independent methods were employed to purify Ce and Nd from
the other matrix elements, which is tedious and results in a high
cost; (2) all these published elution schemes do not meet the
requirement of a perfect separation of La-Ce-Pr-Nd, along with
a nearly 100% recovery, which is essential to study the stable Ce
and Nd isotopic ratios when not using a double spike during
MC-ICP-MS measurements.

Here, we describe a novel two-stage chromatographic
extraction technique that allows us to purify Ce and Nd from the
same sample solution for the measurement of their isotopic
ratios using MC-ICP-MS. The technique has several advantages:
(1) a perfect La-Ce-Pr-Nd separation was achieved with the
recoveries of Ce and Nd both being above 99.3%, which
provides a practical method for the combined study of stable Ce
and Nd isotopes; (2) Ce and Nd were purified by only one
method, which minimizes the systematic errors and the
consumptions and heterogeneities of the samples, which is of
particular importance for meteorites and deep-sea materials; (3)
only inorganic HNO; and HCI are used, without additional
reagents, and concentrated HNO; (>8 M), which are easy to
handle; (4) a cation exchange AG50W-X12 resin, instead of
TODGA resin, was selected to remove the major matrix elements
(Ca, Mg, Fe, K, etc.) because the latter is about six times more
expensive than the former. Furthermore, different geological
rocks, including basalt, andesite, granodiorite, granite, rhyolite,
manganese nodule and dolomite, were analysed to examine the
efficacy of this technique.

2. Experimental sections

2.1 Reagents and materials

BV-III grade HCI, HF, and HNO; were single-distilled in a DST-
1000 system (Savillex, USA). Ultra-pure water with a resistivity of
18.2 MQ cm was produced by a Milli-Q system (USA). The single
element REE solutions (1000 pug g~ ') were obtained from the
Beijing General Research Institute for Nonferrous Metals. A
synthetic solution was made from a mixture of 15 single-
element solutions (La: Ce : Pr: Nd : Sm: Eu: Gd : Tb : Dy :

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2ja00082b

Published on 17 June 2022. Downloaded by Library of Chinese Academy of Sciences on 7/24/2023 8:29:54 AM.

Technical Note

Ho:Er:Tm:Yb:Lu:Y=2:3:1:2:1:1:1:1:1:1:1:1:1:1:
1). Pure Sm and Eu single solutions were also used as the
internal standards for Ce and Nd isotopic analysis, respectively.
The ion-exchange resins AG50W-X12 (200-400 mesh) and
TODGA (50-100 pm) were purchased from Bio-Rad Laboratories
and Eichrom Technologies, respectively. The exchange column,
with a total length of 9 cm and diameter of 0.7 cm, was man-
ufactured by the Triskem Company. The Ce and Nd isotope
standard solutions, namely NIST 3110 and JNdi-1, were
purchased from the National Institute of Standards and Tech-
nology (NIST) and Geological Survey of Japan (GSJ), respectively.
Ten geological reference materials for stable Ce and Nd isotopic
analysis were used in this study. Basalt BHVO-2 and BCR-2,
andesite AGV-2 and AGV-1, granodiorite GSP-2 and manga-
nese nodules Nod-P-1 and Nod-A-1 were purchased from the
United States Geological Survey (USGS). Marine dolomite JDo-1
was acquired from the Geological Society of Japan (GSJ). Granite
GSR-1 and rhyolite GSR-11 were obtained from the National
Research Center for Geoanlysis, China (NRCG).

