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1 LA-ICP-MS analyses of Fe-rich alloys: quantification 

2 of matrix effects for 193 nm excimer laser systems 

3 E.S. Steenstra*1–3, J. Berndt3, S. Klemme3, W. van Westrenen1 

4 1Faculty of Science, Vrije Universiteit Amsterdam, The Netherlands

5 2The Geophysical Laboratory, Carnegie Institution for Science, Washington D.C., the United States of 

6 America

7 3Institute of Mineralogy, University of Münster, Germany

8 *Corresponding author: email address: e.s.steenstra@vu.nl  

9

10 ABSTRACT

11 Laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is increasingly 

12 used to determine major, minor and trace element concentrations in Fe-rich alloys. In the 

13 absence of matrix-matched standards, standardization is often based on silicate glass 

14 reference materials. This approach could result in significant matrix effects. Here, we quantify 

15 these matrix effects for a wide suite of volatile to refractory trace elements during ns-excimer 

16 LA-ICP-MS analyses of Fe-rich alloys by comparing measured LA-ICP-MS concentrations with 

17 results from electron microprobe analysis (EPMA). 

18 Measurements performed with LA-ICP-MS consistently overestimate the concentration of 

19 volatile elements in metals relative to concentrations measured by EPMA. In contrast, the 

20 concentrations of non-volatile and refractory elements in Fe-rich alloys are systematically 

21 underestimated with LA-ICP-MS relative to EPMA. To quantitatively describe these offsets, we 

22 consider the fractionation index (Fi) for element i, or the ratio between the EPMA- and LA-ICP-

23 MS determined elemental concentrations. The Fi  is found to be independent of concentration 
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24 and type of Fe-rich alloy considered, and ranges from >0.14 for the most volatile elements to 

25 ≤1.8 for the most refractory elements. The Fi correlate positively with the 50% condensation 

26 temperature of the elements considered, suggesting the matrix effects are predominantly the 

27 result of ablation-induced evaporative and/or melting processes at the ICP site. Comparison of 

28 the results with results from previous studies obtained for metals and sulfides using similar 

29 laser systems for a smaller subset of elements generally confirms the magnitude of the 

30 observed matrix effects for metals.

31 These results were used to quantify the effects of matrix effects on calculated metal-silicate 

32 partition coefficients (D, defined as the metal to silicate abundance ratio by weight) derived 

33 from high-pressure experiments. The comparison was done by considering uncorrected and 

34 corrected LA-ICP-MS derived metal concentrations, where ‘’corrected’’ concentrations were 

35 obtained by multiplying uncorrected LA-ICP-MS values with the appropiate Fi values derived 

36 here.  Our results show that neglecting matrix effects will result in erroneous partitioning results 

37 for many volatile and refractory elements. The matrix effects described here should therefore 

38 be taken into account in future applications of ns-LA-ICP-MS for Fe-rich metal analysis if metal 

39 standards are not available for calibration.

40

41

42

43

44

45

46
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47 1. INTRODUCTION

48 Laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is widely applied to 

49 quantify iron-loving (siderophile) and nominally lithophile element abundances in (extra)-

50 terrestrial Fe-rich metals and sulfides relevant to planetary, experimental, archaeological and 

51 metallurgical geochemistry1-5. The ablation behavior of trace elements during LA-ICP-MS 

52 analyses in metals depends on a range of material properties, including target surface 

53 reflectivity, optical absorption coefficient, thermal diffusivity and melting/boiling temperature, 

54 which in turn affect the target surface temperature and amount of laser-induced vaporization6. 

