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ABSTRACT: Sulfate minerals are widely distributed in nature, and their sulfur isotopic signatures offer a largely 

untapped source of potential information for improving our understanding of magmatic, hydrothermal, and sedimentary 

processes. In this study, we describe an analytical procedure for measuring the sulfur isotopic compositions of natural sulfate-

bearing samples using a LA-MC-ICP-MS (laser ablation multiple collector inductively coupled plasma mass spectrometry) 

technique. YF-2 barite (BaSO4) from the Yongfu hydrothermal deposit yields a δ34S value of 18.1 ± 0.4‰ (n = 11, 2SD), 

obtained by elemental analyzer-isotope ratio mass spectrometry (EA-IRMS), and has been adopted as the reference material 

for sulfur isotopic determination in this study. The sulfur isotopic ratios for NBS 127 and IAEA-SO-5 barium sulfate are 

validated by using YF-2 pressed powder tablets as the internal reference standard, and this analytical protocol yielded results 

that overlap with recommended values. The δ34S values obtained here for the YF-1, GTS, and DGD barites are similar to 

those recorded by EA-IRMS for these samples. WC barite displays highly 

variable sulfur isotopic compositions, although the average δ34S value for 

WC barite is similar to that obtained by EA-IRMS. Sulfates in the barite-

celestine solid solution series and anhydrite were analyzed to determine 

the isotopic fractionation in varied matrices using both the RESOlution 

and GeoLasHD laser ablation systems. The analytical results suggest 

minimal sulfur isotopic fractionation between barite and other S-bearing 

matrices using both laser systems. For non-matrix matched sulfur isotope 

analysis, the ion signal intensity and laser parameters are important 

parameters that must be closely monitored. If sulfur isotopic fractionation 

is observed during sample ablation, this feature can be minimized by 

employing a smaller beam size, lower repetition rate and fluence output. 
 

INTRODUCTION 

Sulfur (S) is prevalent in the natural environment and S-

bearing minerals form over the entire temperature range of 

geological interest: from low temperature surficial processes 

associated with the evaporation of seawater to form evaporite 

deposits, to high temperature magmatic-hydrothermal 

processes associated with the formation of basic and precious 

metal deposits.1 Investigation of sulfur isotopic compositions 

(expressed in terms of per mil deviation as δ34S) is useful for 

unraveling the geochemical history of geological and 

biological systems with particular interest in the isotopic 

variation among sulfide and sulfate minerals.2 Naturally 

occurring sulfide and sulfate minerals are characterized by 

δ34S values that range from − 60 to +30‰, which may provide 

reliable information on the origin of sulfur and its terrestrial 

cycle.3 The sulfur isotopic fractionation between sulfide and 

sulfate has been used to establish the oxidation state at a given 
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temperature during their respective formations (e.g. Marini et 

al.4 ). Sulfur isotopic compositions can change significantly 

within a single complex or sample. For instance, multiple 

sulfur isotopic compositions for porewater sulfate from 

Mangrove Lake (Bermuda) are indicative of fractionation 

during redox sulfur cycling.5  

High precision sulfur isotope ratios were conventionally 

determined by gas source isotope ratio mass spectrometry 

(GS-IRMS) with a precision better than 0.05‰ using either 

SO2 or SF6 gas.6,7 EA-IRMS (elemental analyzer-isotope ratio 

mass spectrometry) is the most commonly used analytical 

method for the determination of sulfur isotope ratios for 

sulfate-bearing samples due to its simple preparation, 

efficiency, accuracy, and precision.2,8,9 Recent geological 

studies have focused on investigating the isotopic composition 

of sulfur-bearing samples at high spatial resolution to track 

crystal growth, zonation and fluid evolution during mineral 

crystallization. For example, in-situ sulfur isotopic 

measurement by laser ablation (LA) MC-ICP-MS has recently 

been further developed, especially in relation to the 

investigation of sulfides.10–19 Most of the barite present in the 

Earth’s crust forms through the mixing of fluids from diverse 

origins, including magmatic,20 metamorphic,21 

hydrothermal,22 as well as ancient and modern ocean water.23 

The micron scale sulfur isotopic composition of barite and 

other related sulfates could definitely provide important 

information regarding their origin and formation history (e.g. 

redox condition, pH and temperature). In line with the most 

recent developments for sulfur isotopic analysis of sulfide and 

sulfate, this work aims to provide a detailed investigation of 

in-situ sulfur isotopic determination for natural sulfate-

bearing minerals by LA-MC-ICP-MS.  

Instrumental mass bias is an important potential source of 

uncertainty in relation to precision and accuracy when 

measuring light elemental isotopic compositions using MC-

ICP-MS. Mason et al.19 combined an external standard liquid 

aerosol to its laser-produced counterpart to correct the 

instrumental mass bias using the observed mass bias of either 
37Cl/35Cl or 30Si/29Si. Craddock et al.12 introduced laser 

aerosol to the cyclonic spray dual chamber that was mixed 

with 2% HNO3 solution, then calibrated with a matrix-

matched solution standard to correct the mass bias. In recent 

studies, Sample-Standard-Bracketing (SSB) is the most 

popular approach to monitor and correct sulfur isotope mass 

bias using LA-MC-ICP-MS.11,16–18,24–28 SSB monitors both 

the mass bias within the MC-ICP-MS instrument and the 

laser-induced isotopic fractionation at the ablation site. This 

approach requires an appropriately matrix-matched solid 

standard, which can be natural minerals, pressed powder 

tablets, or other types of artificial solid samples.16,26,29,30 A 

single bracketing standard works for the sulfur isotope 

characterization of sulfide using SSB,17,27,28 whereas different 

sulfate minerals behave differently as the isotopic 

composition of the sample and bracketing standard is 

recommended to be matched.16 National Institute of Standards 

and Technology (NIST) and United States Geological Survey 

(USGS) sulfate isotope reference materials have been adopted 

in previous investigations using MC-ICP-MS.13,16,19 Currently, 

no natural sulfate mineral standard is routinely available for 

in-situ sulfur isotopic analysis.   

