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Analytical Methods 

Optical CL Microscopy 

Optical CL photomicrography was carried out on polished thin sections using an 

Olympus Vanox microscope coupled with a Relion III CL system, at the School of 

Earth Resources, China University of Geosciences, Wuhan. The low-vacuum Relion 

system was set to an electron source operated at 15–20 kV and about 500–800 μA. 

Electron Probe Microanalysis (EPMA) 

Major- and minor-element composition of tourmaline was determined using the 

JEOL JXA-8100 electron microprobe at the Institute of Geology, Chinese Academy of 

Geological Science (CAGS), Beijing. Analysis of apatite was carried out using a 

JEOL JXA-8230 electron microprobe at the MLR Key Laboratory of Metallogeny and 

Mineral Assessment, Institute of Mineral Resources, CAGS, Beijing. Operating 

conditions in both labs involved an accelerating voltage of 15 kV, a probe current of 

10‒20 nA, and a beam diameter of 3−5 μm. Natural minerals and synthetic materials 

were used as standards, all of which were tested for homogeneity before their 

utilization for quantitative analysis. Matrix corrections were performed using the ZAF 

correction program supplied by the instrument manufacturer. The analytical precision 

for major elements measured in both labs is generally better than 1%. 
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LA‒ICP‒MS Trace Element Analysis 

Trace-element analyses of tourmaline and apatite were done in two different labs: 

the Wuhan Sample Solution Analytical Technology Co., Ltd. (Wuhan) and the MLR 

Key Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral 

Resources (CAGS). The first lab uses a 193-nm GeolasPro ArF excimer laser ablation 

system coupled with an Agilent 7700e ICP‒MS, and the other lab uses a 193-nm 

RESOlution S-155 ArF excimer laser ablation system coupled with a Bruker M90 

ICP–MS. In both labs, analyses of tourmaline and apatite were performed directly on 

polished thin sections using a similar analytical set-up. Helium was applied as the 

carrier gas. Argon was used as the make-up gas and mixed with the carrier gas via a 

T-connector before entering the ICP‒MS. A “wire” signal smoothing device was 

included in the laser ablation system (Hu et al. 2015). Each analysis incorporated a 

background acquisition of ~20 s followed by 45‒50 s of data acquisition from the 

sample. The frequency of the laser was set to 5.5‒6 Hz. For the analysis of tourmaline, 

the spot size was 44 µm, and element contents were calibrated against the reference 

materials SRM610, BHVO-2G, BCR-2G, and BIR-1G (Liu et al. 2008) using the Si 

measurement from EPMA as the internal standard. For the analysis of apatite, the spot 

size was 38 µm, and element contents were calibrated against the reference materials 

SRM610, SRM612, BCR-2G, BIR-1G, and GSE-1G 

(http://georem.mpch-mainz.gwdg.de/), using the Ca measurement from EPMA as the 

internal standard. Data obtained from both labs were processed using the Excel-based 

software ICPMSDataCal (Liu et al. 2008, 2010). The analytical precisions for most 
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trace elements (in particular those used in the discussion) from both labs are generally 

better than 10%. 

 

LA‒MC‒ICP‒MS Boron Isotope Analysis of Tourmaline 

Boron isotopic compositions of tourmaline were measured in situ on polished 

thin sections using a Neptune Plus MC–ICP–MS and a matching New Wave UP213 

laser ablation system at the Institute of Mineral Resources, CAGS, Beijing. Detailed 

analytical procedures and data reduction followed those of Hou et al. (2010). The 

laser ablation spot diameter was 25 μm with an output frequency of 10 Hz, and an 

energy density of 8 J/cm2. The He carrier gas was set to 0.8 L/min. During analysis, 

both B isotope signals (L3: 10B; H4: 11B) were collected on Faraday cups 

simultaneously. Before connecting to the laser, the Faraday cups were adjusted with 2 

μg/mL H3BO3 (a product of Alfa Company) and their masses were calibrated. The 

data were collected statically and simultaneously in cycles of 200 with an integration 

time of 0.131s. The acquisition lasted for about 27s in total. Mass bias of the 

instrument and the fractionation of isotopes were calibrated using the standard 

sample-bracketing (SSB) method. Tourmaline IAEA B4 (δ11B = −8.36 ± 0.58 ‰; 

Tonarini et al. 2003) was used as the external standard, and tourmaline IRM RB1 

(δ11B = −12.97 ± 0.97 ‰; Hou et al. 2010) was used as an internal standard. The 

observed internal precision for a single analysis was usually better than 0.5 ‰ (1 SD). 

Results are reported in 
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 δ11B (‰) = [(11B/10B)sample/(11B/10B)standard (IAEA B4) –1] ×1000. 

 

LA‒MC‒ICP‒MS Strontium-Neodymium Isotope Analysis of Apatite 

The in situ apatite Sr isotope measurements were conducted on a Neptune Plus 

MC‒ICP‒MS in combination with a Geolas HD excimer ArF laser ablation system at 

the Wuhan Sample Solution Analytical Technology Co., Ltd. The Neptune Plus was 

equipped with nine Faraday cups fitted with 1011 Ω resistors. The Faraday collector 

configuration of the mass system was composed of an array from L4 to H3 to monitor 

Kr, Rb, Er, Yb, and Sr. The combination of the high-sensitivity X-skimmer cone and 

Jet-sample cone was employed. In the laser ablation system, He was used as the 

carrier gas for the ablation cell. Following a 40 s period of background analysis, 

apatite grains were ablated with a 60 μm beam, for 60 s at an 8 Hz pulse frequency, 

and a constant laser fluence of ~10 J/cm2. A signal smoothing device (Hu et al. 2015) 

was used downstream from the sample cell to eliminate the short-term variation of the 

signal. All data reduction for the MC‒ICP‒MS analysis of the Sr isotope ratios was 

conducted using “Iso-Compass” software (Zhang et al. 2020). The interference 

correction strategy was the same as the one reported by Tong et al. (2016) and Zhang 

et al. (2018). During the analysis, two natural apatite samples (Durango and 

Madagascan) were used as the unknowns for the Sr isotope analysis of the apatite. 