Table 2 lon-exchange chromatography procedure

Eluent Volume/mL Step

Column 1: AG50W-X12 resin (200-400 mesh)

6 M HNO; 20 Cleaning

Milli-Q 5 Cleaning

6 M HCI 20 Cleaning

2.5 M HCl 2+2 Conditioning

2.5 M HCI 0.5 Loading

2.5 M HCl 14.5 Washing

6 M HNO; 20 Collecting Ba and REEs

Column 2: TODGA resin (50-100 pm)

0.1 M HCl 30 Cleaning

3.3 M HCI 3+3 Conditioning

3.3 M HCl 0.2 Loading

3.3 M HCI 19.8 Collecting Ba and La
2.8 M HCl 22 Collecting Ce

2.5 M HCI 21 Collecting Pr

1.5 M HCI 10 Collecting Nd

0.1 M HCI 15 Removing Sm-Lu

View Article Online
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2.2 Sample dissolution and chemical separation

Both sample dissolution and chemical separation were carried
out at the laboratory of the Guangdong Key Laboratory of
Agricultural Environment Pollution Integrated Control,
Guangdong Institute of Eco-Environmental and Soil Sciences.
Approximately 5 to 41 mg of the sample powders, including 1 pg
of Nd, were weighed into 15 mL PFA Savillex beakers. A 3 : 1
mixture of concentrated HF-HNO; was used to digest the
samples, and then the container was heated on a hot plate at
120 °C for 7 days. Subsequently, all samples were refluxed in
2 mL of 6 M HCI several times and put onto the hot plate
overnight to remove the residual fluorides. Once complete
decomposition had occurred and clear and precipitate-free
solutions were obtained, the samples were dried and 1 mL of
concentrated HCl was added twice. For dolomite JDo-1, about
63 mg of the sample was weighed three times and placed into
three beakers. Dilute HCI was first added, drop by drop, to
remove CO5>~, and then the sample was evaporated to dryness.
The remaining residues, along with the silicates, were treated as
above. Finally, all samples were dissolved in 0.5 mL of 2.5 M HCI
for chromatographic column chemistry.

The chromatographic method, including the two-step
procedure, is described in Table 2. The first column is used to
pre-concentrate the Ba and REEs using an AG 50W-X12 (200-
400 mesh) column with a 1 mL resin volume. The major
elements, such as Al, Fe, Ti, Mg, K and Rb, were entirely elim-
inated with 15 mL of 2.5 M HCI. The Ba and REEs were collected
with 20 mL of 6 M HNO;, and subsequently were dried. The
evaporated Ba and REE fractions were added into 1 mL of
concentrated HCI, dried down again, and finally re-dissolved in
0.2 mL of 3.3 M HCI. For JDo-1, three aliquots were mixed after
this cation exchange column chemistry. The second column is
to purify La, Ce, Pr, and Nd. A pre-cleaned polypropylene
column was packed with 2 mL of TODGA resin (50-100 um,
Eichrom). Thereupon, the resin was cleaned with 30 mL of
0.1 M HCI and conditioned with 6 mL of 3.3 M HCL. 0.2 mL of
the 3.3 M HCI sample solutions were loaded into this column.
Next, 19.8 mL of 3.3 M HCI was used to elute the Ba and La,

Table 3 Instrumental operating parameters for stable Ce and Nd isotope measurements

Instrument parameters

Ce

Nd

RF power

Cooling gas
Auxiliary gas

Sample gas
Extraction

Focus

Data acquisition
(integration x cycle x block)
Typical sensitivity
Background

Spray chamber
Nebulizer type

Mass bias correction

1265 W (optimized daily)

16.0 L min ™"

0.94 L min~ " (optimized daily)
0.96 L min~" (optimized daily)
—2000 V

—726 V

4.194 s per cycle x 60 cycle x 1

85.5 V ppm ™ for **°Ce

Less than 0.2 mV for *°Ce

Dual cyclonic-Scott (quartz)
Micromist PFA-50; seep: 50 pL min~
Internal correction using **°Sm/**’sSm =
0.92195 (ref. 59)