In this study, we present an analytical procedure using a 

natural barite (YF-2) as the reference material for sulfur 

isotopic ratio determination by LA-MC-ICP-MS. This 

approach offers a further step towards tapping into the wealth 

of small-scale information locked in barite (and other sulfates) 

and reflects the complicated hydrothermal and magmatic 

history for sulfur-related geological systems. Varied matrices 

can lead to inaccurately measured values if there are 

differences between the behavior of the samples and the 

reference materials during the laser ablation process. Thus, we 

also present sulfur isotope data for a selection of sulfate 

minerals across a range of lithologies that are purposely 

matrix mismatched relative to the YF-2 barite reference 

standard. 

EXPERIMENTAL 

Samples. The sulfate samples adopted for this study include 

the NBS 127 (NIST SRM 8557) and IAEA-SO-5 barium 

sulfate standards, hydrothermal and magmatic barites from 

the Yongfu (Guangxi) and Wuchuan (Guizhou) barite deposits, 

and Mianning-Dechang carbonatite complexes (Sichuan). In 

addition, the isomorphic series of minerals, such as 

barytocelestine from the Huanglongpu carbonatite-related 

rare earth element (REE)-Mo deposit (Shanxi), celestine from 

the Bayan Khushu REE deposit (Mongolia), and anhydrite 

from Lingxiang Iron Ore (Hubei) have been selected to test 

and validate the analytical method adopted here; in particular 

to evaluate the isotopic fractionation among varied 

compositions of sulfates. Barites from the Yongfu (YF-1 and 

YF-2) and Wuchuan (WC) hydrothermal deposits occur as 

fragile aggregates of white or colorless large crystals (up to 1 

cm long). Barite from the Mianning-Dechang REE deposits 

(including DGD and GTS) is pale yellow and may contain 

minor inclusions of fluorite. The δ34S values for barite from 

the DGD deposit were reported by Tian et al.31 and range from 

3.3−5.9‰. Barytocelestine from the Huanglongpu 

carbonatite-related REE-Mo deposit forms fragile light brown 

rhombic crystals. This barytocelestine is characterized by a 

δ34S value of 4.6−5.1‰.32 Celestine from the Bayan Khushu 

(BK) carbonatite complex is light blue in color and transparent.  

Approximately 0.3 g each of pulverized NBS 127 and 

IAEA-SO-5 barium sulfate standards and YF-2 barite powder 
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(binder-free) was set into a PVC ring (~ 1 cm in diameter) and 

pressed into tablets using a tablet press at 300 kN (~1 × 106 

kPa) of pressure. These tablets were mounted independently 

onto a smooth and clean transparent sheet in epoxy resin, then 

were polished with 2 mm diamond paste to give a flat surface 

suitable for laser ablation. All of the natural mineral crystals 

were made into one inch-sized round targets, which were fixed 

by epoxy resin. 

Bulk sulfur isotopic determination. Bulk sulfate mineral 

separates were powdered to 200 mesh for sulfur isotopic 

determination by using a Thermo Fisher Scientific Delta V 

Plus isotope ratio mass spectrometer coupled to a Flash 

elemental analyzer (EA-IRMS), located at the State Key 

Laboratory of Biogeology and Environmental Geology (BEG), 

China University of Geosciences (Wuhan). The samples and 

the standards were weighed into tin capsules. V2O5 was added 

as an oxidation catalyst in an amount approximately twice the 

weight of the sample. The tin capsules of the samples and the 

standards were closed, crushed to a small size and loaded into 

an AS 200 autosampler (Fisons Instruments). They were flash-

combusted sequentially under a stream of helium and oxygen 

at 1050 °C in a single oxidation-reduction quartz tube filled 

with high purity oxidizing (tungsten trioxide, WO3) and 

reducing (elemental Cu) agents. The combustion-derived 

gases (SO2, SO, H2O, CO2, N2) were first dried by passing 

them through a 10 cm long column filled with anhydrous 

Mg(ClO4)2, then directed through a 0.8 m PTFE 

chromatographic column packed with Porapack 50−80 mesh 

(Fisons Instruments) at 70 °C for the separation of SO2, which 

was isotopically analyzed by IRMS. Pure SO2 gas was 

inserted into the He carrier flow as pulses of reference gas. 

Sulfur isotope ratios are reported in standard δ-notation 

relative to Vienna Canon Diablo Troilite (V-CDT)33 using the 

following expression: 

δ
34

SV-CDT= [( S
34

S
32⁄ )

sample
( S

34
S

32⁄ )
standard

⁄ -1]×1000 

where the 34S/32S ratio of the standard is normalized for V-

CDT with the value of 0.044163.34 The analytical precision 

for δ34S of the sample set, based on the replicate analyses of 

NBS 127 (δ34S = 20.3‰)19 and the International Atomic 

Energy Agency (IAEA) barium sulfate reference materials 

(IAEA-SO-5, δ34S = 0.5‰ and IAEA-SO-6, δ34S = −34.1‰; 

from the IAEA reference material certificates), was 

approximately ± 0.4‰ (2SD level).  

