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Abstract

Stable isotopes of cerium (Ce) and neodymium (Nd), two rare earth elements (REEs), have emerged 

recently as useful tracers for a range of geological and environmental processes, such as redox changes in 

environments or continental weathering. However, the coupled use of stable isotopes of two (or more) rare 

earth elements is often hampered by difficulties in sequential separation of individual REEs and analysis of 

their stable isotope ratios at high precision. Here, we report a new three-stage chromatographic procedure 

that allows for simultaneous separation of Ce and Nd from geological samples for high-precision analysis 

of their stable isotope ratios on MC-ICP-MS. This approach also allows for analysis of radiogenic 

143Nd/144Nd ratios at high precision. Sequential separation of Nd and Ce in our procedure was achieved and 

optimized using α-hydroxyisobutyric acid (α-HIBA) as an eluent. Possible Ce and Nd stable isotope 

fractionations induced by the α-HIBA column were quantified. Total procedural blanks of our three-stage 

separation are low for Ce (~46 pg) and Nd (~2 pg). Extensive tests were conducted on MC-ICP-MS under 

dry plasma conditions to evaluate matrix effects associated with common cationic impurities, acid 

concentration, analyte/dopant ratio, and concentration mismatch between the sample and the bracketing 

standards. The presence of α-HIBA, and, occasionally, aluminum (Al) can affect measurements of both 

stable Ce and Nd isotopes, and acid concentration mismatch may affect stable Nd isotope measurements. 

An iterative correction method was developed to considerably increase the tolerance of stable Ce isotope 

analysis to Nd isobaric interferences, thereby improving the robustness of our measurement. Based on 

analysis of various reference materials, we demonstrate that our new method is suitable for routine high-

precision stable Ce and Nd isotope measurements on geological samples with a wide range of matrix 

compositions, yielding a long-term precision of ≤0.04‰ (2SD) for 142Ce/140Ce and ≤0.03‰ (2SD) for 

146Nd/144Nd. This method also permits accurate radiogenic 143Nd/144Nd measurement with an external 

precision of ≤15 ppm (2SD). Because the α-HIBA column is known for its capability of separating 

individual REEs, our approach can be adapted to separate other REEs for high-precision stable and 

radiogenic isotope analysis with minor modifications.
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1 Introduction

Cerium (Ce) and neodymium (Nd) are lithophile and refractory rare earth elements (REEs). All REEs have 

a valence state of +3, whereas Ce has an additional +4 valence state and can transform between the two 

valence states in response to redox variations in environments. Because trivalent REEs have similar 

chemical properties that systematically vary from La to Lu, REE concentration patterns, often normalized 

to CI chondrites or Post Archean Australia Shales (PAAS)1, can provide useful information on a variety of  

high- and low-temperature processes2, 3. In addition to typical adsorption/desorption processes affecting all 

trivalent REEs, redox transformations between soluble Ce3+ and less-soluble Ce4+ can also cause Ce 

concentration anomalies that can be discernible from REE patterns of natural samples4-6. This so-called “Ce 

anomaly” has been commonly used trace oxygen levels in ambient environments7-10.

Isotope ratios of Ce and Nd can provide valuable information independent of REE concentration patterns 

on a wide range of geological and environmental processes. Cerium has four stable isotopes (136Ce, 138Ce, 

140Ce and 142Ce), among which 138Ce is radiogenic and a β--decay product of 138La (t1/2 = 297 ± 28 Ga)11. 

Neodymium has seven stable isotopes (142Nd, 143Nd, 144Nd, 145Nd, 146Nd, 148Nd and 150Nd), among which 

142Nd is a radiogenic daughter nuclide of the extinct 146Sm via α-decay (t1/2 = 103 Ma)12, 13, and 143Nd is a 

radiogenic product of α-decay of 147Sm (t1/2 = 106 Ga)14. There has been a long history of using radiogenic 

isotope ratios of Ce and Nd (i.e., 138Ce/142Ce, 143Nd/144Nd, 142Nd/144Nd) to provide critical chronological 

constraints on geological events15-18 and to investigate petrogenesis19-28, oceanic circulation29-31 and 

evolution of Earth and extraterrestrial bodies13, 32-36.

Recently, there has been growing interest in potential applications of stable Ce and Nd isotopes (i.e., 

142Ce/140Ce and 146Nd/144Nd) to study geological, environmental, and cosmochemical processes. 

Measurements of glacial diamictites show that the upper continental crust has largely uniform stable Ce 

isotope ratios with little change through Earth history37. Resolvable variations of up to ~0.7‰ in 

142Ce/140Ce38, however, have been observed in samples from low-temperature environments. Early 

measurements of natural ferromanganese deposits show that stable Ce isotopes are not a simple replica of 
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“Ce anomaly” but could provide unique geochemical information38. Pioneering experimental studies imply 

that stable Ce isotopes can be a promising tracer for redox transformations of manganese (Mn) in modern 

and ancient environments due to similar redox potential of Ce and Mn39, 40, a claim supported by a recent 

study of stable Ce isotope variations in bauxite profiles41. This potential application is exciting because Mn 

oxidation in early oceans is notoriously challenging to pinpoint in geological records but has important 

implications for life evolution on Earth42, 43. Different from Ce, Nd does not have a redox chemistry. High-

temperature magmatic processes, such as partial melting, typically do not produce resolvable stable Nd 

isotope fractionation44, 45, but systematic variations of stable Nd isotopes have been observed in a 

weathering profile, possibly caused by isotopic fractionation during Nd adsorption/desorption on different 

mineral surfaces46. Stable Nd isotopes have also shown potential in elucidating sediment provenance47 and 

petrogenesis48, 49. A combined use of stable Ce and Nd isotopes is anticipated to multiply the information 

that a single isotope system can offer, considering overall similar chemical behavior of the two elements 

but their distinct redox properties. This was demonstrated by a recent study that used multi-REE stable 

isotope ratios measured in meteoritic inclusions to infer heating events in the nascent solar system50. 

However, research that combines two or more stable REE isotopes to investigate low-temperature processes 

remains rare due to analytical challenges, although stable isotopic variations tend to be the largest in low-

temperature surficial environments. 

Several chromatographic methods have been established to separate Ce or Nd alone from geological 

samples for stable isotope analysis in the past few years (summarized in ESI Table S1), but only three of 

them have been demonstrated to be able to sequentially separate Ce and Nd from the same sample for stable 

Ce and Nd isotope analysis50-53 (Table 1). One method is to first separate bulk REEs as a group using 2 mL 

Bio-Rad AG 50W-X8 resin, and then sequentially separates Ce and Nd using tandemly arranged columns, 

with the first column filled with 0.3 mL TRU Spec resin and the second one filled with ~1.25 mL LN Spec 

resin51. The total procedural Ce and Nd blanks reported for this method were relatively high (i.e., <1 ng) 

(Table 1), which may limit its use for low-REE samples. The second method capable of sequential Ce and 
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Nd separation for stable isotope analysis uses AG 50W-X12 resin to first separate bulk REEs from a sample, 

and then uses a single column filled with 2 mL DGA resin to separate Ce and Nd sequentially52. The third 

method for simultaneous separation of Ce and Nd relies on LN Spec resin, but it utilizes a fluoropolymer 

pneumatic liquid chromatography (FPLC) system comprising a long (i.e., 70 cm) chromatographic column 

filled with ~1.4 mL LN resin50, 53. Prepacked TODGA columns (2 mL resin) were used to separate REEs 

as a group before separation of individual REEs by the FPLC system. This FPLC system is advantageous 

in terms of its automation and demonstrated capability to sequentially separate 8 rare earth elements, 

including Ce and Nd, for stable isotope analysis. However, this system is not commercially available, and 

it uses a comparably large volume of eluent (e.g., ~80 mL HCl) that can potentially increase REE blanks. 

Also, the existing elution protocol on the FPLC system showed relatively low Nd yield (40%-70%) and, 

consequently, caused somewhat biased stable Nd isotope results for some geological reference materials 

via the simple sample-standard bracketing method50, 53, possibly due to incomplete sample dissolution 

associated with the low-molarity acid used for FPLC separation. As a result, the more complicated double 

spike technique is preferred for Nd separation53. Although all three methods have proven effective in 

sequential Ce and Nd separation from geological samples in support of high-precision stable isotope 

measurements of the two elements, they all use relatively large amount (~1.4–2 mL) of expensive specific 

resins (i.e., LN or DGA). 

