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ABSTRACT: Olivine is a key mineral of mafic-ultramafic and metamorphic rocks. Oxygen isotopic composition of olivine 

has been widely used to decipher mantle processes, igneous differentiation, and fluid-rock interaction in metamorphic systems. 

Accurate in situ oxygen isotopic analysis of olivine by secondary ion mass spectrometry (SIMS) requires matrix-matched reference 

materials to correct instrumental mass fractionation and monitor the 

stability of instrument. In this study, we report two natural olivine 

reference materials, AOL (Fo: 91-97) and POL (Fo: 94-97), for in situ 

oxygen isotopic analysis. These samples exhibit homogeneous 

oxygen isotopic compositions, with a two-standard deviation of 

0.33‰ (N = 105) and 0.37‰ (N = 105), respectively. The 

recommended δ¹⁸O values, determined by laser fluorination isotope 

ratio mass spectrometry, are 5.52 ± 0.25‰ for AOL and 5.64 ± 

0.13‰ for POL (all ± 2SD, N = 5). Combined with previously 

reported olivine standards, our results confirm that no significant 

matrix effects were observed within the forsterite (Fo) content range 

of Fo₉₁ to Fo₉₇, supporting the wide use of AOL and POL as reference 

materials for high‑precision oxygen isotope microanalysis. 

INTRODUCTION  

Olivine is one of the most common rock-forming minerals in 

samples derived from the terrestrial mantle, asteroids, and 

comets.1, 2 Its oxygen isotopic ratios provide key insights into 

mass-dependent and mass-independent fractionation processes 

associated with rocks and mineral formation3-7. At mantle 

temperatures, oxygen isotopic fractionation between olivine and 

basaltic melt is generally ≤1‰, and fractionation between olivine 

and coexisting minerals (e.g., orthopyroxene and spinel) is 

typically less than 1.5‰.8 These small fractionations highlight the 

importance of high precision measurements in resolving subtle 

isotopic variations. 

Secondary ion mass spectrometry (SIMS) is a powerful 

technique for in situ oxygen isotopic analysis, offering permil-

level precision and micrometer-scale spatial resolution.9 However, 

the measured oxygen isotopic ratios by SIMS deviate from true 

values due to instrumental mass fractionation (IMF). This bias 

arises from a combination of SIMS analytical conditions and 

matrix effects of the target samples.10-12 Thus, accurate 

determination of oxygen isotopes in olivine requires matrix-

matched reference materials (RMs) with homogeneous chemical 

compositions and identical instrument conditions.13-16  

Significant efforts have been made to develop suitable RMs and 

correct matrix effects in SIMS oxygen isotope analysis of olivine.4, 

17-19 It is well established that the SIMS instrumental bias in olivine 

varies with chemical composition.20, 21 Recently, Isa et al.12 

established a calibration curve between Fe molar fractions (Fa = 

Fe / (Mg + Mn + Fe) mol%) and IMF using nine olivine reference 

materials spanning the full forsterite‑fayalite series. Their results 

revealed that IMF in iron-rich olivine (Fa > 25) exhibits a stronger 

dependence on Fa content than in magnesium-rich olivine (Fa < 
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25),12 providing a quantitative framework for correcting matrix 

effects in intermediate-composition olivines. Similar IMF 

variations among magnesium-rich olivines were confirmed by 

Scicchitano et al. and Tang et al.5, 18 Zhang et al.4 developed seven 

new iron-rich olivine RMs and examined instrumental bias in a 

suite of olivine (Fo = Mg / (Fe + Mg) mol%, Fo = 0-100), 

confirming its systematic correlation with Fo content. 

Several other well-characterized natural olivines have been 

employed as reference materials. The widely used San Carlos 

olivine standard was developed by Gene Jarosewich and co-

workers at the Smithsonian Institution.19, 22 Peng et al. reported 

JAY03-3 and JAY03-4 as potential reference materials, with 

forsterite contents of 99.3% and 99.6%, respectively, but their 

homogeneity is limited, with SIMS oxygen isotopic measurement 

precision of 0.57‰ (2SD) for JAY03-3 and 0.70‰ (2SD) for 

JAY03-4.17 Although these natural standards have been critical in 

advancing in situ microanalysis, a shortage of well-characterized, 

homogeneous, and publicly available natural olivine RMs 

continues to hinder the progress in high-precision oxygen isotope 

research.. 