The sulfur isotopic values of several barites (YF-2, YF-1 

and WC) and non-barite sulfates were verified at the Institute 

of Geographic Sciences and Natural Resources Research, 

Chinese Academy of Sciences (IGSNRR, CAS). The non-

barite sulfates (celestine, barytocelestine and anhydrite) were 

converted to barium sulfate (BaSO4). 30 mg of celestine,  

Table 1. Instrumental Parameters for the Laser Ablation System and 

MC-ICP-MS 

Laser 

Laser 
RESOlution 193 nm 

Laser 

GeoLasHD 193 nm 

Laser 

Carrier gas Helium Helium 

Spot size 33−90 μm 32−90 μm 

Ablation duration 

(analysis time) 
40 s 40 s 

Pulse rate 4−16 Hz 5−15 Hz 

Energy density 3−17.8 J cm-2 3−16 J cm-2 

Pulse length 20 ns 25 ns 

Laser “carrier” gas 0.3–0.4 L min-1, He 0.8 L min-1, He 

Mass spectrometer 

MC-ICP-MS Nu plasma II 

RF power 1300 W 

Cooling gas 13.5 L min-1, Ar 

Auxiliary gas 0.68 L min-1, Ar 

Sample gas 0.55−0.65 L min-1, Ar 

Nitrogen 0.004 L min-1 

barytocelestine and anhydrite were first dissolved in a solution 

of 50 mmol L-1 of Diethylene Triamine Pentacetic Acid 

(DTPA) by heating in a water bath, then acidified with HCl to 

pH < 2. Subsequently, approximately 25 mL of 8.5% BaCl2 

solution was added to quantitatively precipitate barium sulfate. 

The sulfur isotope measurements of barite and converted 

barium sulfate were performed using an EA coupled to a Delta 

V Advantage IRMS. The long-term reproducibility of the 

measurements was better than 0.4‰ (2SD level).35 

In-situ sulfur isotopic determination. In-situ sulfur isotope 

ratio measurements were performed using two 193 nm ArF 

excimer laser ablation systems, including the RESOlution 

laser (Australian Scientific Instruments, Canberra Australia) 

with a two-volume laser-ablation cell (Laurin Technic, 

Australia) and the GeoLasHD laser (Coherent, Germany) with 

a round sample cell. Both laser systems were coupled to a Nu 

Plasma II multi-collector (MC) ICP-MS (Nu Instruments, 

U.K.) at the State Key Laboratory of Geological Processes 

and Mineral Resources (GPMR), China University of 

Geosciences (Wuhan). The pulse lengths are 20 and 25 ns for 

the RESOlution and GeoLasHD lasers, respectively. The Nu 

Instruments Plasma II features 16 fixed Faraday cups to 

maximize the number and range of the isotopes analyzed. The 

instrumental settings and typical operating parameters are 

summarized in Table 1. A series of laser parameters were used 

for the investigation of laser-induced matrix effects. Beam 

diameters between 33 μm and 75 μm with corresponding 

fluences of 4.5−17.8 J cm-2 and repetition rates of 4−16 Hz 

were used with the RESOlution laser. For analysis of the 

pressed powder tablets, both a relatively low fluence and 

frequency were used in conjunction with a small spot size (2 

J cm-2; 4 Hz and 33 μm). In contrast, a beam size between 32 

μm and 90 μm, frequency of 5−15 Hz and fluence of 3−16 J  
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Table 2. Isobaric (spectral) Interferences on Sulfur Isotope Masses 

Isotope Abundance (%)a Interference 
32S 94.99 16O – 16O 

14N – 18O 
15N – 16O – 1H 

14N – 16O – 1H – 1H 
33S 0.75 17O – 16O 

32S – 1H 
16O – 16O – 1H 
14N – 18O – 1H 

15N – 18O 
34S 4.25 18O – 16O 

33S – 1H 
32S – 1H – 1H 

16O – 17O – 1H 
16O – 16O – 1H – 1H 

15N – 18O – 1H 
36S 0.01 36Ar 

cm-2 were used with the GeoLasHD laser. The samples were 

ablated in a He atmosphere, and the particulates produced (He 

gas) were then combined with additional Ar (0.6 L min-1) 

before entering the plasma torch. The ion signals for 34S, 33S 

and 32S were measured simultaneously. The data were 

obtained in time-resolved analysis (TRA) mode for all laser-

introduced samples. YF-2 barite was used as the primary 

reference material to correct for instrumental mass bias. Three 

to five samples were analyzed between each set of standards. 

Each sample acquisition consisted of 30 s of an on-peak 

background measurement, 40 s of ablation data acquisition 

and 50 s of washout. The typical background intensity for 32S 

on the MC-ICP-MS was 0.2−0.5 V, with the sample resulting 

in a signal response of 3−25 V depending on the laser ablation 

spot size, laser frequency, and fluence. 

RESULTS AND DISCUSSION 

Peak shape. The polyatomic interferences created by various 

isotopes of oxygen dimers cause major spectral interferences 

on 32S and 33S using the MC-ICP-MS technique. Polyatomic 

interferences are believed to be lower when a laser ablation 

introduction system is used compared to the solution mode 

analysis since the latter introduces additional oxygen and 

hydrogen originating from the H2O (and dilute HNO3) 

matrix.15 The potential interfering species on sulfur isotopes 

are listed in Table 2. Due to the low abundance of 36S (only 

0.017%) and the major interference of 36Ar on 36S, this isotope 

was not invest igated. Previous invest igations have 

demonstrated that analyses conducted in high resolution mode 

(i.e., mass resolving power > 5000) result in an interference-

free shoulder on the low-mass side of the 32S peak.12,25 For Nu 

Plasma instruments, Pribil et al.16 illustrated that the pseudo 

medium resolution mode (the mass resolution number ~ 3000) 

resulted in a satisfactory shoulder-free interference with 2.5 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Mass scan for the three sulfur isotopes (32S, 33S, 34S). The red dotted 

line represents the plateau position at which isotopic ratios are measured. 

times more signal compared to the pseudo high resolution 

mode. Hence, generally the optimal position and alignment of 

the peak are measured on the low mass shoulder to avoid 

tailing from O2 and negative background due to possible ion 

scattering on the sides of the Faraday cups.11,12,25 Fu et al.17 

suggested that the addition of N2 to the central gas flow can 

greatly suppress oxide polyatomic interferences in the 

measurement of sulfur isotopes and significantly improve the 

mass bias stability zone at the optimum makeup gas flow rate. 