It is known that ammonium-form (NH4
+) cation exchange resin and α-hydroxyisobutyric acid (α-HIBA) 

can provide excellent separation for individual REEs in a reversed order54, 55, and different elution protocols 

based on α-HIBA solution have been developed and widely utilized for purifying Ce or Nd from geological 

samples for high-precision radiogenic isotope measurements15, 28, 32, 35, 36, 56-63. This method uses the 

conventional cation exchange resin to separate Ce and Nd, so it can lower the cost of Ce-Nd separation. 

However, no attempt has been made so far to explore the potential of the α-HIBA method in preparing 

geological samples for stable Ce and Nd isotope analyses. Because stable isotope analysis requires a 

quantitative recovery of the target element from the separation and sufficient removal of matrix elements, 
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both of which are not necessarily required by analysis of radiogenic isotope ratios, it remains unknown if 

an α-HIBA-based chromatographic separation protocol can be developed to simultaneous prepare Ce and 

Nd for stable isotope analyses.

In this study, we developed a new three-stage chromatographic procedure for simultaneous Ce and Nd 

separation for high-precision stable isotope measurements on MC-ICP-MS. For the first time, we 

demonstrate that the α-HIBA method, the key stage of our procedure responsible for Ce-Nd separation, is 

capable of supporting routine high-precision measurements of stable Nd and Ce isotopes in geological 

samples of diverse matrix compositions with consistently high yields after chromatography. We also 

conducted extensive tests to evaluate several important factors that may affect stable Nd and Ce isotope 

analysis on MC-ICP-MS and optimized the analytical protocol on the mass spectrometer based on our test 

results. Importantly, our approach for chromatographic separation and stable isotope analysis on MC-ICP-

MS does not compromise high-precision radiogenic Nd isotope measurements. Our results also indicate 

that the α-HIBA method can be extended with minor modifications to simultaneously separate other REEs 

beyond Ce and Nd for both stable and radiogenic isotope analyses in future.

2 Experimental section

2.1 Nomenclature, reagents, and materials

Stable Ce and Nd isotope compositions are expressed by the conventional δ-notation relative to NIST 3110 

Ce solution and JNdi-1 Nd solution, respectively (Eq. 1 and 2).
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𝛿142𝐶𝑒 = (

142
 𝐶𝑒 140

 𝐶𝑒𝑠𝑎𝑚𝑝𝑙𝑒

142
 𝐶𝑒 140

 𝐶𝑒𝑁𝐼𝑆𝑇 3110

― 1) × 1000 (1)

𝛿𝑋𝑁𝑑 = (

𝑋
 𝑁𝑑 144

 𝑁𝑑𝑠𝑎𝑚𝑝𝑙𝑒

𝑋
 𝑁𝑑 144

 𝑁𝑑𝐽𝑁𝑑𝑖 ― 1

― 1) × 1000 (2)

where X represents a specific stable Nd isotope mass, including 145, 146, 148, or 150. For simplicity, we 

used 146Nd/144Nd as an example of stable Nd isotopes here, but other stable Nd isotope ratios were also 

analyzed.

Sample dissolution and preparation were conducted in a class-100 (ISO Class 5 equivalent) clean lab in the 

Department of Earth and Environmental Sciences, University of Minnesota. Milli-Q water (18.2 M-cm) 

and OptimaTM grade (Fisher Scientific) acids or house-distilled acids of comparable purity were used for 

sample digestion and chromatographic separation in this study. α-Hydroxyisobutyric acid (99%, solid) was 

purchased from MilliporeSigma and then purified prior to use. OptimaTM grade ammonia solution was used 

to adjust pH of α-HIBA solution and to convert H+-form cation exchange resin (Bio-Rad AG50W-X4) to 

NH4
+ form. Details of α-HIBA solution preparation, including purification and pH adjustment, and 

conversion of cation exchange resin to its NH4
+ form can be found in the ESI. An in-house multi-REE 

solution and several dissolved rock standards (BCR-2, AGV-2a, and BHVO-2) were used for column 

calibration. The multi-REE solution was prepared to have a seawater-like REE pattern by gravimetrically 

mixing 14 single rare earth element solutions from High-Purity Standards (South Carolina, USA).

Four pure Ce solutions were used in this study. NIST SRM 3110 solution was used as the bracketing 

standard during our stable Ce isotope analysis. Three other in-house Ce solutions (UMN Ce-I, II, and III) 

were routinely analyzed in our laboratory to assess the long-term reproducibility of our 142Ce/140Ce 

measurement. UMN Ce-I is a pure Ce solution (10,000 μg/mL in 4% HNO3, source: Ce2(CO3)3·XH2O) 

purchased from High-Purity Standards. UMN Ce-II was made by dissolving cerium nitrate hexahydrate salt 

((Ce(NO3)3·6H2O, 99.999% purity) in 2% HNO3, and UMN Ce-III was made by dissolving cerium chloride 

heptahydrate salt (CeCl3·7H2O, 99.999% purity) in 2% HNO3. Both high-purity salts were purchased from 
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MilliporeSigma. Three pure Nd solutions were used for stable and radiogenic Nd isotope analysis, including 

JNdi-1, and two in-house Ames-I and Ames-II Nd solutions. JNdi-1 is an international standard for 

radiogenic 143Nd/144Nd ratios64, and it is also used as the bracketing standard for stable Nd isotope analysis. 

Our Ames-I and Ames-II Nd solutions were obtained from University of Wisconsin–Madison, and their 

radiogenic 143Nd/144Nd ratios have been routinely analyzed at UW–Madison for more than a decade 63, 65.

Nine geological reference materials from US Geological Survey (USGS) and Geological Survey of Japan 

(GSJ) were used to validate accuracy of our Ce and Nd isotope measurements. These materials include 2 

basalts (BCR-2, BHVO-2), 1 andesite (AGV-2a), 1 carbonatite (COQ-1), 1 granodiorite (GSP-2), 1 mica 

schist (SDC-1), and 3 manganese nodules (NOD-A-1, NOD-P-1, JMn-1). Powders of geological reference 

materials (~50-100 mg) were weighted into pre-cleaned Savillex Teflon vials, and then dissolved with a 

mixture of concentrated HNO3 and HF (1:3, v/v) on a Teflon-coated graphite hotplate at ~150℃ for at least 

48 hours. Samples were then evaporated to dryness, followed by repeated boiling in concentrated HCl until 

all solid residues were fully dissolved. The digestion step by the concentrated HNO3 and HF mixture were 

repeated if any residues were found visible in concentrated HCl.

2.2 Chromatographic separation

We developed a new 3-stage chromatographic separation procedure that could purify Ce and Nd from the 

same sample for stable isotope analysis. The details of the procedure are summarized in Table 2. 

The first column separates all REEs as a group from sample matrices, using Bio-Rad AG50W-X8 resin (H+ 

form, 200-400 mesh) and Bio-Rad Poly-Prep columns with 2 mL resin bed (Fig. 1A). Samples are loaded 

onto the resin in 1 mL of 2 M HCl and then eluted with 30 mL of 2 M HCl to remove major and trace matrix 

elements (e.g., Na, Mg, Al, Ca, Fe, Rb, Sr). Subsequently, the REEs fraction is collected in 28 mL of 6 M 

HCl. A wider window of 6 M HCl than the Ce and Nd peaks shown in Fig. 1A was intentionally collected 

to ensure complete recovery of Ce and Nd against any possible matrix-dependent tailing of Ce and Nd 

elution peaks during preparation of different geological samples, and it also allows for a full recovery of La 
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that can facilitate future applications of the La-Ce geochronology if needed. The bulk REE fraction was 

dried down at 140℃ and then re-dissolved in 0.4 mL of 0.1 M HCl for the second stage separation.

The second column separates Ce and Nd sequentially from other REEs and Ba, using AG50W-X4 resin 

(NH4
+ form, 200-400 mesh) pre-equilibrated with 0.150 M α-HIBA solution and custom-built borosilicate 

glass columns (resin bed length = 29.3 cm, inner diameter = 0.3 cm) (Fig. 1B), following the elution 

protocol detailed in Table 2. The separation was conducted under atmospheric pressure without use of any 

pressurized device. Purified Nd and Ce cuts were dried down at 130℃ and then re-dissolved in 1 mL of 4 

M HNO3 for a final clean-up step using small columns.

