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ABSTRACT: Clinopyroxene is a major reservoir for Sr and rare earth elements (REE) in the lithospheric mantle and exerts 

long-term control on mantle Sr isotopic compositions. High-precision in situ Sr isotopic analysis of clinopyroxene by LA-MC-

ICPMS requires matrix-matched reference materials with high Sr contents. However, suitable clinopyroxene reference materials 

remain scarce, limiting the wider application of this technique. Furthermore, the potential effects of non-matrix-matched calibration 

on data accuracy have been rarely evaluated. In this study, we present a comprehensive characterization of a potential new high-Sr 

clinopyroxene reference material, ZYC01, using multiple analytical techniques. ZYC01 exhibits excellent homogeneity in Sr 

isotopes. It has the highest Sr content (~2000 μg g⁻¹) among all currently reported clinopyroxene reference materials, along with 

extremely low Rb concentrations. TIMS analyses yield a mean 87Sr/86Sr ratio of 0.705946 ± 0.000006 (2s, MSWD = 0.4; n = 8), 

while LA-MC-ICPMS analyses give a mean of 0.705956 ± 0.000080 (2s, MSWD = 1.1; n = 308), confirming its suitability as a Sr 

isotope reference material. Systematic comparison of matrix-matched versus non-matrix-matched calibration for ZYC01 

clinopyroxene reveals that synthetic glasses (BCR-2G, BHVO-2G) produce systematic offsets exceeding 0.0004 relative to the TIMS 

value, while apatite calibration yields a ~0.00006 

bias. In contrast, matrix-matched calibration using 

clinopyroxene YY09-47 gives results in excellent 

agreement with TIMS. These findings confirm that 

accurate in situ Sr isotopic analysis of clinopyroxene 

necessitates rigorous matrix matching. ZYC01 

represents a valuable addition to the limited suite of 

high-Sr clinopyroxene reference materials and will 

facilitate wider application of in situ Sr isotopic 

analysis in mantle geochemistry.  

INTRODUCTION  

Clinopyroxene is a major reservoir for incompatible elements such 

as strontium (Sr) and rare earth element (REE) in the lithospheric 

mantle and therefore controls the long-term evolution of lithophile 

isotopes such as hafnium, strontium, and neodymium.1 The 
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composition of clinopyroxene, particularly its Sr isotopic 

composition, plays a critical role in deciphering mantle 

metasomatism,2–6 tracing the sources of metasomatic agents,1,7–9 

and revealing lithospheric mantle refertilization.10,11 

Strontium isotope analysis of clinopyroxene has been primarily 

achieved by bulk solution methods, including isotope dilution-

thermal ionization mass spectrometry (ID-TIMS) and multi-

collector inductively coupled plasma mass spectrometry (MC-

ICPMS), as well as in situ laser ablation multi-collector 

inductively coupled plasma mass spectrometry (LA-MC-ICPMS). 

ID-TIMS offers the highest accuracy and precision, serving as the 

benchmark method, but requires complex chemical separation.12 

MC-ICPMS provides comparable precision with higher sample 

throughput.13 However, both solution methods require mineral 

dissolution, which sacrifices spatial resolution and may 

homogenize intra- and inter-grain Sr isotopic variations, thus 

failing to resolve complex metasomatic processes.4,6 LA-MC-

ICPMS overcomes this limitation by enabling rapid, high-

resolution in situ analysis with minimal sample preparation.4,14–16 

As noted by Vroon et al. (2008)15 with modern laser (193 nm 

wavelength) and MC-ICPMS equipment, minerals with >500 μg 

g⁻¹ Sr content can be analyzed with an absolute precision of better 

than 0.0001. This practice is well established for other Sr-rich 

minerals, such as apatite, calcite, and plagioclase, where matrix-

matched reference materials are relatively abundant.17–22 However, 

most natural clinopyroxene samples have Sr concentrations below 

350 μg g⁻¹,16 and suitable clinopyroxene reference materials 

remain scarce. Currently, only a small number of natural 

clinopyroxene reference materials have been well characterized 

for Sr isotopic analysis (Table 1). Among these, only one 

(Batbjerg-1, Sr ~1722 μg g⁻¹) has Sr content exceeding 500 μg 

g⁻¹,6,13,23 while the remaining six have low to moderate Sr contents 

(50–340 μg g⁻¹).16,24 Two of the moderate Sr materials are YY09-

47 and YY09-04,16 separated from Yangyuan peridotites,25,26 used 

as reference materials in this study. Calibration using reference 

materials with low Sr contents may compromise analytical 

precision due to reduced signal intensities. The only high-Sr 

clinopyroxene reference material (Batbjerg-1) is difficult to obtain, 

and others derived from metasomatized mantle xenoliths may be 

heterogeneous due to complex geological settings.25,26 This 

scarcity has limited the wider application of in situ Sr isotopic 

analysis of clinopyroxene. In the absence of suitable matrix-

matched reference materials, some studies have employed non-

matrix-matched reference materials, such as synthetic 

glasses11,14,27 or natural minerals like apatite,7 to calibrate 

clinopyroxene Sr isotopic analyses. However, the potential effects 

of such non-matrix-matched calibration on data accuracy have not 

been systematically evaluated. 