1

This journal is © The Royal Society of Chemistry 2022

1150 W (optimized daily)
16.7 L min ™"

1.0 L min~" (optimized daily)
1.0 L min~* (optimized daily)

17.5 V ppm™* for ***Nd

Less than 0.2 mV for ***Nd

Internal correction using
153Eu/"'Eu = 1.0916 (ref. 60)
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22 mL of 2.8 M HCI to elute Ce, 21 mL of 2.5 M HCI to elute Pr,
10 mL of 1.5 M HCI to elute Nd, and finally 15 mL of 0.1 M HCI
to elute the other REEs (Sm-Lu). The yields of Ce and Nd were
both nearly 100% after actual measurements, which were
checked by testing the pre-cut and post-cut aliquots of Ce and
Nd using inductively coupled plasma mass spectrometry (ICP-
MS) at the State Key Laboratory of Isotope Geochemistry
(SKLaBIG), Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIG-CAS). The ICP-MS operating condi-
tions and the yield data are listed in Tables S1 and S2,f
respectively. Both the purified Ce and Nd cuts were dried and
finally redissolved in 2% HNO; for their stable isotope
measurements. The Ce and Nd blank contributions from the
digestion and two-column procedures were 48 pg and 33 pg,
respectively.

2.3 Mass spectrometry

Both stable Ce and Nd isotopic ratios were measured on
a Thermo Fisher Scientific Neptune Plus MC-ICP-MS at the
SKLaBIG, GIG-CAS. The typical operating conditions of this
instrument for the Ce and Nd isotopic analysis are listed in
Table 3. All measurements were carried out in a low mass
resolution (~400) and static mode. Sample solutions in 2%

1.0
(a)
0.8 A
3.1 M 2.8M 1.9M

)
= 0.6 1
5 Pr
E .
@ 0.4
= La l
% Ce o
& 0.2 1 /j\

4.0 i ————

0 10 20 30 40 50 60
Elution volume (mL)
1.0
(c)
0.8 ]
3.2M 3.0M 24M (1.5

>
g 06 Nd
2
=
o 047
=
= La Pr

0.0 !
0 10 20 30 40 50 60

Elution volume (mL)
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HNO; were introduced into the plasma using a self-aspiration
capillary PFA nebulizer (50 pL min~') and a dual cyclonic-
Scott spray chamber. Each analysis consisted of 60 cycles with
an integration time of 4.194 s.

The combined standard-sampled bracketing and internal
normalization (C-SSBIN) model was employed to correct the
mass discrimination effect occurring in MC-ICP-MS instru-
ments. The principles for selecting an internal standard are that
it is the closest to the target element in mass and does not cause
isobaric interference.*® For Ce isotopic analysis, Sm is the most
suitable internal standard because La and Nd both have
isobaric interference on Ce. As such, Eu is the best calibrator for
the Nd isotopic measurements. During Ce isotopic measure-
ments, the cups L4, L3, L2, L1, C, H1, H2, and H3 were used to
collect *°La, *°Ce, *'Pr, 1*2Ce, '**Nd, *°Nd, '*“Sm and '*°Sm,
simultaneously. "*°Nd was used to examine the isobaric inter-
ference of '*’Nd on '?Ce with **Nd/***Nd 3.27409.
98m/"7Sm = 0.92195 (ref. 59) was used as the normalization
value. Because Ce can be easily oxidized at the ICP interface
under wet plasma conditions,’ the ratio of CeO/Ce should be
suppressed to lower than 2% by turning the operating condi-
tions of the instrument. A mixture of standard solutions
including 100 ng ¢ ! Ce and 100 ng g ' Sm was adopted as the