The third column is designed to remove residual α-HIBA in the Ce or Nd fraction from the second column, 

using house-made small Teflon columns (length = 2.1 cm, inner diameter = 0.4 cm) and Eichrom DGA 

resin (50-100 μm) (Fig. 1C). To effectively remove α-HIBA compounds from Ce or Nd, it is desirable to 

conduct the separation at a relatively high acid molarity that should better promote dissociation of REE–α-

HIBA complexes. Given this consideration, DGA resin was chosen to take advantage of the fact that REEs 

are more strongly adsorbed on this resin in acids of higher molarities66. This unique REEs partitioning 

behavior on the DGA resin should facilitate more effective removal of α-HIBA anions/molecules from Ce 

or Nd cations on the column. Only ~0.26 mL DGA resin is used for each sample, considerably less than the 

amount (i.e., ~1.4 to 2 mL) required for previous separation methods based on DGA or LN resins50-53. 

Residual α-HIBA is effectively removed by eluting the column with 4 M HNO3, and Ce or Nd is 

quantitatively recovered in 6 mL of 0.1 M HCl (details in Section 3.3.4). After purification, the Ce or Nd 

cut is dried and re-dissolved in 2% (v/v) HNO3 for isotopic analysis.

Tests were conducted to examine column yields and blank levels for Ce and Nd, and the test samples were 

analyzed by a Thermo iCAPTM Triple Quadrupole (TQ-) ICP-MS in the Department of Earth and 

Environmental Sciences, University of Minnesota. The yield of Ce or Nd was quantified by passing a 

known amount of a multi-REE solution with known REE concentrations through the entire 3-stage 

separation. The total procedural yields were determined to be >99% for both Ce and Nd. The Ce and Nd 
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yields measured in these tests are consistent with the yields measured during our experiments designed to 

quantify column-induced stable Ce and Nd isotope fractionation (see Section 3.1.2). Quantitative Ce and 

Nd yields of our new procedure are further supported by accurate stable Ce and Nd isotope compositions 

measured for a wide range of reference materials that were processed by this new method (see Section 3.4). 

The total procedural blank of our chromatographic separation is 46 pg (n = 3) for Ce and 2 pg (n = 3) for 

Nd, among the lowest blank levels compared to other published methods (Table 1), if not the lowest.

2.3 Instrument configurations

Isotope ratios of Ce and Nd were measured on a collision-cell MC-ICP-MS “Sapphire” (Nu Instruments, 

Serial No. SP006) coupled with an Apex Omega HF desolvator and a Teflon nebulizer (~100 μL/min, 

Elemental Scientific) in the Department of Earth and Environmental Sciences, University of Minnesota. In 

this study, all isotope analyses were conducted using the conventional high-energy ion path with an 

acceleration voltage of 6 kV and RF power of 1300 W at low mass resolution. Isotope ratios were collected 

in static mode, and relevant faraday cup configurations are listed in Table 3. Typical instrument operating 

settings are compiled in Table 4. 

High-purity N2 gas was added via Apex desolvator to keep 140Ce16O+/140Ce+ ratios below 0.05%. Although 

a higher Ce sensitivity could be obtained on our MC-ICP-MS without use of N2, lower oxide formation was 

preferred in our study, because oxide formation may degrade the precision of Ce isotope analysis67. 

Typically, 100 ng/mL Ce doped with 200 ng/mL Sm were used during the stable Ce isotope measurement, 

yielding ion intensity of >15 V on 140Ce and >1.4 V on 144Sm. Similarly, N2 gas was used to keep 

142Nd16O+/142Nd+ ratios below 0.1% during stable and radiogenic Nd isotope measurements. Typically, 50 

ng/mL Nd doped with 25 ng/mL Eu was used during Nd isotope measurement, yielding ion intensity of > 

4 V on 142Nd, > 4 V on 153Eu. Concentrations between the sample and the bracketing standard are typically 

matched within 5% as a precaution, even though our tests demonstrated that concentration mismatch had 

negligible effect on stable Ce and Nd isotope measurements (details in Section 3.3.1). Four NIST 3110 Ce 
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solutions with varying concentrations (-50%, -25%, +25%, +50% relative to the bracketing standard) were 

measured routinely at the beginning of each analytical sequence to evaluate the effect of concentration 

mismatch. Each analysis was preceded by an on-peak-zero (OPZ) measurement of blank 2% HNO3, and 

the measured OPZ intensities were subtracted from the intensities obtained in the subsequent analyte 

measurement.

The combined standard-sample bracketing and internal normalization (C-SSBIN) method was used in our 

stable Ce and Nd isotope measurements to correct for instrumental mass bias. Data were also processed 

using the simple standard-sample bracketing (SSB) method for a direct comparison to the C-SSBIN 

approach (details in Section 3.2.1). Samarium was selected as the internal standard during stable Ce isotope 

analysis, and a 148Sm/144Sm ratio of 3.661268 was used for mass bias correction. 145Nd was monitored 

simultaneously during the measurement to correct for possible isobaric interferences on 142Ce from 142Nd. 

For stable Nd isotope, Eu was used to correct for mass bias, using 153Eu/151Eu = 1.091668. 147Sm was 

measured to correct for possible isobaric interferences of Sm isotopes on Nd isotopes, although the 

correction for geological samples was typically negligible due to effective separation of Sm and Nd by our 

chromatographic procedure (Sm/Nd ratios < 0.02%) (Fig. S10). Limited by mass dispersion of the 

instrument, 140Ce cannot be simultaneously measured with Nd isotopes in our current cup configuration. 

This prevents monitoring of potential 142Ce interference on 142Nd during our analysis. We observed that 

residual Ce absorbed on the permeable expanded polytetrafluoroethylene (EPTFE) membrane inside the 

Apex desolvator could sporadically produce erroneous 142Nd/144Nd measurements when Nd isotope analysis 

was performed immediately after an analytical session of Ce isotopes without thorough cleaning of the 

Apex membrane. As a result, we do not report stable 142Nd/144Nd ratios here. Radiogenic 143Nd/144Nd ratios 

can be obtained simultaneously with stable Nd isotope analyses, and raw 143Nd/144Nd ratios were corrected 

for mass bias using the exponential law and 146Nd/144Nd of 0.7219. Internally corrected 143Nd/144Nd ratios 

of samples were further corrected externally by normalizing 143Nd/144Nd of the JNdi-1 bracketing standard 

to a recommended value of 0.51211564. This value was preferred because it was anchored by the 
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recommended 143Nd/144Nd ratio of 0.511858 for the earlier international standard for radiogenic Nd isotope 

isotopes – La Jolla64.

3 Results and discussion

3.1 Assessment and optimization of the α-HIBA chemistry

3.1.1 Elution optimization for the α-HIBA column

Although it is known that the α-HIBA method can separate REEs, previous studies that used this approach 

mostly focused on purifying rare earth elements, primarily Nd, for radiogenic isotope analysis15, 28, 32, 35, 36, 

56-63, 69, 70. It is unknown if any of the published elution protocols could work for stable Ce and Nd isotope 

analysis, because quantitative column yields and sufficient removal of matrix elements are essential for 

stable isotope analysis but less critical for radiogenic isotope analysis. 

Multiple tests were conducted to establish the elution protocol of our α-HIBA column – the key stage 

responsible for sequential separation of Nd and Ce in our procedure. Using in-house high-purity multi-REE 

solution as a test sample, we first established elution curves using α-HIBA solutions (pH = 4.68 ± 0.02) of 

6 different concentrations that ranged from 0.100 M to 0.225 M (ESI Fig. S1–S6), as well as using 

combinations of 0.150 M and 0.225 M α-HIBA solutions (ESI Fig. S7–S8). Elution results show that either 

0.225 M or a combination of 0.150 M and 0.225 M α-HIBA solutions can be effective for the Nd and Ce 

separation. To further compare these two elution protocols derived from the high-purity multi-REE solution 

and test if elution curves can be altered by different sample matrices, three USGS rock standards (BCR-2, 

BHVO-2, AGV-2a) were first passed through the first-stage column to separate bulk REEs, and then 

through the second-stage α-HIBA column using the two different elution protocols. Both Nd and Ce were 

collected, along with 3 pre-cuts (0.4 mL each) and 3 post-cuts (0.4 mL each) relative to Nd and Ce cuts. 