This study provides a rigorous evaluation of two potential 

natural olivine reference materials (AOL and POL). Each sample 

was analyzed at 105 individual spots for oxygen isotopes, 

demonstrating excellent internal uniformity (2SD ≤ 0.37‰). 

Precise oxygen isotopic compositions were determined by laser 

fluorination isotope ratio mass spectrometry (LF-IRMS) method. 

These well‑characterized, homogeneous samples are intended as 

publicly available reference materials, offering the community a 

reliable and accessible resource for high‑precision in situ oxygen 

isotope microanalysis. 

EXPERIMENTAL 

Samples. This study focuses on two natural olivine samples: AOL 

(5.6 g from the Arizona district, USA) and POL (10.6 g, from 

Pakistan). All these crystals exhibit green coloration, as shown in 

Fig. 1(a-b). Each crystal was crushed into fragments of 

approximately 0.3 mm. Grains were manually selected for purity 

under a binocular microscope. In detail, 79 grains from AOL and 

89 grains from POL were randomly selected and mounted in 

epoxy resin together with San Carlos olivine as a reference 

material. To minimize potential “X–Y effects” during SIMS 

analysis, all grains were positioned within 6 mm from the center 

of the mount.9, 23 Subsequently, the mount was polished to obtain 

flat analytical surfaces and was coated with high-purity gold film 

(~30 nm). Inspection using high-magnification optical microscopy 

confirmed the transparency of the prepared grains. Additionally, a 

separate batch of crushed material from each sample was sieved 

to ~80 mesh for LF-IRMS oxygen isotope analysis. 

 

 

 

 

 

Fig. 1 Images of the AOL (a) and POL (b). 

Imaging and electron microprobe analysis. Backscattered 

electron (BSE) imaging of the olivine grains was performed using 

a ZEISS field emission scanning electron microscope at the State 

Key Laboratory of Biogeology and Environmental Geology, 

China University of Geosciences, Beijing (CUGB). EPMA 

analysis was conducted using a JXA-8230 instrument at the 

Electron Probe Laboratory of the Institute of Mineral Resources, 

Chinese Academy of Geological Sciences. Measurements were 

conducted under the following operating condition: 15 kV 

accelerating voltage, 20 nA beam current, and a focused beam 

diameter of 5 μm. A set of 12 elements (Si, Al, Mg, Fe, Cr, Mn, 

Na, K, Ca, Ni, Ti, and P) was analyzed and standardized using 

natural minerals and synthetic materials. Matrix corrections were 

applied using the ZAF correction procedure. 

SIMS oxygen isotopic analysis. Oxygen isotopic measurements 

were conducted using CAMECA IMS 1300-HR3 at CUGB. A 

detailed analytical procedure has been reported in Li et al.24 In 

brief, a primary ion beam of Cs⁺ was accelerated to 10 kV with an 

intensity of ~3 nA. To minimize aberrations, the beam was 

operated in Gaussian mode rastered across a 5 × 5 µm2 area. The 

spot size was ~15 µm in diameter. Sample charging was 

compensated using a normal-incidence electron flood gun. 

Secondary ions of negative polarity were collected by applying an 

extraction potential of -10 kV. A field aperture of 5 × 5 mm2 was 

used and the entrance slit was set to ~120 µm. An energy window 

of 50 eV width was used. Magnetic field stability, maintained 

using a nuclear magnetic resonance probe, was better than 3 ppm 

over 16 hours. The signals of 16O and 18O were simultaneously 

collected on two Faraday cups (L2’ and H2’), using amplifiers 

with 1010 Ω and 1011 Ω resistance, respectively. The slit #1 (500 

µm) on the multi-collector was used to achieve a mass resolution 

of ~2500 (50% peak width). The 16O intensity ranged from 2.18 

× 109 cps (counts per second) to 2.38 × 109 cps. Each spot analysis 

involved pre-sputtering, beam centering, and signal collection, 

with a total analytical time per spot of ~4 min, including 3.5 min 

for pre-sputtering and centering of the secondary beam, and 0.5 

min for collection of 15 cycles of 16O and 18O signals. One to two 

spots were randomly selected on each grain to minimize sampling 

bias and enhance the representativity of the dataset. Reference materials 
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Fig. 2 Representative BSE images of AOL (a-b) and POL (c-d). 