55 Elemental and isotopic fractionation of elements during ablation and sample heating can occur 

56 through (1) redistribution of elements among sub-solidus phases that are formed close to the 

57 ablation pit7, (2) non-congruent evaporation of volatile elements from melts that form in the 

58 ablation pit8, (3) fractional condensation of the cooling plume of sample vapor rising from the 

59 ablation site9, (4) differential transport of particles of different sizes and compositions from the 

60 ablation cell to the ICP torch10, (5) incomplete vaporization of particles larger than 150 nm, 

61 resulting in higher signal responses of more volatile elements11 and (6) reduction of signal 

62 intensities for volatile elements, relative to refractory elements, due to high loading of laser-

63 derived aerosols and corresponding effects on plasma conditions and count rates12,13. The 

64 relative contribution of these effects to elemental and isotopic fractionation will most likely 

65 change with changes in sample matrices. For example, laser ablation processes with metal 

66 targets are characterized by melting and associated evaporative processes14, whereas the 

67 ablation behavior of silicate materials is characterized by more efficient evaporation. Matrix 

68 effects for silicate samples are therefore less pronounced than for Fe based samples, although 

69 they can still be significant13,15. The extent of matrix effects has also been shown to be affected 
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70 by the ablation mechanisms16. The ablation mechanisms of nano-second (ns) lasers are 

71 dominated by thermal effects resulting in melting of the ablated material, whereas femto-

72 second (fs) lasers generate pulses with a much shorter plasma life time leading to evaporation 

73 rather than melting16.

74 Some studies have also assessed these effects for Fe-based samples for a limited set of 

75 elements and element concentrations6,17-26. Možná et al.18 investigated matrix and non-matrix 

76 matched calibration capabilities for the quantification of Fe-based samples while using three 

77 different types of laser systems (ns-ArF*, ns-Nd-YAG, fs-Ti-sapphire). They reported significant 

78 matrix effects for Fe-based samples while using ns-laser systems, and found that these effects 

79 are least significant for the shortest laser pulse duration systems. No significant matrix effects 

80 were observed for Fe-based samples while using the fs-Ti-sapphire laser system. 

81 Chernonozhkin et al.23 performed bulk elemental analyses and 2D mapping of iron meteorites 

82 using a 193 ns-ArF* excimer-based LA system and observed major matrix effects for elements 

83 V, Cr, Mn, Co, Ni, As and Mo. Glaus et al.20 and Diwakar et al.22 observed fractionation of Cu 

84 and Zn using fs or ns laser pulse ICP-MS analyses of brass materials, whereas Gilbert et al.24 

85 reported significant fractionation of S relative to Fe in sulfide minerals while using ns-LA due to 

86 differences in their volatility. Wohlgemuth-Ueberwasser and Jochum26 analysed sulfides using 

87 three different LA systems (213 nm ns solid state; 193 nm ns excimer, and 200 nm fs laser) 

88 and found significant differences in melting between the three LA systems, resulting in different 

89 matrix effects. They reported massive melting events in sulfides during ablation with a set-up 

90 similar to that used in this study. It was found that elemental fractionation is not related to 

91 progressing ablation or deepening of the ablation crater. Danyushevsky et al.27 developed a 

92 new synthetic sulfide standard and compared measured concentrations of chalcopyrite that 
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93 were derived using either the synthetic sulfide standard or the NIST 612 glass as the 

94 calibration standard. They found that the use of NIST 612 glass as the calibration standard 

95 dramatically decreases the accuracy of the measured elemental concentrations, relative to 

96 using the synthetic sulfide standard. 

97 It is clear from the above that matrix-related fractionation effects on trace element 

98 measurements are significant. Although Fe-rich metal reference materials are available for 

99 some of the elements considered here (enabling matrix-matched calibrations), such materials 

100 are often heterogeneous with respect to minor element distributions28. Many workers therefore 

101 continue to use silicate primary standards to calibrate quantitative analyses of Fe-rich alloys29-

102 32 and sulfides33, which could result in erroneous results if matrix effects are large. Although 

103 the use of fs laser systems has been shown to greatly decrease matrix effects18, ns lasers are 

104 still the most widely used systems worldwide due to their easy implementation and because of 

105 the remaining challenges of operating fs laser systems34,35. It is therefore important to obtain 

106 consistent correction factors for analyses of Fe-based samples using 193 nm ns laser 

107 systems.  