All solutions were measured for Sm, Nd, and Ce concentrations on TQ-ICP-MS to evaluate the degree of 

separation among neighboring REEs. The Nd cuts were also analyzed on MC-ICP-MS to evaluate whether 

or not they were pure enough for accurate radiogenic 143Nd/144Nd measurements.
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Although results based on the high-purity multi-REE solution showed that either of the two tested elution 

protocols should be effective, results from rock standards revealed significantly high Sm/Nd mass ratios in 

the Nd cut with a low Nd yield (<60%) and significantly high Nd/Ce mass ratios in the Ce cut, when only 

0.225 M α-HIBA solution was used as the eluent (Fig. 2A and 2C). This suggests changes in the elution 

curve that caused significant tailing of Sm into the Nd cut and of Nd into the Ce cut. Unsurprisingly, the 

measured 143Nd/144Nd ratios of the three standards also deviated significantly from recommended values 

due to intense isobaric interferences of 144Sm on 144Nd (ESI Fig. S9). Although stable Nd and Ce isotopes 

were not analyzed in this test, Nd/Ce levels found in the Ce cut were much higher than the threshold that 

can be tolerated during our Ce isotope measurements (Details in Section 3.2.2) (Fig. 2C and 5). In contrast, 

the elution by 0.150 M α-HIBA followed by 0.225 M α-HIBA yielded consistently low Sm/Nd and Nd/Ce 

mass ratios in the Nd cut and Ce cut, respectively, regardless sample types (i.e., basalt vs. andesite) (Fig. 

2B and 2C). Also, the measured radiogenic 143Nd/144Nd ratios of the three rock standards were accurate 

(ESI Fig. S9). Our results demonstrate that elution by α-HIBA solution with a single molarity of 0.225 M 

can cause significant tailing of REE elution peaks during preparation of geological samples, and, hence, it 

is not suitable for preparing geological samples for stable Ce and Nd isotope analysis. As a result, we 

adopted an elution protocol using a combination of 0.150 M and 0.225 M α-HIBA. The robustness of our 

separation procedure is shown by the excellent long-term reproducibility of stable Ce and Nd isotopes, and 

radiogenic 143Nd/144Nd ratios measured for geological reference materials of a wide range chemical 

compositions (Fig. 11 and 12). In addition to Nd and Ce, our elution experiments using various 

concentrations of α-HIBA solutions also show the promise of the α-HIBA chemistry in separating other 

rare earth elements, such as Sm (ESI Fig. S3 and S4), Eu and Gd (ESI Fig. S2), in support of stable isotope 

analysis, although further validation is needed in future.
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3.1.2 Stable Ce and Nd isotope fractionation on the α-HIBA column

Stable Ce and Nd isotope fractionation factors on the α-HIBA column were quantified in this study, 

providing a necessary framework that allows for assessment of possible influence of incomplete yield from 

our column on stable Ce and Nd isotope analysis. Column-induced stable Ce isotope fractionation has been 

quantified for chromatographic methods using LN and DGA resin51, 71, 72, but it has never been quantified 

for the α-HIBA column. Stable Nd isotope fractionation during the α-HIBA chemistry has been studied69; 

a ~1.40‰ difference in δ146Nd was observed between the head and tail of the Nd elution peak, with heavier 

Nd isotopes being eluted first relative to lighter isotopes. However, this previous study used columns of 

different physical sizes compared to ours, so it is unclear if the observed stable Nd isotope fractionation 

applies to our column.

In our experiments, NIST 3110 Ce (a total of 495.3 ng Ce) and JNdi-1 (501.9 ng Nd) were individually 

processed through the α-HIBA column using our established elution protocol. Instead of collecting Ce or 

Nd as a single cut, Ce and Nd were sequentially collected into 8 separate fractions and 6 fractions, 

respectively. All fractions were then purified by the third-stage column to remove residual α-HIBA, 

followed by stable Ce or Nd isotope analysis on MC-ICP-MS.

Based on the measured Ce and Nd concentrations in individual fractions, it was calculated that a total of 

497.93 ng Ce and 495.76 ng Nd was recovered (ESI Table S2 and S3), representing a yield of 100% for Ce 

and 99% for Nd through our combined second-stage α-HIBA column and the third-stage small DGA 

column. Cumulative δ142Ce and δ146Nd values based on isotope mass balance calculations and the measured 

concentration and isotopic data from individual samples were -0.029‰ and 0.023‰, respectively (ESI 

Table S2 and S3), demonstrating quantitative recoveries of Ce and Nd during our experiments. Isotopic 

differences observed in individual fractions collected from our experiments, therefore, truly reflect stable 

isotope fractionation induced on our α-HIBA column. The isotopic results show that heavier isotopes are 

preferentially eluted from our α-HIBA column for both Ce and Nd (Fig. 3). The isotopic difference between 

the first and last fractions collected from the column is 1.00‰ for δ142Ce and 1.09‰ for δ146Nd. 
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Stable Ce isotope fractionation factor on our α-HIBA column can be estimated using the theory of 

chromatography73, 74. The theory predicts that the slope of the linear regression line derived from 

ln((142Ce/140Ce)fraction/(142Ce/140Ce)NIST 3110) and accumulative eluted percent of Ce is equivalent to , 𝜀 𝑁

where  is the single-step (“batch”) enrichment factor, and N is the number of theoretical plates in the 𝜀

column. N can be estimated from the experimental data through the following equation:

𝑁 = 2𝜋(𝑐𝑚𝑎𝑥𝑣
100%)

2

(3)

where  is the maximum peak height, defined by the percentage of Ce collected at the elution peak 𝑐𝑚𝑎𝑥

normalized to a unit volume (i.e., % Ce/mL), and  is the peak elution volume. Although Ce was eluted in 𝑣

0.225 M α-HIBA, the volume of 0.150 M α-HIBA solution prior to Ce elution (i.e., 2.8 mL) should be also 

included in the  calculation, because Ce distribution coefficients on the resin under these two molarities 𝑣

are similar (<10 times)75. Based on our results, the peak elution volume ( ) of Ce is located in the 13.6-14 𝑣

mL fraction. An average volume value of 13.8 mL was accordingly selected as the estimate of . 26.29% 𝑣

of total Ce mass relative to total Ce mass loaded to the column was collected in this 0.4 mL cut (Fig. 1B). 

Based on the theory by Glueckauf (1955, 1958)73, 74,  value can be calculated as 65.7 %/mL. The 𝑐𝑚𝑎𝑥

number of theoretical plates N then can be calculated to be ~516 for Ce based on Eq. 3. As a result, the 

enrichment factor  for 142Ce/140Ce on our α-HIBA column is estimated to be 1.5×10-5 at room temperature 𝜀

of 19.4 ± 0.3℃ (Fig. 3A). Similar calculations were also performed for Nd, yielding the peak elution volume 

( ) of 7.8 mL for Nd within 7.6-8 mL, a  value of 122.8 %/mL, and N of ~576. Hence, the enrichment 𝑣 𝑐𝑚𝑎𝑥

factor in 146Nd/144Nd on our α-HIBA column was estimated to be 1.5×10-5 at room temperature of 19.4 ± 

0.3℃ (Fig. 3B).

More gentle slope of a regression line in Fig. 3 indicates smaller column-induced isotopic fractionation. 

Although different columns and elution protocols were developed in this and previous studies, column-

induced Ce and Nd isotope enrichment factors are broadly comparable among different separation methods 

using LN resin and the α-HIBA chemistry51, 69. Despite the high cost, the method based on DGA resin71, 76, 
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77 produces the smallest Ce and Nd isotope fractionations (Fig. 3), thereby is more resistant to potential Ce 

and Nd loss from the column. Given our results that demonstrated measurable column-induced stable 

isotope fractionation (Fig. X), quantitative yields of Ce and Nd from our α-HIBA column are, therefore, 

essential for accurate measurements of stable Ce and Nd isotopes.

3.2 Correction for instrumental mass bias and isobaric interferences 

3.2.1 Instrumental mass bias correction 

The simple sample-standard bracketing (SSB) method78, 79 and the combined sample-standard bracketing 

and internal normalization (C-SSBIN) method80, 81 are two methods commonly used to correct for 

instrumental mass bias during stable isotope analysis on MC-ICP-MS. The C-SSBIN method has been 

applied to analysis of stable Ce isotopes (with Sm-doping)37-41, 51, 52, 67, 71, 76, 82 and stable Nd isotopes (with 

Eu-doping)46, 51, 52, 83, 84, whereas the simple SSB method has also been adopted by some studies for stable 

Nd isotope analysis47, 72, 85, 86. Compared to the simple SSB method, the C-SSBIN method requires addition 

of a dopant element in each sample and the bracketing standard for the measurement, so it is more labor-

intensive and accompanied with a higher risk of sample contamination. Yet, a direct comparison of C-

SSBIN and simple SSB methods for stable Ce and Nd isotope measurements is absent in literature, making 

it difficult to determine if the additional internal normalization associated with the C-SSBIN method indeed 

offers any analytical benefit.