Therefore, there is a clear need to develop new clinopyroxene 

reference materials, particularly those with high Sr contents, and 

to systematically assess the influence of matrix effects on LA-MC-

ICPMS Sr isotopic analysis of clinopyroxene. Such efforts are 

essential for expanding the clinopyroxene reference material suite, 

improving analytical accuracy, and promoting wider application 

of this technique. In this study, we present a comprehensive 

characterization of a potential new high-Sr clinopyroxene 

reference material, ZYC01, using SEM, EPMA, LA-ICPMS, 

TIMS, and LA-MC-ICPMS. We evaluate its suitability as a 

reference material in terms of major element, trace element, and 

Sr isotopic homogeneity. Furthermore, by systematically 

comparing Sr isotopic data obtained using matrix-matched versus 

non-matrix-matched calibration, we demonstrate the critical 

importance of matrix matching for accurate in situ Sr isotopic 

analysis of clinopyroxene. Our findings not only introduce ZYC01 

as a valuable addition to the limited suite of high-Sr clinopyroxene 

reference materials but also provide important insights into the role 

of matrix effects in LA-MC-ICPMS analysis. 

EXPERIMENTAL 

Sample description and preparation. The clinopyroxene 

reference materials YY09-47 and YY09-04 were separated from 

the Yangyuan peridotite, Shanxi Province, China. They have moderate 

Table 1. Summary of natural clinopyroxene for Sr isotopic analysis 

Sample Rb (μg g⁻¹) Sr (μg g⁻¹) 87Sr/86Sr 2s Methods References 

JJG1424* 0.12 310 0.704950 0.000030 MC-ICPMS 16, 24 

YY09-47 0.20 344.2 0.704052 0.000010 ID-TIMS 16 

YY09-04 0.21 222.4 0.703405 0.000010 ID-TIMS 16 

YY09-24 0.30 200.6 0.703584 0.000010 ID-TIMS 16 

YY12-01 0.09 192.1 0.703576 0.000014 ID-TIMS 16 

YY12-02 0.09 52.6 0.703486 0.000010 ID-TIMS 16 

Batbjerg-1 <0.10 1722 0.704468 0.000021 ID-TIMS 6, 13, 23 

ZYC01* <0.01 2001 0.705946 0.000006 TIMS This study 

*Trace element data were determined by LA-ICPMS. 
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Sr contents of 344.2 μg g⁻¹ and 222.4 μg g⁻¹, respectively.16 MAP-

1 and MAP-4 are gem-quality apatite reference materials with 

high Sr contents (>8000 μg g⁻¹).17 The ZYC01 clinopyroxene was 

purchased from a gem dealer and is reported to be sourced from 

Siberia. Its composition closely resembles that of Cr-diopside 

from the Inagli massif (Aldan Shield), suggesting a possible origin 

from this region.28 It is dark green in color, with a total weight of 

33.5 g and dimensions of approximately 4.6 cm × 3.2 cm × 1.5 cm 

(Fig. 1a). The sample was ultrasonically cleaned in ultrapure water, 

air-dried, and then fragmented with a hammer into fragments of 

1–5 mm in size (Fig. 1b). Fourteen randomly selected fragments 

were mounted into two one-inch-diameter resin mounts, polished, 

and prepared for subsequent analysis (Fig. 1c and d). The sample 

was analyzed in different laboratories by SEM, EPMA, LA-Q-

ICPMS, LA-MC-ICPMS, and TIMS. 

Scanning electron microscopy (SEM) and electron probe 

microanalysis (EPMA) analysis. SEM and major-element 

analyses of the ZYC01 clinopyroxene were conducted at Nanjing 

Hongchuang Geological Exploration Technology Service Co., 

Ltd., using a Tescan MIRA3 field emission scanning electron 

microscope and a JEOL JXA-iSP100 Electron Probe 

Microanalyzer. SEM was operated at an accelerating voltage of 20 

kV and a beam current of 1.6 nA. EPMA analysis was performed 

at an accelerating voltage of 15 kV with a beam current of 20 nA 

and a beam diameter of 3 µm. Electron probe analysis was 

performed on fourteen small fragments of ZYC01 clinopyroxene 

with 114 points. To verify chemical homogeneity, analytical spots 

were randomly distributed within each small fragment of the 

sample. Natural minerals, synthetic oxides, and pure metals were 

used as standards for EPMA calibration. All data were corrected 

for matrix effects using the ZAF method. The analytical precision, 

as monitored by counting statistics, was better than 1% for 

elements Si and Ca, and within 2% for Mg. 

LA-ICPMS analysis. The trace-element concentrations of the 

ZYC01 clinopyroxene were determined by laser ablation 

quadrupole inductively coupled plasma mass spectrometry (LA-

Q-ICPMS) using a NWR193UC 193 nm excimer laser ablation 

system coupled to an Agilent 7900 Q-ICPMS at the Institute of 

Geology, Chinese Academy of Geological Sciences. The laser 

parameters were set at a repetition rate of 10 Hz with an energy 

density of 4 J cm-2 and a beam diameter of 50 μm.  The following 

masses were analyzed: 7Li, 9Be, 23Na, 25Mg, 27Al, 29Si, 39K, 43Ca, 
45Sc, 49Ti, 51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 85Rb, 88Sr, 
89Y, 90Zr, 93Nb, 95Mo, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 
151Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 173Yb, 175Lu, 178Hf, 
181Ta, 208Pb, 232Th, and 238U, with a total sweep time of 0.391 s. 