1.0
(b)
0.8 A
3.5M 3.3 M 25M i1.5M
>
2 0.6 Pr
2
= Nd
Ce |
g 0.4 :‘
= |
o) La |
& 0.2 /\ I
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Fig.1 The four typical elution curves of La, Ce, Pr and Nd using different volumes and molarities of HCl on a column filled with 2 mL of Eichrom
TODGA resin (50-100 pm), (a) the first test; (b) the second test; (c) the third test and (d) the fourth test. The figure shows that the peaks of La, Ce,
Pr and Nd were very sensitive to the volumes and molarities of HC|, and the fourth scheme (d) should be adopted. The synthetic multi-elemental
solution (La:Ce:Pr:Nd:Sm:Eu:Gd:Tb:Dy:Ho:Er:Tm:Yb:Lu:Y=2:3:1:2:1:1:1:1:1:1:1:1:1:1:1)was adopted to obtain

the curves.
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reference standard, which provided **°Ce and **’Sm signals of
8.5 Vand 1.2 V, respectively. For Nd isotopic measurements, the
cups 14,13, 12, L1, C, H1, H2, and H3 were used to collect *°Ce,
12Nd, 3Nd, **Nd, *°Nd, °Nd, 'Eu and '*Eu, simulta-
neously. *°Ce was used to examine the isobaric interference of
2Ce on 'Nd with '**Ce/"*°Ce = 0.12589.> "’Eu/'*'Eu =
1.09160 (ref. 60) was used as the normalization value. The
mixture of standard solutions including 200 ng ¢~ ' Nd and 48
ng g Eu provided ***Nd and "**Eu signals of 3.5 V and 1.8 V,
respectively. To avoid the influence of mismatching concen-
trations, all the samples introduced into the instruments were
carefully adjusted to within 10% difference of the mixture of
standard solutions. Cerium (Ce) and Nd isotopic compositions
are expressed in the usual delta notation 6'****°Ce and 6'*
™4Nd, respectively, as given below:

142Ce /140 Ce)
142/140 _ ( sample
0"/Ce = | e ice) —1| %1000 (1)
NIST3110
prtsangg = | CNGND e 4|00 (2)
(146Nd/l44Nd)JNdifl
1.0
Ba (a)
3.3M HCI 2.8M HCI 2.5M HCI 1.5M HCI
0.8
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where NIST 3110 is used as the reference standard for Ce and
JNdi-1 for Nd, respectively.

3. Results and discussions
3.1 Effect of acid on La, Ce, Pr and Nd elution

In order to obtain an optimal configuration of the acid and avoid
potential contamination, different volumes and molarities of HCI
were thoroughly investigated. Our first test used 15 mL of 3.1 M
HCI to purify La, 30 mL of 2.8 M HCI to purify Ce and Pr, and
15 mL of 1.9 M HCI to purify Nd. The results showed that perfect
La-Ce separation was achieved (Fig. 1a). However, the separation
of Pr and Nd could not be achieved in this test. Moreover, Fig. 1a
shows that Pr’** and Nd*" have a similar affinity for the Eichrom
TODGA resin in 1.9 M HCl, and Pr** has a strong retention on this
resin in 2.8 M HCl media. Molarities of acid lying between 2.8 M to
1.9 M thus should be used to purify Pr from Ce and Nd. Our
second test, using four acid molarities of 3.5 M HCI, 3.3 M HCI,
2.5 M HCI and 1.5 M HCI, predictably achieved excellent La-Ce-
Pr-Nd separations. Unexpectedly, as shown in Fig. 1b, large
overlaps of the cuts of Ce-Pr-Nd occurs in this elution profile.
However, several important points were also noted in this proce-
dure, especially the behavior of La**, Ce®" and Sm®" in HCI media.

1.0
(b)
3.3M HCI 2.8M HCI 2.5 M HCI 1.5M HCI
0.8
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Fig. 2 Elution curves of Ba, La, Ce, Pr and Nd purification procedures using different rock types, (a) BHVO-2; (b) GSR-1; (c) SGR-1b and (d) Nod-
A-1, with the same Nd content (1 ng) on the Eichrom TODGA column. Despite the different sets of matrix elements, the element peaks of BHVO-