In this study, we provided the first direct comparison of the two correction methods for stable Ce and Nd 

isotope analyses, based on data collected over a >1-year period. During our tests, samples were doped with 

high-purity Sm during stable Ce isotope analysis, or with high-purity Eu during stable Nd isotope analysis. 

Data were processed using (1) a simple SSB method where the measured Ce (or Nd) stable isotope ratio of 

a sample was normalized to the average of the two adjacent bracketing standard measurements, and (2) a 

C-SSBIN method where the measured Ce (or Nd) stable isotope ratios were first internally corrected using 
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148Sm/144Sm = 3.6612 (Eu/Eu = 1.0916) and an exponential law, and then externally corrected following 

the same way as the simple SSB method. 

As shown in Fig. 4, our comparison clearly demonstrates that use of a C-SSBIN method can significantly 

improve precision of stable Ce and Nd isotope analysis compared to use of a simple SSB method. 

Regardless pure solutions or geological materials, the C-SSBIN method yielded precision consistently 

better than 0.04‰ (2SD) for 142Ce/140Ce, whereas a simple SSB method gave variable and frequently 

worsened precisions ranging from 0.01‰ to 0.32‰ (Fig. 4A). Through the C-SSBIN method, the best 

achieved long-term precision (> 7 months) is 0.02‰ (2SD, N=19) in 142Ce/140Ce for pure UMN Ce-I 

solution. Similar findings were also observed for stable Nd isotopes (Fig. 4B). The improved long-term 

precision associated with the C-SSBIN method implies that isotopic mass bias of the dopant element closely 

followed the mass bias of Ce or Nd isotopes during our MC-ICP-MS measurements. Normalizing the 

measured isotope ratios of the dopant element to a fixed value prior to the simple SSB mass bias correction, 

therefore, helped to effectively smooth out possible subtle differences in instrumental mass bias between 

sample measurements and adjacent measurements of the bracketing standard. Our results support that the 

C-SSBIN method is superior to the simple SSB method in terms of mass bias correction during stable Ce 

and Nd isotope measurements on MC-ICP-MS. 

3.2.2 Correction for isobaric interferences during Ce and Nd isotope analysis 

Isobaric interferences should be closely monitored and, if necessary, corrected during the measurement of 

stable Ce and Nd isotope compositions. Stable Ce isotope measurements can be affected by (1) interferences 

of 142Nd on 142Ce, and (2) interferences of 144Nd and 148Nd on the two Sm isotopes measured for internal 

normalization, i.e., 144Sm and 148Sm. 145Nd was monitored and used to correct for Nd isobaric interferences 

during our stable Ce isotope measurements.
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Two different correction methods for Nd isobaric interferences were compared. The first method ignores 

instrumental mass bias and directly subtracts Nd interferences from 142Ce, 144Sm, and 148Sm intensities using 

the measured 145Nd intensity and the average abundance of Nd isotopes in nature:

𝐼𝑐𝑜𝑟𝑟142
 𝐶𝑒 = 𝐼𝑚𝑒𝑎𝑠142

 𝐶𝑒 ― 𝐼𝑚𝑒𝑎𝑠145
 𝑁𝑑 × (142

 𝑁𝑑
145
 𝑁𝑑)

𝑡𝑟𝑢𝑒

(4)

𝐼𝑐𝑜𝑟𝑟144
 𝑆𝑚 = 𝐼𝑚𝑒𝑎𝑠144

 𝑆𝑚 ― 𝐼𝑚𝑒𝑎𝑠145
 𝑁𝑑 × (144

 𝑁𝑑
145
 𝑁𝑑)

𝑡𝑟𝑢𝑒

(5)

𝐼𝑐𝑜𝑟𝑟148
 𝑆𝑚 = 𝐼𝑚𝑒𝑎𝑠148

 𝑆𝑚 ― 𝐼𝑚𝑒𝑎𝑠145
 𝑁𝑑 × (148

 𝑁𝑑
145
 𝑁𝑑)

𝑡𝑟𝑢𝑒

(6)

where I represents ion intensity, meas indicates the measured intensity, corr denotes the interference-

corrected intensity, and true signifies the average natural Nd isotope ratio (i.e., 142Nd/145Nd = 3.2771, 

144Nd/145Nd = 2.8675, and 148Nd/145Nd = 0.6867)68. 

The second method considers instrumental mass bias during interference correction, using 148Sm/144Sm and 

an iterative calculation. Mass bias factor (f) is first calculated using the measured 148Sm/144Sm ratio: 

𝑓 =

ln (
(148𝑆𝑚 144𝑆𝑚)𝑡𝑟𝑢𝑒

(𝐼148
𝑚𝑒𝑎𝑠 𝐼144

𝑚𝑒𝑎𝑠)
)

ln (
𝑚148𝑆𝑚

𝑚144𝑆𝑚
)

(7)

where Imeas indicates the measured ion intensity at mass 144 or 148, m represents atomic mass, and 

 is 3.661268. Assuming the same mass bias factor f applies to Nd isotopes, Nd (148𝑆𝑚 144𝑆𝑚)𝑡𝑟𝑢𝑒

interferences on Sm isotopes can be subtracted as follows:
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𝐼144
𝑐𝑜𝑟𝑟 = 𝐼144

𝑚𝑒𝑎𝑠 ― 𝐼
145𝑁𝑑
𝑚𝑒𝑎𝑠 × (144𝑁𝑑

145𝑁𝑑)
𝑡𝑟𝑢𝑒

× (𝑚144𝑁𝑑

𝑚145𝑁𝑑)
𝑓

(8)

𝐼148
𝑐𝑜𝑟𝑟 = 𝐼148

𝑚𝑒𝑎𝑠 ― 𝐼
145𝑁𝑑
𝑚𝑒𝑎𝑠 × (148𝑁𝑑

145𝑁𝑑)
𝑡𝑟𝑢𝑒

× (𝑚148𝑁𝑑

𝑚145𝑁𝑑)
𝑓

(9)

Then, a  ratio can be calculated and inserted back in Eq. 7 to replace . Consequently, 𝐼148
𝑐𝑜𝑟𝑟 𝐼144

𝑐𝑜𝑟𝑟 𝐼148
𝑚𝑒𝑎𝑠 𝐼144

𝑚𝑒𝑎𝑠

a new mass bias factor f can be calculated. The mass bias factor f typically converges after 10 iterations, 

and the calculated f no longer changes with more iterations, so we used 10 iterations in this study. The final 

f value is then used to correct for 142Nd on 142Ce, and, ultimately, stable Ce isotopes as follows:

𝐼142
𝑐𝑜𝑟𝑟 = 𝐼142

𝑚𝑒𝑎𝑠 ― 𝐼
145𝑁𝑑
𝑚𝑒𝑎𝑠 × (142𝑁𝑑

145𝑁𝑑)
𝑡𝑟𝑢𝑒

× (𝑚142𝑁𝑑

𝑚145𝑁𝑑)
𝑓

(10)

(142𝐶𝑒 140𝐶𝑒)𝑐𝑜𝑟𝑟 = (𝐼142
𝑐𝑜𝑟𝑟 𝐼

140𝐶𝑒
𝑚𝑒𝑎𝑠) × (𝑚142𝐶𝑒

𝑚140𝐶𝑒)
𝑓

(11)

We conducted doping experiments to test the robustness of the two interference correction methods. NIST 

3110 Ce solutions doped with different amount of Nd were analyzed on MC-ICP-MS, and data were 

corrected online during analysis using the two different correction methods. The results show that our 

iteration method allows for correction of a ~2 times higher level of 142Nd interference compared to the 

correction that does not consider mass bias (Fig. 5). Considering a long-term precision of 0.04‰ (2SD) in 

142Ce/140Ce in our laboratory, this iterative correction method allows for reliable isobaric correction at 

Nd/Ce mass ratios of up to ~10-3, which is much higher than typical Nd/Ce mass ratios of geological rock 

samples after purification by our chromatographic separation method (<3×10-4). 

Stable Nd isotope measurements can be affected by various Sm isotopes (i.e., 144Sm on 144Nd, 148Sm on 

148Nd, and 150Sm on 150Nd). 147Sm was measured during our Nd isotope analysis to monitor and correct for 

isobaric interferences of Sm isotopes on relevant Nd isotopes. A mass bias factor was first calculated based 

on the measured 153Eu/151Eu and an assumed true value of 1.091668, and this mass bias factor was then 

applied to correct for isobaric interferences of Sm isotopes on Nd isotopes. For radiogenic 143Nd/144Nd ratio 
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measurements, interferences of Sm isotopes were corrected using an iterative calculation method similar to 

that described above for our stable Ce isotope analysis but based on 146Nd/144Nd. Our correction methods 

significantly improved the robustness of our stable and radiogenic Nd isotope analysis (ESI Fig. S10). 