were analyzed after every 7-8 unknown samples to monitor the 

stability of the instrument. The measured ¹⁸O/¹⁶O ratios were 

normalized relative to the Vienna Standard Mean Ocean Water 

(VSMOW) composition (¹⁸O/¹⁶O = 0.0020052; Eq.1).25  

(𝛿 𝑂18 )𝑀(𝑟𝑎𝑤) = (
( 𝑂18 / 𝑂16 )𝑀

0.0020052
− 1) × 1000‰         (1) 

LF-IRMS oxygen isotopic analysis. LF-IRMS oxygen isotopic 

measurements were performed at the Institute of Geology and 

Geophysics (Beijing), Chinese Academy of Sciences (IGGCAS). 

A New Wave Research MIR10-30 laser was coupled to a vacuum 

extraction system.15 Samples with weights of ∼1.5 mg were 

reacted with purified BrF5 reagent in the sample chamber to 

liberate oxygen. The gases generated in the laser chamber were 

purified through a series of cryogenic traps held at liquid nitrogen 

temperature. The O2 gas was analyzed using an MAT 252 mass 

spectrometer. The Penglai zircon (δ18O = 5.31 ± 0.10‰)26 and 

04BXL07 garnet (δ18O = 3.70 ± 0.10‰)27 were analyzed together 

to monitor the stability of the instrument, which yielded a 2SD of 

± 0.16‰ and ± 0.22‰, respectively. 

RESULTS AND DISCUSSION 

Microscopic features and chemical compositions. A total of ten 

BSE images of fragments from all olivine samples confirm 

textural homogeneity. No obvious chemical zoning was observed. 

During SIMS analysis, areas containing inclusions and cracks (Fig. 2) 

should be carefully avoided based on imaging.  

The major element compositions of the olivine samples are 

summarized in Table 1 (with detailed data in Table S1). Based on 

twenty individual EPMA spot analyses, both samples are mainly 

composed of SiO₂ (about 41 wt%), MgO (about 53 wt%), and FeO 

(about 5 wt%), with minor NiO (about 0.23 wt%), Cr₂O₃ (about 

0.01 wt%) and negligible Al₂O₃. The Fo contents of the two olivine 

samples were 91-97 for AOL and 94-97 for POL. 

SIMS oxygen isotopic data. SIMS oxygen isotope analyses of the 

two olivines were conducted in a single session to test their 

homogeneity and evaluate the matrix effects. A total of 105 spots 

were measured for each sample. 

Throughout the analytical session, the San Carlos olivine 

standard yielded an external reproducibility of 0.29‰ (2SD, N = 

48). This value is consistent with those reported by Qu et al. 23, 

confirming the analytical stability of the instrument. Natural 

olivines exhibit a wide range of δ18O values, from 3.3 to 7.2‰, as 

documented in previous studies.3, 6, 28 Therefore, all obtained 

homogeneity values fall within the acceptable precision range for 

igneous rock analysis. The complete dataset is provided in Table S2. 

The two olivine samples yield homogeneous oxygen isotopic 

compositions, with overall variations (2SD) of 0.33‰ for AOL 

and 0.37‰ for POL. The data for each sample follow a Gaussian 

distribution (Fig. 3), and the standard error (1SE) of individual 

analyses is within 0.1‰. No significant linear correlation is 

observed between the measured δ¹⁸O values and the X-coordinates 

of the analytical spots for any of the samples (Fig. 4). The δ¹⁸O 

values cluster around their mean values, indicating that the “X–Y 

effects” are small and negligible compared to the analytical 

uncertainty. 

LF-IRMS oxygen isotopic data. All precise oxygen isotope data 

were obtained by IRMS. Based on five replicate analyses per 

sample, the mean δ¹⁸OIRMS values with two standard deviations 

are 5.52 ± 0.25‰ for AOL and 5.64 ± 0.13‰ for POL. All LF-

IRMS oxygen isotopic data are listed in Table S3. 