2, SGR-1b, GSR-1, and Nod-A-1 were eluted in the same sections.
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La®* has a relatively strong affinity for Eichrom TODGA resin in
>3.5 M HCI (Fig. 1b) but a weak retention in <3.1 M HCI (Fig. 1a).
Ce* has a strong retention on Eichrom TODGA resin in >3.3 M
HCl media (Fig. 1b) but a weak affinity in <2.8 M HCL. Sm*" cannot
be eluted from the TODGA column together with Nd due to the
fact that it has a much stronger affinity for this resin with 1.5 M
HCl elution (not shown in Fig. 1). A perfect separation of Nd from
Sm thus can be achieved with 1.5 M HCI media. For our third test,
20 mL of 3.3 M HCI, 20 mL of 3.0 M HCI, 15 mL of 2.4 M HCl and
15 mL of 1.5 M HCI were applied to further isolate La-Ce-Pr-Nd
from the other REEs. It was found that Ce retains a relatively
strong affinity for Eichrom TODGA resin in 3.0 M HCI (Fig. 1c), as
well as the Pr cut overlapping with the Nd cut. For our fourth test,
20 mL of 3.3 M HCI was used to elute La, 22 mL of 2.8 M HCI to
elute Ce, 21 mL of 2.5 M HCI to elute Pr, 10 mL of 1.5 M HCI to
elute Nd (Fig. 1d), and 15 mL of 0.1 M HCl to elute the other REEs
(not shown in Fig. 1). As shown in Fig. 1d, a perfect separation of
the individual REEs (La, Ce, Pr and Nd) from each other could be
achieved. It is noteworthy that this method was sensitive to the
molarity of HCIl, and thus the HCI content should be carefully
calibrated using standard NaOH solution before using it.

0.25
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3.2 Effect of rock types with different Ce/Nd ratios

Previous studies on other stable metal isotopes,***** such as Mg,
have shown that the elution profile could shift due to the various
matrix/target element ratios. To further test the reliability of the
elution curve, four types of rocks, including basalt standard
BHVO-2 with a Ce/Nd ratio of 1.5, granite GSR-1 with a Ce/Nd ratio
of 2.3, shale powder SGR-1b with a Ce/Nd ratio of 2.5 and
manganese nodule Nod-A-1 with a Ce/Nd ratio of 7.8, were
selected. Each of the samples contained the same amount of Nd (1
pg) with different Ce/Nd ratios, ranging from 1.5 to 7.8, which
covers the majority of natural samples (Ce/Nd ratios ranging from
1.5 to 5). After sample loading, the eluate was continuously
collected, 1 mL by 1 mL, and then was measured for trace
elements, including REEs, by ICP-MS at SKLaBIG, GIG-CAS. As
shown in Fig. 2, all samples processed through our column
procedure have similar elution peaks, proving that this procedure
is robust to different rock types. At the initial stage of the devel-
opment of this procedure, we did not take into account Ba in our
synthetic solutions because it has very weak retention on TODGA
resin in HCI media.* Indeed, Ba also had little discernible effect
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Fig. 3 Long-term reproducibility of (a) the standard solutions NIST 3110 and CDUT-Ce for Ce isotopic analysis and (b) the standard solutions
JNdi-1 and La Jolla for Nd isotopic analysis, measured on a Neptune Plus MC-ICP-MS instrument at GIG-CAS.
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on the elution peaks of La, Ce, Pr, and Nd (Fig. 2). Moreover, no
detectable influences on matrix elements, including Ba, could be
found in each of the individual La, Ce, Pr and Nd fractions. These
results further confirm that a perfect separation of multi-REEs
(La, Ce, Pr and Nd) from the rest of the REEs can be achieved.