Although the iterative correction was previously used for radiogenic Nd isotope analysis87, to the best of 

our knowledge, it has yet been widely applied to stable Ce and Nd isotope analysis on MC-ICP-MS in the 

community. Our results show evident analytical benefits that support the implementation of this approach 

during routine measurements of stable Ce and Nd isotopes.

3.2.3 Assessment of the dopant/analyte ratio mismatch on stable Ce and Nd isotope analysis

Because Sm (or Eu) was added to both samples and the bracketing standard during Ce (or Nd) isotope 

analysis, it is necessary to evaluate influence of the dopant/analyte ratio mismatch on the analysis. It was 

observed previously that instrumental mass bias was sensitive to the elemental dopant/analyte ratio during 

stable Cu and Zn isotope analysis88, thereby making it essential to strictly match dopant/analyte ratios 

between the samples and bracketing standards. In contrast, a recent study found that stable Eu isotope ratios 

(153Eu/151Eu) measured on MC-ICP-MS remained constant within a large range of Sm-dopant to Eu ratios 

(151Eu/147Sm) between 0.2 and 589, making strict matching of the dopant/analyte ratio unnecessary. A recent 

study recommended that the concentration of the dopant element between the sample and bracketing 

standard should be kept within <10% for high-precision stable Nd isotope measurements83, but the influence 

of dopant/analyte ratio mismatch on stable Ce isotope measurements has not been evaluated.

In our study, aliquots of NIST 3110 Ce solution were prepared to have the same Ce concentration (i.e., 100 

ng/mL) but different Sm concentrations to yield Sm/Ce mass ratios between 1 and 3. These solutions were 

then analyzed against the same 100 ng/mL NIST 3110 Ce with 200 ng/mL Sm (Sm/Ce = 2) as the bracketing 

standard. No resolvable bias in measured 142Ce/140Ce ratios was observed (Fig. 6A). Our results demonstrate 

that stable Ce isotope measurement on our MC-ICP-MS instrument is not sensitive to ±50% mismatch of 
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Sm/Ce mass ratios between the sample and the bracketing standard. A Sm/Ce mass ratio of ~2 was typically 

adopted during our routine stable Ce isotope analysis.

Influence of the Eu/Nd doping ratio on stable Nd isotope analysis was assessed using a similar approach. 

Aliquots of 50 ng/mL JNdi-1 solution doped with 12.5 ng/mL, 18.75 ng/mL, 31.25 ng/mL and 37.5 ng/mL 

Eu were prepared and analyzed against the same 50 ng/mL JNdi-1 with 25 ng/mL Eu (Eu/Nd = 0.5). 

Similarly, no resolvable difference in measured Nd stable isotope ratios was observed within a range 

between +50% and -50% mismatch in Eu/Nd mass ratios between the sample and the bracketing standard 

(Fig. 6B). An Eu/Nd mass ratio of ~0.5 was typically adopted during our routine Nd isotope analysis.

3.3 Assessment of various forms of matrix effects on stable Ce and Nd isotope analysis

3.3.1 Concentration mismatch effect

Influence of analyte concentration mismatch between the sample and the bracketing standard was assessed 

by measurements of NIST 3110 Ce (or JNdi-1) solutions intentionally prepared to have Ce (or Nd) 

concentrations up to 50% more or less relative to the concentration used for the bracketing standard. 

Dopant/analyte ratios (Sm/Ce = 2 and Eu/Nd = 0.5) were kept the same between the sample and bracketing 

standard during stable Ce and Nd isotope measurement. Unlike strong concentration effects observed 

previously during stable K isotope analysis on “Sapphire” MC-ICP-MS using the low-energy collision cell 

path90, stable Ce and Nd isotope measurements by the high-energy ion path of this instrument are not 

sensitive to even large concentration differences (i.e., 50%)  between samples and bracketing standards (Fig. 

7). The same method was applied to assess possible concentration effect during every analytical session in 

our laboratory over the entire course of this study, and it always showed negligible influence on stable Ce 

and Nd isotope measurements. Our results show that stringent concentration matching is not necessary; we 

typically matched sample-standard concentrations within ~5% as a precaution, although even larger 
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concentration mismatch would not influence the measurement based on our test results (Fig. 7). Correction 

was not needed at this level of concentration mismatch.

3.3.2 Acid concentrations

Previous studies have demonstrated that mismatch in the concentration of acid media that were used to 

dissolve samples and bracketing standards can bias stable isotopic analyses of a range of elements, for 

example, Fe91, 92 and Mg93, 94. We evaluated this effect during stable Ce and Nd isotope analysis. NIST3110 

Ce or JNdi-1 standard was prepared in HNO3 of different concentrations ranging from 0.5% to 5% (v/v). 

These solutions were then analyzed against the same material prepared in 2% HNO3. No measurable bias 

in the measured δ142Ce was observed within our long-term precision of 0.04 ‰ (2SD) (Fig. 8A), whereas 

higher HNO3 concentrations (≥3%) led to measurably lower δ146Nd relative to the true value (Fig. 8B). In 

our lab, we typically use the same batch of 2% HNO3 to prepare both samples and bracketing standards 

during each session of stable Ce and Nd isotope measurements to avoid possible influence of acid 

concentration effects.

3.3.3 Matrix effects from inorganic cations

Matrix effects from common cations were assessed by analyzing a suite of NIST 3110 Ce or JNdi-1 

solutions doped with varying amounts of cations against unadulterated NIST 3110 Ce or JNdi-1 solution. 

Cation impurities were added using high-purity single element standards. Eleven cations were tested, 

including common major or trace elements in geological samples (Na, Mg, Al, Fe, Ba), elements that may 

form oxide interferences (e.g., Te oxide on Ce), REEs neighboring or heavier than Ce and Nd (La, Pr, Gd, 

Ho, Lu). 

Our test results show that all cations tested introduce little effect to stable Ce isotope analysis at [matrix 

cation]/[Ce] mass ratios of up to at least 10%, except for Al (Fig. 9A). The same tests were repeated for 

several cations in 2022 and 2023, and most results reproduced well. As a result, average results were plotted 

in Fig. 9A for cations that were tested in two different years. The absence of noticeable matrix effects from 
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Te indicates negligible formation of oxide interferences (i.e., 124Te16O+ on 140Ce, 126Te16O+ on 142Ce). A lack 

of perceptible matrix effects from La and Pr indicates little formation of hydride interferences (i.e., 139La1H+ 

on 140Ce, 141Pr1H+ on 142Ce) under dry plasma conditions. Similarly, most cations tested in this study 

produced negligible matrix effects at [matrix cation]/[Nd] mass ratios of up to at least 10% during stable 

Nd isotope analysis (Fig. 9B). It is particularly advantageous that the measured stable Nd isotope ratios are 

not influenced by the presence of Pr up to [Pr]/[Nd] mass ratios of 100% (ESI Fig. S11). Because elution 

peaks of Nd and Pr on the α-HIBA chromatographic column are very close (Fig. 1B), a larger volume that 

extends slightly into the Pr peak can be collected to ensure a more consistent high yield for Nd, without 

compromising Nd isotope measurements.

Among all the cations tested, Al is the only one that can cause biased stable Ce and Nd isotope 

measurements even at a moderate [Al]/[Ce (or Nd)] level of 2%. Unlike repeated tests of several other 

cations that yielded consistent results, the test performed in 2022 revealed a major impact on stable Ce 

isotope analysis from Al, whereas the test conducted in 2023 showed a negligible impact (Fig. 9A). This 

demonstrates that Al-induced matrix effects have highly variable influence on stable Ce isotope analysis. 

Our results showed that sufficient removal of Al ([Al]/[Ce (or Nd)] < 1%) via column separation is critical 

to ensure accurate stable Ce and Nd isotope analyses. Aluminum can be separated from bulk REEs during 

our 1st-stage chromatographic separation (Fig. 1A), and accurate stable Ce and Nd isotope results for a 

range of natural rock standards (Fig. 11) demonstrate effective removal of Al by our chromatographic 

procedure.