The in-house apatite standard (MAD) was used to evaluate the reliability of the 

analytical accuracy and the potential matrix-matched effect during analyses. During 

American Mineralogist: February 2023 Online Materials AM-23-28310 
CHEN ET AL.: TOURMALINE AND APATITE AT FURONG TIN DEPOSIT (SOUTH CHINA)



 

 

 

5

our analyses, the standard MAD yielded average 87Sr/86Sr ratios of 0.71182 ± 0.00002 

(2σ; N = 12), which is highly consistent with the accepted values of 0.71180 ± 

0.00011 (2σ) and 0.71180 ± 0.00003 (1σ; N = 8) obtained by in situ 

LA‒MC‒ICP‒MS and chemically purified solutions (TIMS/MC‒ICP‒MS) methods, 

respectively (Yang et al. 2014). The analytical precision for 87Sr/86Sr ratio is generally 

in the range of 0.0001‒0.0003. 

The in situ Nd isotope analysis was done using the same LA‒MC‒ICP‒MS 

instrument at the Wuhan Sample Solution Analytical Technology Co., Ltd. Isotopes 

142Nd, 143Nd, 144Nd, 145Nd, 146Nd, 147Sm, 148Nd, and 149Sm were collected in Faraday 

cups in static mode. In the laser ablation system, He was used as the carrier gas within 

the ablation cell and was merged with Ar (makeup gas) after the ablation cell. Small 

amounts of nitrogen were added to the Ar makeup gas flow for the improvement of 

sensitivity of Nd isotopes (Xu et al. 2015). A spot diameter of 44 μm was employed at 

an 8 Hz pulse frequency and ~8 J/cm2 laser fluence. Each spot analysis consisted of a 

background analysis for 40 s and a data acquisition for 60 s. The signal-smoothing 

device was used downstream from the sample cell to efficiently eliminate the 

short-term variation of the signal and remove Hg from the background and sample 

aerosol particles (Hu et al. 2015). The mass discrimination factor for 143Nd/144Nd was 

determined using 146Nd/144Nd (0.7219) along with the exponential law. The 149Sm 

signal was used to correct the remaining 144Sm interference on 144Nd, using the 

144Sm/149Sm ratio of 0.2301. The mass fractionation of 144Sm/149Sm was corrected by 

147Sm/149Sm normalization, using the 144Sm/149Sm ratio of 1.08680 with the 
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exponential law. All data reduction for the MC‒ICP‒MS analysis of Nd isotope ratios 

was conducted using the “Iso-Compass” software (Zhang et al. 2020). Two natural 

apatite megacrysts, Durango and MAD, were used as the unknown samples to verify 

the accuracy of the calibration method for in situ Nd isotope analysis. The standard 

(MAD) was used to evaluate the reliability of the analytical accuracy and the potential 

matrix-matched effect during analyses. During our analyses, the standard MAD 

yielded 143Nd/144Nd of 0.511348 ± 0.000006 (2σ; N = 26) and 147Sm/144Nd of 

0.081811 ± 0.000059 (2σ; N = 26), which are highly consistent with the accepted 

143Nd/144Nd of 0.511322 ± 0.000053 (2σ) and 147Sm/144Nd of 0.0811 ± 0.0017 (2σ) 

obtained by in situ LA‒MC‒ICP‒MS and 143Nd/144Nd of 0.511348 ± 0.000016 (2σ), 

and 147Sm/144Nd of 0.0818 ± 0.0005 (2σ) obtained by in situ and chemically purified 

solutions (MC‒ICP‒MS) methods, respectively (Yang et al. 2014). The analytical 

precision for 143Nd/144Nd ratio is generally better than 0.000025. 

 

Tourmaline–Fluid Partition Coefficients 

Keppler (1996) established an indirect method (Dmineral/fluid = Dfluid/melt/Dmineral/melt) 

to estimate the fluid/mineral partition coefficients for trace elements using the 

partitioning mineral-melt and fluid-melt D values. This method and the calculated 

Dmineral/fluid values have been widely used to determine the fluid composition from the 

compositions of the minerals that grew from this fluid (van Hinsberg et al. 2017; 

Codeço et al. 2021). In this study, trace element partition coefficients between 

tourmaline and borosilicate-saturated melt (1.8, 0.9, 0.7, and 1.0 for Na, Li, Zn, and Sr, 
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respectively) were derived from a preliminary experiment by van Hinsberg (2011). 

Fluid-melt D values (7.9, 3.2, 5.5, and 0.6 for Na, Li, Zn, and Sr, respectively) were 

derived from experimental fluid-melt partitioning values of Zajacz et al. (2008) and 

Iveson et al. (2019). As a result, the estimated Dtur/fluid values are 0.2, 0.3, 0.1, and 1.9 

for Na, Li, Zn, and Sr, respectively. 
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