Data reduction was performed using Iolite v3.73.29 NIST SRM 

610 was used for calibration with 43Ca element as the internal 

standard, and BCR-2G was analyzed to monitor data quality. The 

Ca element content was derived from the average CaO 

concentration determined by EPMA. The accuracy and precision  

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1 (a) Photograph of the ZYC01 clinopyroxene. (b) Photograph of the 

fragments of the ZYC01 clinopyroxene. (c) CPX1 epoxy mount, consisting 

of nine fragments. (d) CPX2 epoxy mount, consisting of five fragments. 

of trace element analyses were assessed by repeated 

measurements of the BCR-2G reference material. For most 

elements, the accuracy (relative deviation from recommended 

values) is better than 10%, and the precision (RSD) is better than 

5%. Full instrument operating conditions are summarized in Table S1. 

Sr isotopic analysis by TIMS. Bulk Sr isotope analyses were 

conducted at the Institute of Geology, Chinese Academy of 

Geological Sciences (CAGS). Clean, inclusion-free 

clinopyroxene fragments (~200 mg in total) were randomly 

handpicked under a binocular microscope, ultrasonically cleaned 

in ultrapure water, and air-dried at room temperature. The dried 

fragments were divided into eight aliquots (~20 mg each) while 

still intact. Each aliquot was subsequently crushed separately to 

avoid pre-homogenization of the bulk material. 

Samples were digested in PFA capsules using a HNO3–HF 

mixture on a hot plate until complete dissolution. After 

evaporation to dryness, the residues were treated with HNO3 to 

remove residual HF and re-dissolved in HCl. The solutions were 

evaporated to dryness and taken up in 1 mL of 4 mol L-1 HCl for 

chromatographic separation. Sr was separated using quartz 

columns packed with AG 50W-X8 cation-exchange resin (H⁺ 

form). The resin was pre-cleaned with 50% HCl and conditioned 

with 4 mol L-1 HCl prior to sample loading. The sample solution 

in 4 mol L-1 HCl was loaded onto the column, matrix elements 

were eluted with 4 mol L-1 HCl, and the Sr fraction was 

subsequently collected. For Ca-rich samples, the entire 

chromatographic separation procedure was repeated three to four 

times to ensure complete removal of Ca and adequate purification 
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of Sr prior to TIMS analysis. The purified Sr fraction was dried at 

130 °C, re-dissolved in 3% HNO3, and loaded with TaF5 onto a Re 

filament for TIMS analysis on a Nu TIMS (Nu Instruments, UK). 

Instrumental mass fractionation was corrected offline using the 

exponential law by normalization to 86Sr/88Sr ratio of 0.1194.30 

Analyses of NIST SRM987 and AGV-2 yielded 87Sr/86Sr ratios of 

0.710248 ± 0.000012 (2SE) and 0.703928 ± 0.000012 (2SE), 

respectively, consistent with published values within analytical 

uncertainty.31 

Sr isotopic analysis by LA-MC-ICPMS. In situ Sr isotopic 

analyses of ZYC01 clinopyroxene were performed using a 

RESOlution S155 LR 193 nm ArF excimer laser ablation system 

coupled to a Neptune Plus MC-ICPMS (Thermo Fisher Scientific, 

USA) at the Mineral Laser Microanalysis Laboratory (Milma Lab), 

China University of Geosciences, Beijing (CUGB). The same 

fourteen fragments of ZYC01 clinopyroxene that were previously 

characterized by EPMA and LA-ICPMS (from epoxy mounts 

CPX1 and CPX2) were selected for in situ Sr isotopic analysis (Fig. 

1c and d). Multiple analytical spots were randomly distributed 

across each fragment, resulting in a total of 308 measurements. 

The analyses were conducted in three sessions with different 

laser parameters and calibration strategies. The first session used a 

beam spot of 33 μm, a repetition rate of 10 Hz, and an energy 

density of 5 J cm-2, with the USGS glass reference materials 

BHVO-2G and BCR-2G employed for calibration. The following 

two sessions used a beam spot of 50 μm, a repetition rate of 6 Hz, 

and an energy density of 3.5 J cm-2. Argon and helium served as 

carrier gases for laser ablation, and a trace amount of nitrogen was 

added to enhance sensitivity.32 Masses from 83 to 88, including 

half masses, were monitored during analysis. The analytical 

protocol comprised a 20 s background measurement (which was 

also used to determine the interferences of ⁸⁴Kr on ⁸⁴Sr and ⁸⁶Kr on 

⁸⁶Sr), a 40 s ablation period, and a 10 s signal washout. A total of 

250 cycles were acquired, covering the entire laser background 

and ablation period, with an integration time of 0.262 s per cycle. 

Detailed instrument parameters are given in Table S1. 