3.3.4 Matrix effects from organic α-HIBA compounds

Because α-HIBA can be left in the final Ce or Nd cut after the second-stage chromatographic separation, it 

is important to evaluate if residual α-HIBA can affect stable Ce and Nd isotope analysis. For Ce, aliquots 

of NIST 3110 Ce solutions were first mixed with different amounts of α-HIBA solution, and mixtures were 

then evaporated to complete dryness on a hotplate – a process mimicking how real samples are normally 
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processed before isotopic analysis. Finally, these test samples were redissolved in 2% HNO3 and measured 

against pure NIST 3110 Ce on MC-ICP-MS. For comparison, two additional test samples were prepared 

by mixing 500 ng NIST 3110 Ce with 1.35 mmol α-HIBA, and then processed through the third-stage 

chromatographic column to remove all α-HIBA, followed by analysis on MC-ICP-MS. Our results show 

that the presence of α-HIBA can substantially affect stable Ce isotope analysis on our MC-ICP-MS (Fig. 

10A). Recent studies on stable Eu isotope analysis showed that concentrated HNO3 could decompose 

residual α-HIBA found in the Eu fraction from the α-HIBA chemistry so that accurate stable Eu isotope 

measurement could be achieved without an additional clean-up column70, 95. We tested this approach and 

found it ineffective for stable Ce isotope analysis; a ~0.1‰ bias in δ142Ce could still be observed after a 

HNO3 treatment (Fig. 10A). In contrast, our third-stage chromatographic column can effectively remove α-

HIBA, and, hence, it is essential for accurate stable Ce isotope measurements (Fig. 10A). 

Similar tests were also conducted for Nd. Although it is known that the presence of α-HIBA does not affect 

analysis of radiogenic 143Nd/144Nd ratios on MC-ICP-MS96, our results clearly show that α-HIBA can 

produce matrix effects hampering accurate stable Nd isotope measurement (Fig. 10B). Again, this issue can 

be solved by the third-stage clean-up column that we developed.

3.4 Data accuracy and long-term precision of our new method

Accuracy and long-term precisions of our new method were assessed by routine analysis of geological 

reference materials and a series of pure standard solutions over a duration of more than 1 year. Nine 

different geological reference materials with a wide range of matrix composition were processed using our 

new three-step chromatographic procedure and then analyzed for their stable Ce and Nd isotopes, and 

radiogenic 143Nd/144Nd ratios on “Sapphire” MC-ICP-MS in our laboratory. In-house pure Ce solutions, 

namely UMN Ce-I, UMN Ce-II, and UMN Ce-III, were analyzed for their stable Ce isotopes with and 

without chromatographic separation, and no difference was observed. JNdi-1 was analyzed for radiogenic 

Nd isotope, and in-house pure Nd standards, Ames-I and Ames-II, were measured for both radiogenic and 

Page 24 of 48Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25

stable Nd isotopes. Our results, together with published data for the same materials, if available, are 

compiled in ESI Table S4 and S5.

Our results of geological reference materials agreed well with published values (Fig. 11 and 12), 

demonstrating the accuracy of our new method. 143Nd/144Nd ratio of JMn-1 was never reported in literature, 

and we obtained a value of  0.512359 ± 0.000008 (2SD, n=8) for this material for the first time. Based on 

the results shown in Fig. 11 and 12, our long-term precision (2SD) is estimated to be ≤0.04‰ for δ142Ce, 

≤0.03‰ for δ146Nd, and ≤15 ppm (i.e., 0.29 -unit) for radiogenic 143Nd/144Nd ratios. 𝜀

It is important to note that several geological reference materials (BCR-2, BHVO-2, AGV-2/2a, GSP-2, 

JMn-1, NOD-P-1, NOD-A-1) have been analyzed for their stable Ce and Nd isotopes by multiple 

laboratories using different chromatographic methods and instruments, and interlaboratory results currently 

agree within a level of ≤0.066‰ for δ142Ce and ≤0.034‰ for δ146Nd for these reference materials (ESI 

Table S4 and S5). The interlaboratory agreement of δ146Nd data for different reference materials is similar 

to the typical precision reported by individual laboratories (i.e., ~0.03‰), suggesting homogeneity of stable 

Nd isotopes in the suite of geological reference materials compiled here. However, the interlaboratory 

agreement of δ142Ce varies for different reference materials, ranging from 0.020‰ for NOD-A-1 to 0.066‰ 

for BCR-2. The level of agreement is often larger than the reported precisions for δ142Ce in individual 

laboratories (~0.04‰), reflecting either true heterogeneity of stable Ce isotopes in some reference materials 

considered here (e.g., BCR-2) or subtle analytical artefacts associated with different methods used in 

different laboratories. Further interlaboratory comparison of stable Ce isotope analysis is needed and 

beneficial for further stable Ce isotope research, in particular, study of high-temperature processes where 

stable Ce isotope variations are expected to be small.

Conclusions
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A new and robust chromatographic procedure was developed and demonstrated to be able to simultaneously 

separate Ce and Nd from geological materials of a wide range of matrix composition for high-precision 

analysis of stable Ce and Nd isotopes, and radiogenic 143Nd/144Nd ratios. The elution protocol for the α-

HIBA column, the key stage of sequential Nd and Ce separation, was optimized, and column-induced stable 

Ce and Nd isotope fractionation was also quantified. An iterative method was developed to correct for 

possible isobaric interferences (i.e., 142Nd on 142Ce and 144Sm on 144Nd) during stable Ce and Nd isotope 

analysis, and this correction method can improve the robustness of our measurements. Various forms of 

matrix effects, including dopant/analyte ratios, concentration mismatch in acid media and between the 

sample and the bracketing standard, presence of common inorganic cations and residual α-HIBA, were 

systematically evaluated for stable Ce and Nd isotope analysis on MC-ICP-MS (“Sapphire”, Nu 

Instruments) under dry plasma conditions. Routine analyses of 9 different geological reference materials 

and several high-purity standard solutions over more than 1 year yielded accurate stable Ce and Nd isotope 

results, with demonstrated long-term precision (2SD) of better than 0.04‰ for δ142Ce and better than 0.03‰ 

for δ146Nd. Our new chromatographic method is also applicable to preparation of geological samples for 

accurate analysis of radiogenic 143Nd/144Nd ratios, and a long-term precision (2SD) of better than 15ppm 

(i.e., 0.29 -unit) was achieved in our laboratory. Our results also show the potential of α-HIBA chemistry 𝜀

for separation of other REEs beyond Ce and Nd for their stable and radiogenic isotope measurements.
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Figure captions

Fig. 1 Elution curves for the first-stage (A), second-stage (B), and third-stage (C) chromatographic column. 

Note that Nd is processed the same way as shown for Ce during the third-stage column. The shaded areas 

represent volumes collected for Ce and Nd.

Fig. 2 A elution comparison between single 0.225 M α-HIBA solution and combined 0.150 M + 0.225 M 

α-HIBA solutions. (A) Percentage of Nd collected in the Nd cut (2.4 mL), Ce cut (6 mL), and 3 pre-cuts 

(0.4 mL each) and 3 post-cuts (0.4 mL each) before and after Nd and Ce collection using only 0.225 M α-

HIBA solution as the eluent. Pure multi-REEs solution shows quantitative recovery of Nd in the Nd cut, 

negligible tailing and good separation between Nd and Ce. However, substantial tailing of Nd into the Ce 

cut is observed for rock samples (BCR-2, AGV-2a, BHVO-2). (B) Percentage of Nd collected in the Nd 

cut, Ce cut, and 3 pre- and post-cuts for each using combined 0.150 M + 0.225 M α-HIBA solutions as the 

eluents. Good separation and more consistent elution profiles can be observed regardless of sample matrices. 

(C) Sm/Nd mass ratios and Nd/Ce mass ratios in the original samples (diamonds) and the purified Nd and 

Ce cuts after the α-HIBA column using different elution protocols (0.225 M α-HIBA: squares; 0.150 M + 

0.225 M α-HIBA: circles). For the pure multi-REEs solution, similar Sm/Nd and Nd/Ce ratios were 

obtained using either of the two elution protocols tested here. In contrast, for geological materials, elution 

by a combined use of 0.150 M and 0.225 M α-HIBA resulted in significantly better purification of Nd and 

Ce.

Fig. 3 Stable Ce isotopes (142Ce/140Ce) (A) and stable Nd isotopes (146Nd/144Nd) (B) in different fractions 

plotted against the accumulative weight fraction in a probability scale. The horizontal line on each data 

symbol in both plots indicates the range of the accumulative Ce (or Nd) weight fraction each measured 

sample represents. Data are plotted at the median point of the accumulative weight fraction in each fraction, 

and all data from the same experiments were fitted by linear regression to estimate isotope fractionation 

factors induced by the column separation.
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Fig. 4 A comparison of data quality associated with simple SSB (squares) and C-SSBIN (circles) mass bias 

correction methods for δ142Ce (A) and δ146Nd (B). Each data point represents one individual measurement 

that includes at least 3 repeated analyses of the same solution. Use of a C-SSBIN method clearly results in 

better precision for both stable Ce and Nd isotope measurements compared to use of a simple SSB method.