3.3 Precision and accuracy

The precision and accuracy of our method were assessed by
conducting replicate measurements of the pure standard solu-
tions and geological rocks. Repeated measurements of the pure
Ce standard solutions NIST 3110 (6*****°Ce = 0.001 + 0.038%,,
28D, n = 89) and CDUT-Ce (6"****°Ce = 0.129 + 0.0419%,, 2SD,
n = 20) at the SKLaBIG, GIG-CAS over an eight month period
gave a stability better than +0.049, (Fig. 3a). The stable Ce
isotopic analysis measurements of CDUT-Ce here are within the
uncertainty of that previously reported (6'****°Ce = 0.128 +
0.028%,, 2SD, n = 30). Repeated measurements of the pure Nd
standard solutions JNdi-1 (6'****Nd = 0.001 % 0.031%,, 2SD,
n=89)and La Jolla (6******Nd = —0.213 + 0.030%,, 2SD, 1 = 20)
gave a stability better than +0.03%, (Fig. 3b). The stable Nd
isotopic analysis results of La Jolla measured here are within the
uncertainties of those previously reported by Wakaki and
Tanaka® (6'4*'**Nd = —0.197 + 0.023%,, 2SD, 1 = 2), Saji et al.*®
(6*4°/**Nd = —0.243 + 0.040%,, 2SD, n = 3), McCoy-West et al.>*
(6**°/***Nd = —0.214 = 0.010%,, 2SD, n = 7), and Bai et al.> (6***
MiNd = —0.227 + 0.030%,, 2SD, n = 20). The long-term repro-
ducibility of the technique was tested further through ten
repeated digestions of AGV-1, and processed through the

Table 4 Stable Ce and Nd isotopic compositions of the standard solutions and geological samples measured in the current study

Sample Description  Ce® (ugg™") '°Nd/**?Ce §“¥'°Ce 2SD’ N° Nd’(ugg') M°Ce/***Nd 6'°'*Nd 2SD’ N°
NIST 3110 Ce standard 0.00002 0.001 0.038 89 — — — — —
CDUT-Ce CeO, 0.00005 0.129 0.041 20 — — — — —
JNdi-1 Nd standard — — — — - — 0.00005 0.001 0.031 89
La Jolla Nd standard — — — — - — 0.00005 —0.213 0.030 20
BHVO-2 Basalt 37.5 0.00008 0.000 0.046 3 24.3 0.00170 —0.029 0.018 3
BCR-2 Basalt 53.1 0.00006 0.010 0.037 3 28.2 0.00176 —0.048 0.028 3
BCR-Z-(Z)d 0.00009 0.006 1 0.00247 —0.036 1
AGV-2 Andesite 69.4 0.00009 —0.018 0.042 3 30.5 0.00237 —0.020 0.020 3
AGV-1 Andesite 68.5 0.00010 —0.015 0.036 3 32.3 0.00154 —0.022 0.029 3
AGV-1-(2) 0.00005 0.007 1 0.00211 —0.025 1
AGV-1-(3) 0.00008 0.019 1 0.00311 —0.003 1
AGV-1-(4) 0.00010 0.014 1 0.00197 —0.031 1
AGV-1-(5) 0.00013 —0.002 1 0.00258 —0.043 1
AGV-1-(6) 0.00005 0.030 1 0.00314 —0.002 1
AGV-1-(7) 0.00004 —0.022 1 0.00168 0.004 1
AGV-1-(8) 0.00004 0.016 1 0.00142 —0.025 1
AGV-1-(9) 0.00005 —0.006 1 0.00178 —0.019 1
AGV-1- 10) 0.00006 0.026 1 0.00198 —0.028 1
Average (n = 10) 0.007  0.035 ~0.019 0.030

GSP-2 Granodiorite 410 0.00013 0.022 0.035 3 200 0.00184 —0.038 0.024 3
GSR-1 Granite 108 0.00010 0.028 0.034 3 47 0.00152 0.005 0.028 3
GSR-11 Rhyolite 163 0.00006 0.033 0.044 3 64.5 0.00284 0.014 0.031 3
Nod-P-1 Mn nodule 292 0.00007 0.112 0.046 3 120 0.00267 0.024 0.029 3
Nod-A-1 Mn nodule 731 0.00015 0.131 0.042 3 94 0.00192 0.013 0.032 3
JDo-1 Dolomite 2.5 0.00021 0.143 0.041 3 5.3 0.00085 0.128 0.031 3

“ The contents of Ce and Nd are taken from https://georem.mpch-mainz.gwdg.de/. * 2SD = 2 standard deviations. N denotes the number of

repeated analyses of the same solutions.