Approximately 4 mL min-1 N2 gas flow rate was applied in this 

analytical procedure employing pseudo low resolution for the 

Nu Plasma II MC-ICP-MS. The latter procedure did indeed 

suppress production of oxide polyatomic interferences for 

sulfate as shown in Fig. 1, since broad and flat interference-

free plateaus for the three sulfur isotopes are recorded and are 

similar to those observed for the sulfur ion signals measured 

with the Neptune MC-ICP-MS instrument.17  

Characterization of reference material. As stated earlier, 

use of an isotopically homogeneous, matrix-matched mineral 

reference is important for in-situ sulfur isotopic 

characterization of barite using SSB. To evaluate the isotopic 

homogeneity of potential sulfate reference materials and the 

repeatability of sulfur isotope ratio measurements (both by 

LA-MC-ICP-MS and EA-IRMS), repeat analyses of the sulfur 

isotopic composition of natural YF-2 barite were performed. 

For EA-IRMS analysis, measurement repeatability is defined 

by the standard deviation of multiple measurements for 

variable fractions from a bulk sample. The three repeated 

analyses for one fraction of the bulk YF-2 barite yields a δ34S 

value of 18.31± 0.06‰ (2SD) determined at CAS. The 

analyses of 11 fractions from the bulk YF-2 barite gives a 

weighted average δ34S value of 18.1 ± 0.4‰ (2SD) 

determined at CUG. These δ34S values are consistent with 

each other given their associated external reproducibility. The 

resulting δ34S values for the YF-2 barite using itself as the  
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reference material, obtained by LA-MC-ICP-MS on different 

analytical days using both laser systems, are given in Fig. 2a. 

The sulfur isotopic composition for YF-2 yields a weighted 

average δ34S value of 18.1 ± 0.4‰ (2SD) and 18.0 ± 0.4‰ 

(2SD) using the RESOlution laser and the GeoLasHD laser, 

 

 

 

 

 

 

 

 

Fig. 2

 

δ34S values of YF-2 barite and barium sulfate. (a) Determined δ34S 

values of YF-2 barite on different days of analysis. (b) and (c) δ34S values 

of barium sulfate calibrated using YF-2 in pressed powder

 

as reference 

material. (d) YF-2 in pressed powder calibrated using YF-2 as reference 

material.

 

The black solid lines represent the average value. The error bars 

are at 2SD level.

 

 

 

 

 

 

 

 

 

 

Fig. 3 δ34S values and the correlation of relative standard deviation of 
34S/32S and the 32S ion signal intensity of magmatic barite (GTS). (a) 

shows the correlation of relative standard deviation associated with 
34S/32S ratios and the 32S ion signal intensity for GTS barite. (b)−(d) 

display the effect of varying laser ablation parameters with the 

RESOlution system on sulfur isotope fractionation using the GTS barite. 

The black dashed lines represent the average value. The red solid lines 

represent the average value obtained by EA-IRMS and the red dashed 

lines represent standard deviation range (2SD). 

respectively. Sulfur isotopic determination by EA-IRMS and 

LA-MC-ICP-MS validates the isotopic homogeneity of the 

YF-2 barite on the bulk and the micron scale. Thus, in this 

study, the isotopically homogeneous YF-2 barite has been 

adopted as the reference material for sulfur isotopic 

determination of barite, which can also be considered as a new 

isotopic reference material.  

Sulfur isotopic determination of barium sulfate standards. 

The sulfur isotopic composition of the NBS 127 and IAEA-

SO-5 barium sulfate standards was verified by LA-MC-ICP-

MS using YF-2 barite. The barium sulfate and the YF-2 barite 

were made into pressed powder tablets. During laser ablation, 

the ion signal intensity drops quickly for sulfate in the pressed 

powder tablet compared to the natural sulfate mineral. 

Nevertheless, the long-term measurement of the δ34S ratios for 

NBS 127 and IAEA-SO-5 using both laser systems agree well 

with the recommended values using YF-2 in a pressed powder 

tablet as the bracketing standard (Fig. 2b, c and Table 3). 

When the YF-2 barite crystal was analyzed with YF-2 barite 

prepared as a pressed powder tablet, no significant isotopic 

fractionation was identified between these two samples (Fig. 

2d and Table 3). 

Sulfur isotopic determination of barite. A selection of barite 

grains from different geological settings was analyzed by EA-

IRMS to characterize their bulk sulfur isotopic compositions 

as shown in Table 4. For the investigated barites, the sulfur 

isotopic compositions for the WC and YF-1 barites for several 

sample fractions determined at the CUG laboratory display 

larger than expected external reproducibility (> 0.5‰; 2SD; 

Table 4); therefore, the scale of the isotopic heterogeneity was 

further verified at the CAS laboratory. The repeated sulfur 

isotope analyses (n = 3) obtained at CAS from one small barite 

fraction (approximately 100 mg) for YF-1 show limited sulfur 

isotopic variation since it is characterized by an external 

reproducibility of 0.04‰ (2SD). In contrast, WC barite 

displays a much larger sulfur isotopic variation since it is 

defined by a larger external reproducibility of 0.42‰ (2SD; 

Table 4). Thus, these results suggest that WC barite is possibly 

isotopically heterogeneous at the micron scale. 