Fig. 5 A comparison of two different correction methods for 142Nd interferences on 142Ce during stable Ce 

isotope measurements. The shaded bar indicates the true δ142Ce value (0‰) of the measured NIST Ce 

solution with our typical precision of 0.04‰ (2SD). Blue squares represent the corrected δ142Ce data based 

on average natural abundances of different Nd isotopes without considering instrumental mass bias. Orange 

circles show the corrected δ142Ce data after 1 iterative correction, and purple diamonds show the results 

corrected by >10-time iterative corrections. Orange arrow suggests that the value after 1 iterative correction 

is lower than -15‰. Our iterative method allows for reliable isobaric interference correction at a Nd/Ce 

ratio of ~2-time higher compared to that permissible by the simple correction method ignoring instrumental 

mass bias.

Fig. 6 Influence of variable dopant/analyte ratios on δ142Ce (A) and δ146Nd (B). The shaded bar in both plots 

indicates the true δ-value with our typical long-term precision. Yellow stars denote the Sm or Eu 

concentration used in the bracketing standards.

Fig. 7 Influence of analyte concentration mismatch on δ142Ce (A) and δ146Nd (B). Samples and bracketing 

standards have the same dopant/analyte ratios. The shaded bar indicates the true δ-value with our typical 

long-term precision. Yellow stars denote the bracketing standard.

Fig. 8 Influence of acid concentrations on δ142Ce (A) and δ146Nd (B). The same tests for stable Ce isotope 

measurements were conducted in the Year 2022 (blue circles) and Year 2023 (green squares). The shaded 

bar indicates the true δ-value with our typical long-term precision. Yellow stars denote the bracketing 

standard.
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Fig. 9 (A) Matrix effects of common inorganic cations on δ142Ce. Elements labeled with “_A” denotes 

average data from two independent tests conducted in the Year 2022 and 2023, which yielded similar values. 

δ142Ce data with Al doping from two years are plotted separately because they exhibit different behaviors. 

(B) Matrix effects of inorganic cations on δ146Nd. The shaded bar indicates the true δ-value with our typical 

long-term precision.

Fig. 10 (A) Matrix effects of α-HIBA on δ142Ce. Green circles represent data measured after sample 

purification by the third-stage chromatographic chemistry to remove α-HIBA. Orange diamonds indicate 

samples that were treated with concentrated HNO3 to decompose α-HIBA. Light and dark blue points are 

samples with different Ce to α-HIBA mixing ratios. (B) Matrix effects of α-HIBA on δ146Nd. In both cases, 

the measured δ142Ce and δ146Nd were biased in the presence of α-HIBA. The shaded bar indicates the true 

δ-value with our typical long-term precision.

Fig. 11 δ142CeNIST 3110 results (A) and δ146NdJNdi-1 results (B) of reference materials in this study plotted 

against literature data. The error bar represents 2SD. All data are compiled in ESI Table S4 and S5. 

Fig. 12 Radiogenic 143Nd/144Nd ratios obtained in this study in comparison to literature data. The error bar 

represents 2SD. All data are compiled in ESI Table S5. 
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Ce Nd
Chromatographic 
method

Automated 
system

Instrument Plasma 
condition

Double 
spikea

Yield Nd/Ce 
in Ce cutb

Blank 
(pg)

2SDc 
(‰)

Yield Blank 
(pg)

2SDc 
(‰)

References

AG50W-X8 + 
TRU + LN resins 

Nu plasma 500 
MC-ICP-MS

Dry plasma 
(Aridus)

N 98% 0.01-0.1% <1,000 0.02-
0.10

99% <1,000 0.02-
0.06

Ohno and Hirata 
(2013)

AG50W-X12 + 
DGA resins

Neptune Plus 
MC-ICP-MS

Wet plasma N 99.3% 0.005-
0.028%

48 0.034-
0.046

99.5% 33 0.018-
0.032

Bai et al. (2022)

DGA + LN resins FPLC 
system

Neptune Plus 
MC-ICP-MS

Dry plasma 
(Apex Q+ 
Spiro TMD, 
Apex Omega, 
Aridus I)

N >95% - <250 <0.1 >95% <250 <0.1 Hu et al. (2021)

Y 40-70% - - 0.08-
0.036 40-70% - 0.022-

0.044 Hu et al. (2023)

AG50W-X8 + 
AG50W-X4 (α-
HIBA) + DGA 
resins

Nu “Sapphire” 
MC-ICP-MS

Dry plasma 
(Apex Omega 
HF)

N >99% 0.006-
0.03%

46 0.009-
0.051

>99% 2 0.01-
0.042

This study

Table 1 Comparison of sequential Ce and Nd separation methods and their stable isotope analytical methods

a N – no, Y – yes.
b Nd/Ce in Ce cut indicates total Nd/Ce mass ratios in the pure Ce cuts after chromatographic chemistry.
c Two standard deviations in δ142Ce or δ146Nd reported for a range of reference materials.
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Eluent Volume (mL) Step

Column 1: pre-concentrate REE (Bio-Rad AG50W-X8 resin, 200-
400 mesh, H+ form)

6 M HCl 10 Resin cleaning

Milli-Q water 5 Resin cleaning

2 M HCl 5 Resin conditioning

2 M HCl 1 Sample loading

2 M HCl 30 Washing

6 M HCl 28 REE collection

Column 2: Ce & Nd purification (Bio-Rad AG50W-X4 resin, 200-
400 mesh, NH4

+ form)

Milli-Q water 0.2 Resin conditioning

0.1 M HCl 0.4 Sample loading

Milli-Q water 0.2 Washing

0.15 M α-HIBA pH 4.68 2.8 Washing

0.225 M α-HIBA pH 4.68 4 Washing

0.225 M α-HIBA pH 4.68 2.4 Nd collection

0.225 M α-HIBA pH 4.68 2 Washing

0.225 M α-HIBA pH 4.68 6.8 Ce collection

Column 3: α-HIBA removal from Ce & Nd cuts (Eichrom DGA 
normal resin, 50-100 μm, H+ form)

0.1 M HCl 2 Resin cleaning

Milli-Q water 1 Resin cleaning

4 M HNO3 1 Resin conditioning

4 M HNO3 1 Sample loading

4 M HNO3
10 for Ce
4 for Nd Washing

0.1 M HCl 6 Ce & Nd collection

Table 2 The three-stage chromatographic procedure for sequential Nd and Ce separation
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Faraday cups
H9 H8 H7 H6 H5 H4 H3 H2 H1 Ax L1 L2 L3 L4 L5

Stable Ce isotope 148Sm 145Nd 144Sm 142Ce 140Ce 139La 138Ce 137Ba 136Ce 135Ba 131Xe

Potential interferences 148Nd 144Nd 142Nd
138La
138Ba

136Ba
136Xe

Stable & Radiogenic 
Nd isotope

153Eu 151Eu 150Nd 149Sm 148Nd 147Sm 146Nd 145Nd 144Nd 143Nd 142Nd 141Pr

Potential interferences 150Sm 148Sm 144Sm 142Ce

Table 3 Faraday cup configurations for stable Ce isotope, stable and radiogenic Nd isotope measurements
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Settings Stable Ce isotope, stable & radiogenic Nd isotope

Apex

Ar sweep gas flow (L/min) 1.2~1.8

N2 (mL/min) 4~6

Spray chamber temperature (℃) 140

Peltier cooler temperature (℃) 3

Desolvator temperature (℃) 155

Nebulizer gas (L/min) 0.7~0.9

Nebulizer uptake rate (μL/min) 100

Sapphire MC-ICP-MS

Sampler cone Nickel (0.9 mm hole), Part No. 319-646

Skimmer cone Nickel (HS1-7), Part No. 325-294

Coolant (L/min) 13

Aux (L/min) 0.8~1.0

RF power (W) 1300

Acceleration (V) ~6000

Extraction (V) ~4000

Data acquisition

Integration time (s) 5

Number of cycles per block 60

Washout time (s) 120

Uptake time (s) 65

Table 4 Instrument and data acquisition settings for stable Ce isotope, stable and radiogenic Nd isotope analyses
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