Matrix effect. This study evaluates potential matrix effects in 

SIMS oxygen isotope analysis of olivine with notable variations 

in Fo content. To quantify the matrix effect, instrumental mass 

fractionation (IMF) was calculated using the following equation: 

IMF = δ¹⁸OSIMS_N - δ¹⁸OIRMS                     (2) 

 

Table 1. The major and minor chemical composition (wt. %) of the olivine samples. 

Sample Na2O SiO2 Al2O3 K2O CaO NiO MnO FeO MgO TiO2 Cr2O3 P2O5 Total Fo, mean(range) 

(mol %) 

AOL 0.01  41.23  0.00  0.00  0.00  0.25  0.04  5.51  52.33  0.01  0.01  0.00  99.42  94(91-97) 

POL 0.00  41.42  0.00  0.00  0.00  0.23  0.04  4.40  53.29  0.01  0.01  0.01  99.42  96(94-97) 
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Fig. 3 Histogram of δ18O measured values for AOL and POL determined by SIMS. 

 

 

 

 

 

 

 

 

Fig. 4 Correlation diagram of measured δ18O values by SIMS vs. X-axis 

coordinate for AOL and POL. 

 

 

 

 

 

 

 

Fig. 5 IMF values of olivine samples vs. Fo (mol%). * San Carlos IRMS 

and Fo data are from Kita et al21. 

 

where δ¹⁸OSIMS_N represents the raw value that has been referenced 

to San Carlos (δ18O = 5.32‰) measured in a SIMS session and 

δ¹⁸OIRMS is the recommended value from LF-IRMS. The 

uncertainty of IMF (2s) is estimated as: 

2sIMF =  √(
2sSIMS

√NSIMS
)2 + (

2sIRMS

√NIRMS
)2       (3)  

where 2sSIMS and 2sIRMS denote the two-standard-deviation 

variabilities of SIMS and IRMS analyses, respectively, while 

NSIMS and NIRMS represent the corresponding number of 

replicate measurements. 

As listed in Table 2, IMF values for the studied olivines (Fo = 

91–97) fall within a limited range (-0.19‰ to -0.12‰). This 

variation is negligible relative to the analytical precision of the 

method (~0.37‰, 2SD for SIMS; ~0.25‰, 2SD for IRMS), 

indicating that matrix effects are minimal across this Fo interval. 

This conclusion is further corroborated by the homogeneous 

oxygen isotopic compositions of AOL (Fo = 91–97) and POL (Fo 

= 94–97), which remain within analytical uncertainty even within 

samples that exhibit a wide range of Fo values. 

Our results are consistent with previous studies on magnesium-

rich olivines (Fig. 5). Isa et al. 12 noted minimal IMF variation in 

olivines with Fo > 75, while Zhang et al. noted that the values of 

bias are nearly invariant among magnesian olivine (Fo > 60).4 

Tang et al. observed no significant matrix effects across Fo = 89.6–

94.2.18 This consistency confirms that these well-characterized 

olivines within the Fo 91–97 range are suitable as matrix-matched 

RMs for high-precision in situ oxygen isotope analysis. 

CONCLUSION 

In this study, the oxygen isotopic homogeneity of two olivine 

samples was characterized, and recommended values of oxygen 

isotope composition for these samples were determined with the 

LF-IRMS method. Both olivines exhibit homogeneous oxygen 

isotopic compositions, with overall variations (2SD) less than 

0.37‰, and no significant matrix effect was found within the Fo 

range of 91-97. 

Together with recently developed olivine standards, AOL and 
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Table 2. SIMS oxygen isotope data for olivine samples with varying Fo values, including two standard deviations (2SD) and number of replicates (N). The 

last column presents the IMF and its associated 2SD (2sIMF), calculated using Eq. (2) and Eq. (3), respectively 

Condition sample Fo (mol %) δ18OSIMS_N (‰) δ18OIRMS_N (‰) IMF (‰) 