The δ34S values for these barite grains were measured by 

LA-MC-ICP-MS using YF-2 barite as the reference material 

and the SSB approach. A number of laser ablation parameters 

are believed to have an effect on the measurement of δ34S 

Table 3. δ34S Values Measured for Barium Sulfate Calibrated by YF-2 Pressed Powder 

  δ34S ± 2SD (‰) 

Sample type Sample ID 
LA (RESOlution laser)-MC-

ICP-MS 

LA (GeoLasHD laser)-MC-

ICP-MS 

Recommended 

values 

Barium sulfate NBS 127 (NIST SRM 8557) 20.0 ± 0.6 (n = 23) 19.9 ± 0.6 (n = 45) 20.3a 

Barium sulfate IAEA-SO-5 0.2 ± 0.6 (n = 18) 0.2 ± 0.6 (n = 33) 0.5b 

Barite YF-2 18.0 ± 0.6 (n = 10)     
a Mason et al.19; b Information from the IAEA reference material certificates. 
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Fig. 4 δ34S values of barites calibrated using YF-2 as reference material. The black solid lines represent the average value. The error bars are at 2SD level.

 

 

Table 4. δ34S Measured for Sulfate Minerals Using LA-MC-ICP-MS and EA-IRMS 

   δ34S ± 2SD (‰) 

Sample type Matrix 
Sample 

ID 

LA (RESOlution 

laser)-MC-ICP-MS 

LA (GeoLasHD laser)-

MC-ICP-MS 

EA-IR-MS (BGEG, 

CUG) 

EA-IR-MS (IGSNRR, 

CAS) 

Barite BaSO4 

YF-2 18.1 ± 0.4 (n =82) 18.0 ± 0.4 (n = 27) 18.1 ± 0.4 (n = 11) 18.31 ± 0.06 (n = 3) 

YF-1 18.9 ± 0.5 (n = 51) 18.7 ± 0.3 (n = 11) 18.5 ± 0.7 (n = 6) 19.00 ± 0.04 (n = 3) 

WC 26.2 ± 6.0 (n = 43) / 26.4 ± 1.1 (n = 6) 27.19 ± 0.42 (n = 3) 

DGD 4.4 ± 0.5 (n = 46) 4.2 ± 0.2 (n = 13) 4.4 ± 0.2 (n = 5) / 

GTS 4.9 ± 0.5 (n = 44) 4.6 ± 0.6 (n = 15) 4.7 ± 0.4 (n = 8) / 

Barytocelestine (Sr,Ba)SO4 DSG 3.7 ± 0.6 (n = 43) 4.0 ± 0.4 (n = 10) 4.0 ± 0.3 (n = 6) 3.25 ± 0.06 (n = 3) 

Celestine SrSO4 BK 5.8 ± 0.4 (n = 30) 6.0 ± 0.5 (n = 15) 6.4 ± 0.4 (n = 6) 6.12 ± 0.44 (n = 3) 

Anhydrite CaSO4  LX 29.8 ± 0.5 (n = 30) 30.1 ± 0.6 (n = 29) 29.5 ± 0.4 (n = 3) 30.3 ± 0.1 (n = 3) 
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Table 5. δ34S Measured for Sulfate Minerals with Different Laser Ablation Parameters Using LA-MC-ICP-MS 

RESOlution laser  

 δ34S ± 2SD (‰) 32S intensity (V)  

Operation parameter GTS LX YF-2 GTS LX  

33 μm, 8 Hz, 8.9 J cm-2 5.1 ± 0.8 (n = 11) 30.2 ± 0.5 (n = 10) 3.9 (n = 14) 5.0 (n = 11) 4.1 (n = 10)  

50 μm, 8 Hz, 8.9 J cm-2 4.6 ± 0.5 (n = 10) 29.7 ± 0.5 (n = 10) 11.9 (n = 6) 12.4 (n = 10) 8.9 (n = 10)  

75 μm, 8 Hz, 8.9 J cm-2 4.4 ± 0.1 (n = 10) 29.3 ± 0.3 (n = 9) 27.3 (n = 4) 26.5 (n = 10) 17.5 (n = 9)  

50 μm, 4 Hz, 8.9 J cm-2 4.5 ± 0.3 (n = 10) 30.0 ± 0.7 (n = 10) 7.1 (n = 5) 8.2 (n = 10) 4.1 (n = 10)  

50 μm, 16 Hz, 8.9 J cm-2 4.5 ± 0.1 (n = 10) 29.3 ± 0.1 (n = 10) 24.1 (n = 4) 23.6 (n = 10) 14.5 (n = 9)  

50 μm, 8 Hz, 4.5 J cm-2 4.5 ± 0.2 (n = 11) 29.8 ± 0.5 (n = 10) 8.1 (n = 5) 8.5 (n = 11) 5.5 (n = 10)  

50 μm, 8 Hz, 17.8 J cm-2 4.4 ± 0.1 (n = 8) 29.4 ± 0.2 (n = 8) 25.0 (n = 3) 22.4 (n = 8) 12.2 (n = 8)  

GeoLasHD laser 
  δ34S ± 2SD (‰) 32S intensity (V) 