108 To quantify the effects of matrix-related fractionation effects on trace element determination 

109 in Fe-rich metals and sulfides by LA-ICP-MS for 193 nm ns laser systems, here we compile an 

110 extensive set of previously published chemical analyses of Fe-rich metals and sulfides using 

111 LA-ICP-MS and electron microprobe (EPMA)36-41. The use of near-identical analytical 

112 conditions throughout these studies allows for direct comparison of the analytical results 

113 obtained with LA-ICP-MS and EPMA and enables a systematic quantitative assessment of the 

114 extent of matrix-related fractionation of trace elements in Fe-rich alloys and sulfides. We also 

115 compare these results with fractionation indices previously obtained for various laser systems 
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116 and sample matrices, and assess whether matrix effects are similar for both Fe-rich metals 

117 and sulfides. We show it is possible to derive a consistent set of correction factors that can be 

118 applied to non-matrix-matched LA-ICP-MS analyses of metals and sulfides, yielding results 

119 that are in good agreement with EPMA analyses. 

120

121 2. METHODS 

122 2.1 Synthetic Fe-based samples 

123 Synthetic Fe-based alloys were obtained by mixing high-purity metal powders (Alpha Aesar, 

124 >99.5% purity) in variable proportions36-41 under ethanol in an agate mortar for >30 minutes. 

125 Metal powders were combined with powdered silicate glasses and loaded into graphite or 

126 polycrystalline MgO capsules that were machined from graphite or MgO rods. For the purpose 

127 of experimental determination of trace element partition coefficients between metal and silicate 

128 phases ( , defined as the weight ratio between the concentration of element i in metal and Dmet
sil

129 silicate, respectively)36-41 samples were synthesized at high pressures (1 – 5 GPa) and 

130 temperatures (1473 – 2873 K) using piston cylinder and multi-anvil high pressure apparatus at 

131 the Vrije Universiteit Amsterdam, the University of Münster and at the Geophysical Laboratory, 

132 Carnegie Institution for Science, Washington D.C. After the experiments, the samples 

133 (consisting of clearly segregated quenched metal alloy and silicate phases) were embedded in 

134 epoxy resin and polished using various grades of Al powder and/or SiC sandpaper. 

135

136 2.2 EPMA analyses

137 Major and trace element concentrations in experimentally synthesized metal and sulfide 

138 phases from our database36-41 were obtained using electron microprobes at the Institute of 
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139 Mineralogy at the University of Münster and at the Dutch National Geological Facility at Utrecht 

140 University. Both institutes are equipped with a JEOL JXA 8530F field emission electron 

141 microprobe. Analyses were all performed using a defocused beam because of the inevitable 

142 heterogeneous nature of the Fe-rich alloys and sulfides. Measurement points were set in lines 

143 and/or raster grids, depending of the available surface area of the analysed phases. The use 

144 of grids ensured that compositional heterogeneities in the metal were analysed and included in 

145 the average. The electron beam size was approximately equivalent to the step size (5–15 µm), 

146 while using a beam current of 15 nA and an accelerating voltage of 15 kV. Dwell times of 20–

147 30 s on peak and 10–15 s on each background were used. At least 20 repeat analyses were 

148 performed if sufficient sample surface area was available, and usually more (N > 30), given the 

149 heterogeneity of the Fe-based samples. Care was taken to avoid analyses of areas close to 

150 the edge of phases and/or surrounding capsule materials. Standards used for metal analyses 

151 were KTiPO5 or apatite for P,  fayalite or pure Fe metal for Fe, TiO2 or rutile for Ti, tephroite or 

152 rhodonite for Mn, pure metal or willemite for Zn, galena or Pb-Zn glass for Pb, pure metal or 

153 InAs for In, GaAs or InAs for As, pure metal or CdS for Cd, hypersthene or diopside for Si, 

154 chalcopyrite or pyrite for S, pure metal or Cr2O3 for Cr, pure metal or NiO for Ni, and pure 

155 metal standards for V, Co, Cu, Ge, Se, Sn, Sb, Te, Mo, W, Tl and Bi. Calibrations were 

156 considered successful when the primary standard compositions were reproduced within 1% 