Data reduction was conducted offline using Iolite v3.73.29 

Potential isobaric interferences were corrected in the following 

steps. First, the interferences of 84Kr on 84Sr and 86Kr on 86Sr were 

corrected using a 20-second Kr gas baseline measurement. Natural 

Kr isotopic ratios (83Kr/84Kr = 0.20175 and 83Kr/86Kr = 0.66474) 

were used for the correction.33,34 Second, the isobaric interference 

of ⁸⁷Rb on ⁸⁷Sr was corrected by measuring ⁸⁵Rb, employing the 

natural ⁸⁵Rb/⁸⁷Rb ratio (2.5926), assuming that Rb and Sr exhibit 

similar mass fractionation behavior during analysis which was 

corrected using the exponential law.35 The influence of REE²⁺ 

interferences on ⁸⁷Sr/⁸⁶Sr values becomes significant only for 

materials with elevated Er + Yb contents (e.g., >5 μg g⁻¹), whereas 

for low-REE materials the effect is negligible.22 Given that all 

clinopyroxene materials analyzed in this study (YY09-47, YY09-

04, and ZYC01) have Er + Yb contents well below this threshold 

(< 4 μg g⁻¹ for YY series,16 < 1 μg g⁻¹ for ZYC01), and that the (Er 

+ Yb)/Sr ratios in the apatite standards (MAP-1 and MAP-4) are 

< 0.004,17 the influence of REE²⁺ interferences on our Sr isotope 

data is considered negligible. Therefore, no REE²⁺ interference 

correction was applied in this study. Ca argides and dimers have a 

negligible impact on Sr isotopic analysis using Neptune MC-

ICPMS.36,37 Thus, these interferences were not further considered. 

Finally, all ⁸⁷Sr/⁸⁶Sr ratios were corrected for instrumental mass 

fractionation with interference-corrected 86Sr/88Sr ratio of 

0.1194.30 Clinopyroxene YY09-47 and YY09-04 were used as 

primary and secondary reference materials for calibration and 

monitoring. The average 87Sr/86Sr ratios obtained were 0.704053 

± 0.000082 (2SD, n = 52; reference value: 0.704052 ± 0.000010) 

and 0.703347 ± 0.000156 (2SD, n = 46; reference value: 0.703405 

± 0.000010), respectively, which are consistent with the 

recommended values within analytical uncertainty.16 In addition, 

two apatite reference materials (MAP-1 and MAP-4) were 

analyzed to monitor matrix effects. Detailed data calibrated by 

different reference materials are provided in Table S5–S9. 

RESULTS AND DISCUSSION 

Chemical composition. Backscattered electron (BSE) images 

reveal that the ZYC01 clinopyroxene is chemically homogeneous, 

without zoning or mineral inclusions (Fig. 2). The major-element 

homogeneity of the ZYC01 clinopyroxene is further supported by 

EPMA data. The 114 analytical spots randomly distributed on the 

fourteen fragments yielded mean concentrations of 24.6 wt.% for 

CaO, 17.5 wt.% for MgO, and 55.1 wt.% for SiO₂, with relative 

standard deviations (RSD) of 0.37%, 0.94%, and 0.43%, 

respectively (Table 2, Table S2). On the En–Wo–Fs ternary diagram, 

all analyzed points plot in the diopside field (Fig. 3). ZYC01 exhibits 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2 Backscattered electron (BSE) images of the ZYC01 clinopyroxene. 
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Table 2. Summary of major element composition (wt.%) of ZYC01 clinopyroxene 

ZYC01 

CPX 

1-S1 

CPX 

1-S2 

CPX 

1-S3 

CPX 

1-S4 

CPX 

1-S5 

CPX 

1-S6 

CPX 

1-S7 

CPX 

1-S8 

CPX 

1-S9 

CPX 

2-S1 

CPX 

2-S2 

CPX 

2-S3 

CPX 

2-S4 

CPX 

2-S5 

Total 

1-S1 1-S2 1-S3 1-S4 1-S5 1-S6 1-S7 1-S8 1-S9 2-S1 2-S2 2-S3 2-S4 2-S5  

Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean 

(n = 6) (n = 6) (n = 6) (n = 6) (n = 6) (n = 6) (n = 6) (n = 6) (n = 6) (n = 20) (n = 10) (n = 10) (n = 10) (n = 10) (n = 114) 

SiO2   55.27 55.00 55.22 55.10 55.30 55.27 55.12 55.15 55.18 55.02 55.07 54.79 54.93 55.04 55.08 

TiO2   0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.06 0.07 0.07 0.07 0.07 0.07 

Al2O3  0.19 0.21 0.21 0.22 0.22 0.20 0.21 0.20 0.18 0.20 0.21 0.22 0.20 0.22 0.21 

FeO 1.13 1.04 1.08 1.04 1.04 1.04 1.01 1.03 1.13 1.08 1.04 1.03 1.07 1.04 1.06 

MnO    0.05 0.05 0.05 0.05 0.06 0.05 0.04 0.04 0.05 0.04 0.04 0.05 0.04 0.04 0.05 

MgO    17.42 17.40 17.42 17.48 17.38 17.41 17.34 17.41 17.46 17.62 17.58 17.49 17.57 17.60 17.50 

CaO    24.64 24.60 24.59 24.64 24.61 24.59 24.75 24.74 24.65 24.62 24.65 24.58 24.56 24.60 24.63 

Na2O   0.35 0.37 0.34 0.37 0.36 0.36 0.36 0.35 0.33 0.35 0.35 0.36 0.37 0.36 0.36 