Operation parameter BK LX YF-2 BK YF-2 LX 

32 μm, 5 Hz, 5 J cm-2 6.1 ± 0.4 (n = 8) 30.0 ± 0.4 (n = 11) 2.3 (n = 5) 2.0 (n = 8) 2.5 (n = 5) 1.4 (n = 11) 
60 μm, 5 Hz, 5 J cm-2 6.0 ± 0.5 (n = 9) 30.1 ± 0.2 (n = 10) 5.8 (n = 5) 4.7 (n = 9) 4.4 (n = 5) 5.0 (n = 10) 
90 μm, 5 Hz, 5 J cm-2 6.0 ± 0.2 (n = 3) 30.3 ± 0.3 (n = 4) 13.1(n = 3) 12.1 (n = 3) 10.1 (n = 4) 11.7 (n = 4) 
60 μm, 10 Hz, 5 J cm-2 6.1 ± 0.1 (n = 3) 30.1 ± 0.2 (n = 10) 12.0 (n = 3) 11.0 (n = 3) 8.5 (n = 4) 9.1 (n = 10) 
60 μm, 15 Hz, 5 J cm-2 / 30.2 ± 0.4 (n = 11) / / 11.0 (n = 6) 12.5 (n = 11) 
60 μm, 5 Hz, 8 J cm-2 6.1 ± 0.04 (n = 3) 30.4 ± 0.4 (n = 4) 13.8 (n = 2) 10.2 (n = 3) 8.3 (n = 4) 7.6 (n = 4) 
32 μm, 5 Hz, 5 J cm-2 6.1 ± 0.4 (n = 8) 30.0 ± 0.4 (n = 11) 2.3 (n = 5) 2.0 (n = 8) 2.5 (n = 5) 1.4 (n = 11) 
32 μm, 5 Hz, 16 J cm-2 5.8 ± 0.2 (n = 8) 29.9 ± 0.6 (n = 4) 6.9 (n = 5) 6.0 (n = 8) 7.0 (n = 4) 4.4 (n = 8) 

ratios using the LA-MC-ICP-MS approach due to documented 

isotopic fractionation at the laser ablation site.10,15,18,37,38 By 

adopting a variable beam size, pulse frequency, and fluence 

with the RESOlution laser system, the recorded ion signal 

intensities of 32S for the GTS barites varied from 

approximately 3 to 30 V (Fig. 3a). As shown in Fig. 3a, the 

relative standard deviation (RSD) associated with the 

measured 34S/32S ratios shows a negative correlation with the 
32S ion signal intensity. The RSD associated with the 

measured 34S/32S ratios increases significantly when the 32S 

ion signal intensity is < 8 V, whereas it decreases and becomes 

relatively stable with 32S ion signals > 20 V (Fig. 3a). The 

variability of the 32S ion signal intensity was changed by 

adopting a different ablation spot size, frequency, or fluence. 

Thus, the high RSD at low 32S ion signal intensity using 

smaller spot size could be due to a small-scale isotopic 

heterogeneity in the sample or an increased downhole 

fractionation, and at low fluence it could mean that the sample 

is not ablating well and larger-sized particles are formed, 

resulting in a noisy signal. Nevertheless, a sulfur ion signal 

intensity > 5 volts results in lower relative standard deviation 

of the measured 34S/32S ratios (Fig. 3a). 

Various laser ablation parameters were tested to verify their 

effects on the δ34S characterization of barite. The δ34S values 

for GTS with YF-2 barite external normalization were 

determined with variable beam sizes of 33 μm, 50 μm, and 75 

μm, whereas other parameters remained constant in the 

RESOlution laser system (e.g., pulse frequency of 8 Hz, 

fluence of 8.9 J cm-2).  Sulfur ion signal intensities recorded 

at 75 μm were approximately two times higher than at 50 μm, 

and five times higher than at 33 μm for the GTS and YF-2 

barite reference materials (Table 5). The external 

reproducibility decreased with increasing beam size (Fig. 3b), 

and the δ34S value also decreased from 5.0 ± 0.8‰ to 4.4 ± 

0.1‰ with an increase in the ion beam intensity. All of the 

sulfur isotopic compositions determined by LA-MC-ICP-MS 

corroborate those obtained by EA-IRMS, given their 

associated external reproducibility (Fig. 3b). In this study, a 

beam size of 50 μm is preferred for the sulfur isotopic 

determination of barite since the results best agreed with the 

EA-IRMS average value and represents a compromise 

between satisfactory analytical precision and desired spatial 

resolution. GTS barite together with YF-2 barite as the 

bracketing standard were further analyzed with varied laser 

ablation pulse frequencies (4 Hz, 8 Hz, and 16 Hz) and 

fluences (4.5 J cm-2, 8.9 J cm-2, and 17.8 J cm-2). Since the 

calculated δ34S values for GTS barite were relatively 

consistent (Fig. 3c, d), the frequency of 8 Hz and a 

corresponding fluence of 8.9 J cm-2 were deemed to be the 

preferred laser settings for this study. 

Adopting these preferred laser ablation parameters cited 

above, the δ34S values for the YF-1, DGD, GTS and WC 

barites were determined using YF-2 as the bracketing standard 

for both laser systems. The δ34S ratios for YF-1, DGD and 

GTS using the RESOlution laser system agree well with the 

EA-IRMS determined compositions, while they were a bit 

lower when using the GeoLasHD laser but also within 

standard deviation. In general, they are both characterized by 

acceptable precision (~0.5‰, 2SD; Fig. 4a−c; Table 4). The 

weighted average δ34S for WC barite is associated with a large 
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external reproducibility of 6.0‰ (2SD) which confirms 

isotopic heterogeneity (Table 4; Fig. 4d). Nevertheless, the 

weighted mean δ34S value for WC barite is consistent to the 

value determined by EA-IRMS. Repeated ablation of different 

domains on the WC barite crystal generated different sulfur 

isotopic compositions that ranged from 21‰ to 31.5‰. As 

shown in Fig. 4e and 4f, two different domains of the WC 

barite are characterized by distinct δ34S compositions at 29.4‰ 

and 25.5‰, respectively. Hence, the difference between the 

average sulfur isotopic composition determined by LA-MC-

ICP-MS for WC barite and its counterpart value obtained by 

EA-IRMS may be related to sample isotopic heterogeneity 

and hence, most likely does not represent the analysis of 

identical fractions. Combined with the EA-IRMS analyses, 

the WC barite indicates large sulfur isotopic fractionation at 

the micron scale, which possibly suggests varying conditions 

or source heterogeneity during its formation. 