This study 

IMS-1300 

AOL 94.00 5.40 ± 0.33 (N = 105)  5.52 ± 0.25 (N = 5)  -0.12 ± 0.12 

POL 96.00 5.45 ± 0.37 (N = 105) 5.64 ± 0.13 (N = 5) -0.19 ± 0.07 

San Carlos 89.00 5.32 ± 0.29 (N = 48) 5.32 ± 0.08 (N = 3) 0.00 ± 0.09 

Isa et al.12 

IMS-1290 

Pine river 97.80 4.02 ± 0.60 (N = 3) 4.48 -0.46 

Mt. Franklin 92.60 5.42 ± 0.20 (N = 5) 4.92 0.50 

Urals 

Skaergaard EG 5108 

NWA6693 

Skaergaard EG 1907 

Rock Port 

83.80 6.62 ± 0.20 (N = 5) 6.33 0.29 

64.70 4.12 ± 0.20 (N = 5) 4.54 -0.42 

49.60 2.52 ± 0.40 (N = 6) 3.86 -1.34 

30.30 0.42 ± 0.20 (N = 6) 4.28 -3.86 

0.30 -4.18 ± 0.60 (N = 12) 4.74 -8.92 

Zhang et al.4 

IMS-1280 

HN-Ol 100.00 8.96 ± 0.07 (N = 4) 8.90 ± 0.08 (N = 3) 0.06 ± 0.06 

HaK-Ol 91.90 4.86 ± 0.19 (N = 21) 5.25 ± 0.04 (N = 3) -0.39 ± 0.06 

IG-Ol 89.60 5.13 ± 0.20 (N = 10) 5.23 ± 0.03 (N = 3) -0.10 ± 0.07 

UW-Ol-1 89.20 5.16 ± 0.14 (N = 10) 5.48 ± 0.11 (N = 5) -0.32 ± 0.07 

SW-Ol 81.80 3.41 ± 0.18 (N = 21) 3.51 ± 0.03 (N = 2) -0.10 ± 0.04 

FJ-Ol 73.40 4.72 ± 0.37 (N = 22) 4.89 ± 0.28 (N = 3) -0.17 ± 0.18 

SK90-5-Ol 66.00 4.32 ± 0.28 (N = 18) 4.61 ± 0.16 (N = 3) -0.29 ± 0.11 

OR-Ol 59.30 5.31 ± 0.21 (N = 4) 5.88 ± 0.02 (N = 3) -0.57 ± 0.11 

SK90-8-Ol 57.30 3.91 ± 0.35 (N = 19) 4.60 ± 0.11 (N = 3) -0.69 ± 0.10 

SK90-6-Ol 57.30 3.89 ± 0.47 (N = 19) 4.67 ± 0.20 (N = 3) -0.78 ± 0.16 

SK90-9-Ol 

SK90-22-Ol 

SK90-21-Ol 

SK90-14-Ol 

Fa50278-Ol 

56.40 3.89 ± 0.29 (N = 20) 4.63 ± 0.40 (N = 3) -0.74 ± 0.24 

29.40 -0.16 ± 0.33 (N = 19) 4.55 ± 0.14 (N = 3) -4.71 ± 0.11 

27.60 -0.07 ± 1.32 (N = 19) 4.52 ± 0.48 (N = 2) -4.59 ± 0.45 

20.80 -1.94 ± 0.34 (N = 20) 4.45 ± 0.09 (N = 3) -6.39 ± 0.09 

0.54 -5.81 ± 0.34 (N = 7) 4.50 -10.31 

Tang et al.18 

IMS-1280 

06JY06OL 89.60 5.20 ± 0.18 (N = 25) 5.20 ± 0.06 (N = 3) 0.00 ± 0.05 

06JY29OL 91.20 5.40 ± 0.30 (N = 40) 5.30 ± 0.26 (N = 4) 0.10 ± 0.14 

06JY31OL 90.30 5.32 ± 0.34 (N = 40) 5.27 ± 0.30 (N = 4) 0.05 ± 0.16 

06JY34OL 91.50 5.15 ± 0.28 (N = 39) 5.25 ± 0.14 (N = 2) -0.10 ± 0.11 

09XDTC1-24OL 94.20 4.22 ± 0.20 (N = 40) 3.91 ± 0.50 (N = 3) 0.31 ± 0.29 

 

 

POL provide a valuable addition to the current suite of RMs. These 

well-characterized samples offer researchers a more diverse and 

reliable set of tools for high-precision oxygen isotope analysis, 

facilitating further investigations into a wide range of geological 

and geochemical processes. These olivines are available for public 

use as oxygen isotope RMs for in situ microanalysis. 
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