SrO    0.24 0.21 0.22 0.23 0.22 0.22 0.22 0.20 0.21 0.23 0.21 0.21 0.20 0.19 0.22 

Cr2O3  0.54 0.68 0.67 0.68 0.68 0.64 0.68 0.62 0.52 0.59 0.62 0.66 0.71 0.70 0.64 

NiO    0.04 0.02 0.02 0.03 0.04 0.03 0.04 0.02 0.03 0.03 0.02 0.02 0.03 0.03 0.03 

Total   99.93 99.64 99.90 99.91 99.98 99.88 99.84 99.83 99.80 99.86 99.86 99.49 99.75 99.89 99.82 

 

 

 
 
 

 

 

Fig. 3 (a) Classification of the ZYC01 clinopyroxene based on En (Enstatite) 

–Wo (Wollastonite) –Fs (Ferrosilite) ternary diagram. (b) Enlargement of 

the grey area in (a). 

 

 
 
 

 

 

 

 

Fig. 4 Chondrite-normalized REE patterns of ZYC01 clinopyroxene. 

Normalizing values are from McDonough and Sun (1995).43 

good homogeneity for most trace elements, with RSD values <10% 

for the majority of elements analyzed (Table S3). Notably, Sr 

shows good homogeneity (RSD = 5.2%, n = 160). The mean Sr 

contents of the fourteen individual fragments range from 1859 to 

2198 μg g⁻¹, yielding an overall mean of 2001 μg g⁻¹ for the 

ZYC01 clinopyroxene (Table 3, Table S3). The Rb content is 

extremely low (<0.01 μg g⁻¹), typically below the detection limit, 

ensuring minimal isobaric interference during Sr isotopic analysis. 

ZYC01 clinopyroxene is characterized by enrichment in light rare 

earth elements (LREEs), depletion in heavy rare earth elements 

(HREEs) with (La/Yb)N ratios ranging from 13.6 to 22.2, and no 

significant Eu anomaly (δEu = 0.94–1.18) (Fig. 4, Table S3). The 

mean concentrations of Er and Yb are 0.304 μg g-1 and 0.275 μg 

g-1, respectively. The low concentrations of Er and Yb further 

minimize the isobaric interferences from doubly charged ions (Er²⁺ 

and Yb²⁺) on the Sr isotopic composition. 

TIMS Sr isotopic ratios. The ⁸⁷Sr/⁸⁶Sr ratios of eight randomly 

selected aliquots range from 0.705941 to 0.705949, yielding a 

mean value of 0.705946 ± 0.000006 (2SD, MSWD = 0.4; n = 8; 

Fig. 5, Table 4, Table S4). The extremely narrow range indicates 

minimal inter-fragment variation, demonstrating the Sr isotopic 

homogeneity of the ZYC01 clinopyroxene. This value is 

recommended as the preferred ⁸⁷Sr/⁸⁶Sr ratio for the ZYC01 

clinopyroxene. 

LA-MC-ICPMS Sr isotopic ratios. To evaluate the Sr isotopic 

homogeneity of the ZYC01 clinopyroxene, a total of 308 

measurements were performed on fourteen fragments. The mean 
87Sr/86Sr ratios of the fourteen individual fragments range from 

0.705922 to 0.706002, yielding an overall mean of 0.705956 ± 

0.000080 (2SD, MSWD = 1.1; n = 308; Fig. 6, Table 4, Table S5).  
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Table 3. Summary of trace element composition (μg g-1) of ZYC01 clinopyroxene 

ZYC01 

CPX CPX CPX CPX CPX CPX CPX CPX CPX CPX CPX CPX CPX CPX Total 

1-S1 1-S2 1-S3 1-S4 1-S5 1-S6 1-S7 1-S8 1-S9 2-S1 2-S2 2-S3 2-S4 2-S5  

Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean 

(n = 23) (n = 11) (n = 11) (n = 11) (n = 11) (n = 11) (n = 11) (n = 11) (n = 10) (n = 10) (n = 10) (n = 10) (n = 10) (n = 10) (n = 160) 

Li 0.809 0.754 0.991 1.01 0.781 1.08 0.967 0.889 0.694 0.982 0.747 1.12 1.18 1.01 0.919 

Be 0.071 0.080 0.088 0.085 0.075 0.085 0.084 0.082 0.185 0.077 0.080 0.096 0.093 0.094 0.086 