Matrix effects between sulfates using the RESOlution laser. 

Laser parameters, gas conditions, and mechanical 

characteristics of the sample can influence isotopic 

fractionation during LA-MC-ICP-MS analysis. Isotopic 

fractionation occurs at the laser ablation site due to the melting 

caused by laser heating and varied particle size 

distributions.18,39 The matrix-induced mass bias for sulfur 

isotopic determination by LA-MC-ICP-MS was tested 

between sulfide (e.g., WS-1 pyrite) and sulfate (YF-2 barite). 

The recorded sulfur isotope signals for barite are much 

smoother (less transient) than those for pyrite during the entire 

ablation interval with the same laser parameters employed 

(Fig. 5a, b). The significant drop in the sulfur ion signal 

intensities during the ablation of pyrite is possibly due to 

reduced transport efficiency and the presence of abundant 

debris generated during the ablation or an ablation rate 

difference for the sulfides versus the sulfate matrices.16,18 The 
34S/32S ratios for pyrite and barite behaved similarly through 

the ablation interval, thus no significant downhole 

fractionation was observed (Fig. 5a, b). Moreover, the δ34S 

values indicate that the matrix-induced isotopic fractionation 

effect between pyrite and barite is highly variable within a 

single analytical session (Fig. 5c). The matrix effect can be 

reduced or even eliminated when the ablation system and MC-

ICP-MS are operating at optimal conditions (e.g., stable after 

2 hours due to the air in the sample chamber and laser cell 

being effectively flushed).  

Lighter δ34S values have been reported for NBS 127 barite 

using sulfide as the reference material, with values between 

−1.8 and −2.5‰.13 Mason et al.19 suggested that sulfur 

isotopic determination in NBS 127 sulfate was less accurate 

when calibrated against IAEA-S sulfides. Pribil et al.16 

reported the difference of sulfur isotopic fractionation 

behavior for sulfate and sulfide, which were attributed to a 

non-spectral sulfur oxidation effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 (a) and (b) illustrate sulfur isotope signals during ablation of barite 

and pyrite. (c) YF-2 barite using pyrite as reference material. (d)−(f) 

display the results of sulfur isotope fractionation for LX anhydrite as a 

function of beam size (d), laser pulse rate (e) and laser fluence (f). (g) 

displays the results of sulfur isotope fractionation with matched ion signal 

intensity between reference material and sample. The corresponding laser 

ablation parameters used for YF-2 and LX are shown in Table 6. (h)−(j) 

δ34S values of LX anhydrite, BK celestine and DSG barytocelestine. (k) 

and (l) The effects of varying GeoLasHD laser ablation parameters on 

sulfur isotope fractionation. The black solid lines represent the average 

value. The red solid lines represent the average value obtained by EA-

IRMS and the red dashed lines represent deviation range. The error bars 

are at 2SD level. 

The effects of laser beam size, pulse frequency, and fluence 

for the RESOlution laser system were investigated with the 

analysis of LX anhydrite with YF-2 barite as the reference 

material. The δ34S values for LX anhydrite determined at 

varied beam sizes are shown in Table 5 and Fig. 5d. For all 

beam sizes employed, the degree of sulfur isotopic 

fractionation is essentially negligible (total variation is within 

the external reproducibility); however, the δ34S value 
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determined based on the results for the 33 μm beam size 

overlaps that determined for the bulk sulfur isotopic 

composition. The sulfur isotopic composition for LX 

anhydrite determined with a beam size of 75 μm was −0.9‰ 

lower compared to the value obtained with ablations using the 

33 μm beam size (Table 5, Fig. 5d). Similar behavior was 

observed in the sulfur isotopic determination for pyrite, boron 

and lithium isotope analysis in silicate glasses and minerals 

using LA-MC-ICP-MS,15,18,39 which suggests that different 

beam sizes can lead to isotopic fractionation at the laser 

ablation site with smaller beam sizes yielding more accurate 

results.  

Sulfur isotopic compositions for LX anhydrite using YF-2 

barite as reference material were determined with varied laser 

ablation pulse frequencies (4 Hz, 8 Hz, and 16 Hz), which 

indicate slight isotopic fractionation. For instance, the offsets 

in δ34S values were approximately −0.4‰ with a pulse 

frequency of 8 Hz, and −0.8‰ with a pulse frequency of 16 

Hz compared to the δ34S value obtained with a pulse 

frequency of 4 Hz (Fig. 5e). Of note, δ34S value for LX 

anhydrite ablated at 4 Hz shows the smallest difference 

compared to that determined by EA-IRMS (Table 5). In other 

words, adopting a lower ablation pulse frequency results in 

smaller matrix-induced isotopic fractionation between 

anhydrite and barite. This feature is similar to that previously 

observed for in-situ Mg isotopic determinations conducted by 

Norman et al.40  

Similarly, laser fluence is also an important ablation 

parameter that possibly contributes to isotopic fractionation at 

the ablation site. Of note, the sulfur ion signals recorded when 

using the laser fluence of 17.8 J cm-2 and 8.9 J cm-2 were 

generally 3 times and 2 times higher, respectively, than that at 

4.5 J cm-2 for both LX anhydrite and barites (Table 5). These 

data suggest that the transport efficiency of sulfur is lower 

when using a higher laser fluence. This may be attributed to 

melting the sample during ablation, or part of the sulfur is 

converted into a gas phase rather than transporting all of the 

sulfur as particles to the plasma. If sulfur is transported as a 

gas, then there may be a loss in transport efficiency since gas 

behaves differently in the plasma environment compared to 

particle phase. Using variable laser fluence output again 

affects sulfur isotopic composition for anhydrite (e.g. LX) and 

high fluence (i.e., 17.8 J cm-2) results in −0.4‰ compared to 

that at 4.5 J cm-2 (Table 5; Fig. 5f).  The different behavior 

for barite and anhydrite using the RESOlution laser might be 

the result of laser fluence-induced melting effect as the 

melting temperature of barite (1580 °C) is higher than that of 

anhydrite (1460 °C). Reducing laser fluence output also 

slightly minimizes the matrix effect for anhydrite when using 

barite as reference material, a similar feature was noted with 

decreasing laser repetition rate (Fig. 5f; Table 5).  