This journal is © The Royal Society of Chemistry 2022
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column chemistry plus analysis (Fig. 4). The geological sample
AGV-1 had reproducibilities better than +0.040%, for 6*****°Ce
(Fig. 4a) and =0.0309%, for 6**¢***Nd (Fig. 4b).

In order to assess the accuracy of the method established
here, six well-studied samples, BHVO-2, BCR-2, AGV-2, AGV-1,
GSP-2 and JDo-1, were measured in this study (Table 4). The
values (means + 2SD) of 6'**'°Ce were 0.000 + 0.046%, for
BHVO-2, 0.010 = 0.037%, for BCR-2, -0.018 + 0.042%, for AGV-2,
0.007 + 0.035%, for AGV-1, 0.022 + 0.035%, for GSP-2 and 0.143
+ 0.0419, for JDo-1. These results are in agreement within
uncertainty with those reported by other researchers
(Fig. 5a).'%*> The '**'*Nd values (means + 2SD) for BHVO-2,
BCR-2, AGV-2, AGV-1, GSP-2 and JDo-1 were —0.029 + 0.018%,,
—0.048 + 0.028%,, —0.020 + 0.020%,, —0.019 + 0.030%, —0.038
+ 0.0249%,, 0.128 £ 0.0319,, which agreed with the available
literature data (Fig. 5b).>***** Taken together, these data
demonstrate the reliability of our method.
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Fig. 5 Comparison of Ce (a) and Nd (b) isotopic compositions of
geological reference materials reported in this study and those re-
ported in the literature. The data from this study are listed in Table 4.
Cerium (Ce) isotopic data are taken from Nakada et al.*® and Liu et al.,*
and Nd isotopic data are taken from Ohno and Hirata,® McCoy-West
et al.** and Bai et al.*®
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Fig. 6 Stable Ce and Nd isotopic compositions of geological rocks.
Blue circles are igneous rocks, including basalt, andesite, granodiorite,
granite and rhyolite, measured in this study. Purple circles are the
manganese nodules JMn-1, Nod-P-1 and Nod-A-1. The JMn-1 values
were reported in a previous work,® while Nod-P-1 and Nod-A-1 were
measured by this present study. The green circle is chert JCh-1, taken
from Ohno and Hirata.® The brown circle is the marine dolomite JDo-1
measured in this study. Since Pourkhorsandi et al** used Ames Ce as
a reference rather than NIST 3110 or JMC 304, their data were not
discussed due to the fact that the §*4?%4°Ce value between Ames Ce
and NIST 3110 or JMC 304 is unknown. Each of stable Ce and Nd
isotopic data were normalized by BHVO-2 in this study. All error bars
represent two standard deviations of the mean.