K 12.5 14.0 14.0 14.1 13.4 14.3 13.9 14.1 11.8 12.7 13.4 13.8 14.3 14.7 13.6 

Sc 37.7 38.8 39.3 39.9 38.6 40.2 39.9 40.7 42.0 43.7 43.4 44.6 44.8 45.4 41.0 

Ti 374 377 379 374 377 384 381 386 389 393 397 402 407 410 386 

V 6.51 5.47 5.57 5.32 5.46 5.60 5.56 5.58 6.11 5.82 5.44 5.50 5.54 5.54 5.71 

Cr 3530 4257 4639 4762 4220 4729 4637 4676 3395 3958 4150 4451 4832 4886 4306 

Mn 381 351 356 347 354 359 358 356 372 366 352 355 358 361 361 

Co 16.3 15.2 15.4 15.0 15.4 15.6 15.6 15.3 15.9 15.7 15.1 15.3 15.3 15.5 15.5 

Ni 249 241 240 241 244 246 246 245 246 246 242 244 243 246 245 

Zn 9.06 8.39 8.63 8.28 8.52 8.61 8.65 8.31 8.54 8.64 8.19 8.58 8.39 8.46 8.56 

Rb - - - - - - - - - - - - - - - 

Sr 2198 2020 2024 1971 2039 2025 2022 2004 2027 1943 1887 1867 1859 1870 2001 

Y 3.82 3.29 3.51 3.42 3.28 3.47 3.42 3.48 3.85 3.82 3.51 3.64 3.70 3.77 3.58 

Zr 3.42 3.24 3.54 3.44 3.14 3.62 3.50 3.62 3.44 3.66 3.41 3.75 3.97 4.08 3.54 

Nb 0.012 0.013 0.014 0.013 0.013 0.014 0.013 0.015 0.014 0.013 0.010 0.010 0.011 0.010 0.012 

Ba 1.89 1.81 1.78 1.79 1.80 1.84 1.80 1.79 1.89 1.85 1.76 1.79 1.81 1.83 1.82 

La 7.71 6.57 6.93 6.68 6.61 7.02 6.86 6.79 7.58 7.39 6.71 6.89 7.05 7.10 7.04 

Ce 21.8 18.6 19.7 19.0 18.7 19.7 19.4 19.3 20.8 20.2 18.4 18.8 19.3 19.5 19.7 

Pr 3.26 2.76 2.93 2.83 2.81 3.01 2.94 2.93 3.18 3.09 2.81 2.87 2.96 2.95 2.97 

Nd 14.9 12.7 13.6 13.0 12.9 13.7 13.4 13.2 14.7 14.5 13.1 13.4 13.8 13.9 13.7 

Sm 3.17 2.71 2.86 2.74 2.74 2.94 2.82 2.82 3.18 3.12 2.81 2.90 2.97 3.00 2.93 

Eu 0.897 0.759 0.820 0.782 0.772 0.821 0.810 0.792 0.888 0.873 0.774 0.805 0.821 0.831 0.823 

Gd 2.07 1.78 1.87 1.80 1.79 1.93 1.87 1.84 2.17 2.13 1.89 1.98 2.00 2.04 1.95 

Tb 0.210 0.177 0.188 0.180 0.180 0.188 0.183 0.186 0.214 0.210 0.188 0.197 0.200 0.206 0.194 

Dy 0.931 0.811 0.834 0.815 0.826 0.862 0.818 0.832 0.959 0.930 0.835 0.873 0.897 0.924 0.871 

Ho 0.138 0.117 0.126 0.121 0.123 0.129 0.122 0.127 0.142 0.143 0.129 0.133 0.135 0.136 0.131 

Er 0.330 0.272 0.291 0.288 0.273 0.296 0.280 0.299 0.331 0.315 0.301 0.314 0.322 0.326 0.304 

Tm 0.040 0.035 0.038 0.036 0.034 0.039 0.036 0.036 0.043 0.041 0.038 0.041 0.039 0.040 0.038 

Yb 0.283 0.259 0.268 0.264 0.258 0.267 0.256 0.259 0.292 0.286 0.282 0.296 0.288 0.293 0.275 

Lu 0.050 0.046 0.045 0.044 0.045 0.046 0.048 0.047 0.052 0.053 0.049 0.048 0.050 0.054 0.048 

Hf 0.165 0.154 0.167 0.171 0.155 0.175 0.177 0.173 0.182 0.180 0.167 0.179 0.199 0.202 0.174 

Pb 0.919 0.799 0.833 0.815 0.811 0.822 0.816 0.801 0.858 0.829 0.785 0.802 0.799 0.800 0.828 

Th 0.008 0.007 0.009 0.009 0.008 0.009 0.009 0.008 0.011 0.008 0.008 0.010 0.011 0.010 0.009 

Dashes (-) indicate concentrations below the detection limit. 

 

 

 

 

 

Fig. 5 87Sr/86Sr ratios of ZYC01 clinopyroxene obtained by TIMS. Eight 

individual aliquots (blue circles) yield a mean value of 0.705946 ± 

0.000006 (2SD, red circle). Error bars on individual points are 2SE. 

The full dataset of 308 individual analyses shows a range of 

0.705845–0.706072, with the observed scatter fully accounted for 

by analytical uncertainty (MSWD = 1.1), confirming the Sr 

isotopic homogeneity of ZYC01 both within and among 

fragments (Table S5).  