Table 6. δ34S Measured for Sulfate Minerals with Matched Signal 

Intensity using LA-MC-ICP-MS 

Operation parameter 
32S intensity 

(V) 

δ34S ± 2SD 

(‰) 

YF-2 LX YF-2 LX LX 

50 μm, 4 Hz, 

8.9 J cm-2 

50 μm, 10 Hz, 

8.9 J cm-2 
2.6  2.5  

28.6 ± 1.2 (n 

= 10) 

75 μm, 8 Hz, 

8.9 J cm-2 

75 μm, 10 Hz, 

17.8 J cm-2 
12.0  11.7  

26.5 ± 0.8 (n 

= 11) 

75 μm, 8 Hz, 

17.8 J cm-2 

90 μm, 12 Hz, 

8.9 J cm-2 
21.0  20.5  

26.5 ± 0.6 (n 

= 11) 

Of interest, when using the same laser ablation parameters, 

the recorded sulfur ion signal intensities are different between 

non-barite sulfates and barite. For instance, the 32S ion signal 

intensity for barite is 25.0 V, which is almost twice the 

intensity recorded for anhydrite (12.2 V) when adopting a 

beam size of 50 μm, frequency of 8 Hz, and fluence of 17.8 J 

cm-2. Pribil et al.16 suggested that sulfur isotopic mass 

fractionation can be induced within the plasma, which was 

potentially related to the oxidation state of sulfur and this, in 

turn, may affect its behavior in the plasma during vaporization 

and atomization. Chen et al.26 indicated that the sulfate and 

nitrate concentration can affect the vaporization and 

ionization efficiency and ionization position, which results in 

instrument-induced sulfur isotopic fractionation. The 32S 

signals recorded for the barite reference material and LX 

anhydrite were matched in order to verify if the observed 

fractionation cited above and is a result of plasma loading 

rather than a laser-induced fractionation. The results indicate 

that isotopic fractionation is still present when the 32S ion 

signal intensities for the sample and the reference material are 

similar (Table 6 and Fig. 5g). High ion signal intensity (e.g. 

20.5 V of 32S) results in −5.3‰ difference for LX anhydrite, 

which is much higher compared to that (−3.2‰) at low signal 

intensity (~2.6 V). Thus, it is plausible that isotopic 

fractionation happens both at the ablation site/sample chamber 

and in the plasma.  

As a compromise in relation to both accuracy and precision, 

a moderate beam size (50 μm), frequency (8 Hz), and fluence 

(8.9 J cm-2) were adopted for laser ablation runs. When using 

the latter conditions, the measured δ34S values for the non-

barite sulfate including LX anhydrite, BK celestine, and DSG 

barytocelestine were all similar to those obtained by EA-

IRMS (Fig. 5h−j). 

Matrix effects between sulfates using the GeoLasHD laser. 

We also performed matrix effect investigations on sulfur 

isotopic determinations using the new GeoLasHD laser by 

analyzing LX anhydrite, BK celestine, and DSG 

barytocelestine, with YF-2 barite as the reference material. No 

obvious sulfur isotopic fractionation was observed when using 

different laser parameters during the ablation experiments, 

and the in-situ sulfur isotopic compositions were consistent 
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with those obtained by bulk methods (Table 5 and Fig. 5h−l). 

Moreover, when using the GeoLasHD laser system, the 

measured sulfur ion signal intensities were similar between 

non-barite sulfates (e.g. anhydrite and celestine) and barite 

with the same laser ablation parameters (Table 5). In this study, 

the yielded 32S intensity was coordinated among barite and 

non-barite sulfate of different laser parameters using the 

GeoLasHD laser, whereas they were not coordinated using the 

RESOlution laser. The differences between RESOlution and 

GeoLas might be due to a different energy distribution in the 

laser beam. Thus, coordination between ion signal intensity of 

the target isotope and laser parameters is important for non-

matrix matched sulfur isotopic analysis. 

CONCLUSIONS 

Sulfur isotopic compositions were assessed for a selected 

number of sulfate minerals with the aim of presenting 

preliminary data for potential new sulfate reference materials 

to be used by the geological community. YF-2 barite is 

homogeneous and may be adopted as a reference material for 

sulfur isotopic determinations. Using the standard-sample-

bracketing approach, the sulfur isotopes of NBS 127 and 

IAEA-SO-5 barium sulfate by using YF-2 pressed powder 

tablets as a reference material yielded consistent results that 

compare well with their recommended values. The external 

reproducibility associated with the δ34S values based on 

repeated analyses of natural barite (with the exception of 

isotopically heterogeneous WC barite) by LA-MC-ICP-MS is 

estimated to be at 0.5‰ (2SD). The values of δ34S for barite 

obtained by LA-MC-ICP-MS are equivalent to those obtained 

by EA-IRMS. The possible matrix effects between barite and 

non-barite sulfates in the determinations of sulfur isotopic 

compositions are considered negligible when using both laser 

ablation systems employed here. Coordination between signal 

intensity of the target isotope and the laser parameters are 

important for non-matrix matched sulfur isotopic analysis. 

When fractionation is observed, employing a smaller beam 

size, lower repetition rate, and fluence output can help to 

minimize isotopic fractionation during ablation. 
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