3.4 6'21%Ce and 6'*****Nd values for geological reference
materials

Using the column separation method established here, we re-
ported the stable Ce and Nd isotopic compositions of ten
geological rocks, including basalt, andesite, granodiorite,
granite, rhyolite, Mn nodule and dolomite. The final results are
presented in Table 4 and shown in Fig. 6. The 6*****°Ce and
6M%144Nd results of igneous rocks range from —0.018Y%,
to +0.0339%, and —0.0489,, to +0.0149%,,, respectively, suggesting
that both stable Ce and Nd do not fractionate markedly in high-
temperature magmatic processes. They are in agreement with
the earlier reported 6*****°Ce and 6******Nd values of igneous
rocks.'®1>3234365% For the manganese nodules Nod-P-1 and Nod-
A-1, their Nd isotopes also do not fractionate so much with the
standard solution JNdi-1, which is consistent with the results
from Bai et al.*® In contrast, the two manganese nodules clearly
showed heavier Ce enrichment, with 6'4**4°Ce values of 0.112 +
0.046%, and 0.131 £ 0.0429%,, respectively, which are the first
reported. The difference in the magnitude of Ce and Nd isotopic
fractionation could be attributed to the Ce(m) to Ce(iv) exchange
reaction. According to the thermodynamic data, Ce(ur) could be
oxidized to Ce(v) by Mn oxides.*** The Ce-O bond length of
Ce(wv) is shorter than that of Ce(m)* and, thus, heavier Ce
isotopes are enriched. The 6'****°Ce and 6'****'Nd values of
the manganese nodules JMn-1 (0.05 + 0.109%, and 0.00 + 0.05%,,
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respectively) taken from Ohno and Hirata® were not discussed
due to their large uncertainties. Nakada et al.® and Nakada
et al.® also measured JMn-1 and reported relatively heavier 6***
149Ce values of 0.104 + 0.034%, and 0.110 + 0.025%,, respec-
tively. For dolomite JDo-1, earlier studies showed heavier Ce
enrichment, with 6'4*'°Ce values of 0.170 & 0.050%,® and 0.134
+ 0.025%,,' respectively. The 6'*****Nd value of JDo-1 is 0.150
+ 0.0409%,, reported by Ohno and Hirata.® The §****°Ce and
66144\ d values measured in the current study were 0.143 =+
0.0419,and 0.128 £ 0.0319%,,, respectively, which are identical to
earlier measurements within the analytical uncertainty. The
similarity in the degree of Ce and Nd isotopic fractionation may
be induced by the low-temperature carbonate processes rather
than redox changes. The Nd isotopic fractionation factor
between the ion-exchange resin and the solute (HIBA) at 24—
28 °C was determined to be 0.999964.%" This indicates that the
low-temperature equilibrium chemical reaction may generate
Nd stable isotopic fractionation on the order of the 0.1 level.
Similar features were also observed in Sm stable isotopic
studies.® The dolomite JDo-1 from the Mesozoic seamount-type
suggested the water-rock interaction also leads to the detect-
able Ce and Nd isotopic fractionation. The stable isotopic
fractionations are usually controlled by multiple processes such
as the redox reaction, ad/desorption, or precipitation and so on,
which is difficult to unambiguously fingerprint the contribution
of each process based on a single isotopic system.®® Combined
studies of stable isotopic systematics of Ce and Nd have an
important advantage in geochemistry and can provide unique
information about global redox states of paleo-marine
environments.

4. Conclusions

A new two-stage column method was developed to purify Ce and
Nd from the matrix elements for their stable isotopic analysis by
MC-ICP-MS. This procedure results in four single element
fractions (La, Ce, Pr, Nd), each with high recovery (>99.3%) and
low whole procedure blanks (<50 pg). Several important
parameters for the effectiveness of this method, such as the acid
molarity and various rock types, were systematically examined.
Combined standard-sample bracketing and the internal
normalization isotopic fractionation correction model gave
long-term external reproducibilities of better than =+0.049,,
(2SD) for 6***/**°Ce and +0.039%, (2SD) for 6******Nd. Using the
technique established here, stable Ce and Nd isotopic ratios of
ten commercially accessible geological rocks were measured.
Among them, six well-studied samples yielded 6'****°Ce and
616144\ values that were consistent with previously reported
results, particularly with the double spike method. The data
measured in the current study provide a case for combined
studies of stable Ce and Nd isotopes, which will be a promising
way to understand complicated geological processes. In addi-
tion, this technique, which uses the same aliquots for stable Ce
and Nd isotopic analysis, is of paramount importance for
samples that are limited in quantity, such as abyssal sediments,
and that are heterogeneous in composition, such as meteoritic
materials. Stable isotope studies of Ce and Nd remain in their

This journal is © The Royal Society of Chemistry 2022
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infancy and further developments will be expected with this
technique.
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