A new high-Sr clinopyroxene reference material for in situ Sr 

isotopic analysis. High-precision in situ Sr isotopic analysis of 

clinopyroxene by LA-MC-ICPMS requires reference materials 

with high Sr contents (>500 μg g-1) to generate sufficient signal 

intensities for effective correction of instrumental mass 

fractionation and drift.15,36 However, most natural clinopyroxene 

samples have Sr concentrations below 350 μg g-1, limiting their 

suitability as reference materials.16 
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Table 4. Summary of Sr isotopic compositions obtained by TIMS and laser in situ analysis 

Name Sample 87Sr/86Sr 2s Number Methods 

TIMS analysis 

ZYC01 

ZYC01-1 0.705949  0.000012  1 TIMS 

ZYC01-2 0.705946  0.000009  1 TIMS 

ZYC01-3 0.705949  0.000009  1 TIMS 

ZYC01-4 0.705943  0.000011  1 TIMS 

ZYC01-5 0.705948  0.000011  1 TIMS 

ZYC01-6 0.705941  0.000012  1 TIMS 

ZYC01-7 0.705943  0.000011  1 TIMS 

ZYC01-8 0.705948  0.000012  1 TIMS 

Mean 0.705946  0.000006    

NIST SRM987 0.710248  0.000012  1 TIMS 

AGV-2 0.703928  0.000012  1 TIMS 

In situ analysis calibrated by YY09-47 clinopyroxene 

ZYC01 

CPX1-S1 0.705938  0.000082  22 LA-MC-ICPMS 

CPX1-S2 0.705922  0.000084  22 LA-MC-ICPMS 

CPX1-S3 0.705957  0.000047  22 LA-MC-ICPMS 

CPX1-S4 0.705959  0.000052  22 LA-MC-ICPMS 

CPX1-S5 0.705945  0.000075  22 LA-MC-ICPMS 

CPX1-S6 0.705963  0.000065  22 LA-MC-ICPMS 

CPX1-S7 0.705979  0.000068  22 LA-MC-ICPMS 

CPX1-S8 0.705975  0.000093  22 LA-MC-ICPMS 

CPX1-S9 0.705962  0.000053  22 LA-MC-ICPMS 

CPX2-S1 0.705924  0.000035  12 LA-MC-ICPMS 

CPX2-S2 0.705928  0.000069  22 LA-MC-ICPMS 

CPX2-S3 0.706002  0.000071  12 LA-MC-ICPMS 

CPX2-S4 0.705954  0.000080  32 LA-MC-ICPMS 

CPX2-S5 0.705974  0.000074  32 LA-MC-ICPMS 

Total 0.705956  0.000080  308 LA-MC-ICPMS 

YY09-47 0.704053  0.000082  52 LA-MC-ICPMS 

YY09-04 0.703347  0.000156  46 LA-MC-ICPMS 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 (a) 87Sr/86Sr ratios of ZYC01 clinopyroxene obtained by LA-MC-ICPMS and TIMS. The red line represents the mean value of the TIMS analyses. 

Error bars on all individual data points (both LA-MC-ICPMS and TIMS) are 2SE. (b) Histogram of LA-MC-ICPMS 87Sr/86Sr results for ZYC01 

clinopyroxene. 
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Fig. 7 87Sr/86Sr ratios of ZYC01 clinopyroxene calibrated by different 

reference materials using LA-MC-ICPMS. Blue circles represent the mean 

values obtained with each reference material, and the red circle and line 

denote the mean TIMS value. 

To date, only seven natural clinopyroxene reference materials 

have been reported for Sr isotopic analysis (Table 1). Among these, 

six have Sr contents below 500 μg g-1. The only previously 

reported high-Sr clinopyroxene (Batbjerg-1, Sr ~1722 μg g-1) is 

from the Batbjerg Intrusion in Greenland and remains difficult to 

access due to its remote locality and limited documentation.13,23,38 

JJG1424 clinopyroxene from South Africa has been 

systematically characterized as a potential reference material,16,24 

but its Sr content (~310 μg g⁻¹) is considerably lower than that of 

ZYC01, and its distribution as an in-house standard is limited. The 

YY-series clinopyroxene reference materials (YY09-47, YY09-04, 

etc.) with low to moderate Sr contents ranging from 50 to 340 μg 

g-1, separated from Yangyuan peridotites and reported by Zhao et 

al. (2020),16 represent an important advance for in situ Sr isotopic 

analysis of clinopyroxene (Table 1). Their Sr isotopic 

homogeneity has been rigorously verified using multiple 

techniques, and they have been widely adopted by the 

community.39 

In contrast, the ZYC01 megacryst, derived from a different 

geological setting (likely the Inagli massif, Siberia),28 shows no 

petrographic evidence of metasomatism (e.g., zoning or mineral 

inclusions; Fig. 2). ZYC01 clinopyroxene has a Sr content of 2001 

μg g-1, representing the highest Sr concentration yet reported for a 

potential clinopyroxene Sr isotope reference material. It exhibits 

excellent homogeneity in major elements and Sr isotopes (MSWD 

= 1.1 for 308 LA-MC-ICPMS analyses). Moreover, its 

megacrystic nature and geochemical affinity to the Inagli massif 

(Siberia) make it potentially available for distribution. Thus, 

ZYC01 serves as a complementary reference material, particularly 

valuable for high-precision in situ Sr isotopic analysis. 

Critical role of matrix-matched reference materials in LA-

MC-ICPMS Sr isotopic analysis. To evaluate the influence of 

matrix effects, we compared Sr isotopic data for ZYC01 calibrated 

using matrix-matched clinopyroxene YY09-4716 versus non-

matrix-matched reference materials, including basaltic glasses 

(BHVO-2G, BCR-2G) and apatites (MAP-1, MAP-4;17). When 

matrix-matched pairs were used (e.g., MAP-1 to correct MAP-4, 

or BHVO-2G to correct BCR-2G), the obtained 87Sr/86Sr ratios 

agreed with the recommended values within uncertainty. 

Calibration of MAP-4 using MAP-1 yielded a mean ⁸⁷Sr/⁸⁶Sr ratio 

of 0.704350 ± 0.000116 (2SD, n = 19; reference value: 0.704356 

± 0.000025 (2SD, n = 4)17), and calibration of BCR-2G using 

BHVO-2G gave 0.705012 ± 0.000201 (2SD, n = 11; reference 

value: 0.705003 ± 0.000008 (2SD, n = 3)40). Similar agreement 

was obtained for the reverse cases (i.e., MAP-4 correcting MAP-

1 and BCR-2G correcting BHVO-2G) (Tables S6–S9). These 

results confirm that the instrument itself yields accurate data when 

calibration reference materials and unknown samples are matrix-

matched. 

However, when non-matrix-matched reference materials were 

applied to ZYC01 clinopyroxene, the resulting 87Sr/86Sr ratios 

were systematically lower than the TIMS reference value. 

Calibration using synthetic glasses yielded mean values of 

0.705455 ± 0.000124 (2SD, n = 104) for BHVO-2G and 0.705491 

± 0.000155 (2SD, n = 104) for BCR-2G. Calibration using apatites 

gave mean values of 0.705880 ± 0.000078 (2SD, n = 168) for 

MAP-1 and 0.705880 ± 0.000083 (2SD, n = 168) for MAP-4 

(Tables S6–S9). The offsets were > 0.0004 for glass-calibrated 

data and ~0.00006 for apatite-calibrated data relative to the TIMS 

value. In contrast, data calibrated using the matrix-matched 

clinopyroxene YY09-47 gave a mean 87Sr/86Sr ratio of 0.705956 

± 0.000080 (2SD, n = 308), consistent with the TIMS value (Fig. 7, 

Table S5). 

These results demonstrate that accurate in situ Sr isotopic 

analysis of clinopyroxene requires matrix-matched reference 

materials. Even though the instrument itself is capable of accurate 

measurements across different matrices (as shown by the MAP-

1/MAP-4 and BHVO-2G/BCR-2G tests), significant bias can be 

introduced when a non-matrix-matched calibration is applied to an 

unknown. The ~0.00006 offset observed with apatite calibration, 

although smaller than that from glass calibration, is still 

non-negligible for high-precision Sr isotope studies. The observed 

offsets are unlikely to be explained by Rb/Sr differences alone—

for example, BCR-2G and BHVO-2G have different Rb/Sr ratios 

yet produce similar offsets, and the apatite results show that the 

bias persists even with negligible Rb. Similarly, REE²⁺ 

contributions are unlikely to be the dominant cause, as the 

(Er+Yb)/Sr ratios in the apatite standards (MAP-1 and MAP-4) 

are <0.004,17 and the typical yield of doubly charged REE ions in 

LA-MC-ICPMS is low (0.4%–1.7% of total REE ions).36,41,42 A 

more detailed mechanistic understanding would require dedicated 



 

https://www.at-spectrosc.com/as/article/pdf/20260025 387  Atom. Spectrosc. 2026, 47(3), 379–389. 

experiments beyond the scope of this study. Nevertheless, the 

empirical evidence presented here is sufficient to support our main 

conclusion: the development and use of matrix-matched reference 

materials, such as ZYC01, are essential for reliable in situ Sr 

isotopic analysis of clinopyroxene. 

CONCLUSION 

ZYC01 clinopyroxene is demonstrated to be a potential new 

reference material for in situ Sr isotopic analysis. It possesses the 

highest Sr content (2001 μg g⁻¹) among all currently reported 

clinopyroxene reference materials, along with extremely low 

concentrations of Rb, Er, and Yb that minimize isobaric 

interferences during analysis. Comprehensive characterization by 

EPMA, LA-ICPMS, TIMS, and LA-MC-ICPMS confirms its 

excellent homogeneity in major elements and Sr isotopes (mean 
87Sr/86Sr = 0.705956 ± 0.000080, 2s, MSWD = 1.1; n = 308), and 

generally homogeneous trace element compositions. Its 

megacrystic nature makes it potentially available for broad 

distribution, complementing existing clinopyroxene reference 

materials. 

Systematic comparison of matrix-matched versus non-matrix-

matched calibration for ZYC01 clinopyroxene reveals the critical 

importance of using natural clinopyroxene reference materials for 

accurate in situ Sr isotopic analysis. While basaltic glasses produce 

systematic offsets exceeding 0.0004, and apatite calibration yields 

a ~0.00006 bias relative to TIMS values, matrix-matched 

calibration using YY09-47 clinopyroxene gives results in 

excellent agreement with TIMS. Even when the instrument itself 

performs accurately across different matrices (as verified by 

matrix-matched pairs), significant biases can arise from non-

matrix-matched calibration. 

These findings highlight that ZYC01 is not only a valuable 

addition to the limited suite of high-Sr clinopyroxene reference 

materials but also serves as a case study demonstrating the 

necessity of rigorous matrix matching for high-precision in situ Sr 

isotopic analysis. Future work may further expand the application 

of ZYC01 and promote the development of additional matrix-

matched reference materials for diverse geological settings. Small 

fragments of ZYC01 are available upon request from the first and 

corresponding author (chao.yu_LA@hotmail.com). 
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