157 relative deviation. Data reduction was performed using the Φ(ρZ) approach42, which corrects 

158 for the decrease in x-ray density due to the distance the x-rays have to travel through the 

159 specimen before they reach the detector. In section A.1 from the Appendix we present a full 

160 analysis of the accuracy of our analytical strategy, using analyses of the NIST 610 reference 

161 glass with the EPMA standardization that was implemented in the previous studies that are 
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162 used in this work. We observe that there is generally good agreement (i.e. within 10% relative 

163 deviation) between reference and measured values (Fig. S.1), despite the low concentrations 

164 of nominally 500 ppm and the use of a moderate beam current of 15 nA due to the beam 

165 sensitive nature of silicate glasses. Several analyses of the NIST 616 glass, that contains 

166 approximately 0.5 ppm of each trace element, were also performed to assess true zero counts 

167 for the elements of interest and confirmed the accuracy and precision of our analytical 

168 approach. 

169

170 2.3 LA-ICP-MS analyses 

171 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses of all 

172 compiled experimental charges were conducted with a 193 nm ArF excimer laser (Analyte G2, 

173 Photon Machines) at the University of Münster. Low mass resolution ICP analyses were all 

174 performed using a repetition rate of 10 Hz, whereas the laser fluence was ~3–4 J/cm2 

175 throughout each of the sampled sessions. The large majority of analyses were performed 

176 using a spot size of 50 µm diameter. In case of limited sample availability, analyses were 

177 performed using 25 or 35 µm diameter spot sizes.  

178 Elemental analysis was performed with an Element 2 mass spectrometer (ThermoFisher). 

179 Forward power was 1300 W and reflected power <2 W, gas flow rates were 1.1 l/m for He 

180 (carrier gas of ablated material), 0.9 l/m and 1.2 l/m for the Ar-auxiliary and sample gas, 

181 respectively. Cooling gas flow rate was set to 16 l/min. Before starting the analysis, the system 

182 was tuned (torch position, lenses, gas flows) on a NIST 612 glass measuring 139La, 232Th and 

183 232Th16O to obtain stable signals and high sensitivity, as well as low oxide rates (232Th16O/232Th 

184 <0.1%) during ablation. Isotopes of Fe and P were measured using medium and high 
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185 resolution mode of the Element 2 mass spectrometer, due to polyatomic interferences of P by 

186 N, O, H and C and of Fe by Ar, O, Ca, N and H. The following isotopes were measured: 24Mg, 

187 29Si, 31P, 43Ca, 49Ti, 51V, 53Cr, 55Mn, 56Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 73Ge, 75As, 82Se, 90Zr, 

188 93Nb, 95Mo, 111Cd, 115In, 118Sn, 121Sb, 125Te, 181Ta, 182W, 195Pt, 205Tl, 208Pb and 209Bi. In the 

189 medium resolution model analyses the NIST 612 reference glass was used as a calibrant for 

190 metal and sulfide phases, whereas for high resolution mode analyses the NIST 610 glass was 

191 used. USGS BIR-G1 and BCR-2G silicate reference materials were measured every ~20–25 

192 LA-ICP-MS analyses to assess accuracy and precision.

193 For metals, Ni was mostly used as the internal standard, whereas Si was used for metals 

194 with Si concentrations exceeding >0.5 wt.% if Ni was not available. Sulfur-rich Fe alloys and 

195 sulfides were processed using Cu, Cr, Mn or Fe concentrations measured by EPMA as internal 

196 standards. Copper is a moderately volatile element and it is fractionated due to the use of non-

197 matrix-matched silicate primary standards. The concentrations of Cu determined by EPMA 

198 were corrected using the empirical correction term later reported in this paper (Table 1). These 

199 corrected concentration values were used as internal standards for LA-ICP-MS data 

200 processing. 

201

202 3. RESULTS 

203 3.1 Elemental fractionation during LA-ICP-MS analyses of metals and sulfides 

204 It was demonstrated in Appendix section A.2 that there are no systematic offsets exceeding 

205 10% relative deviation between reference values and measured LA-ICP-MS concentrations for 

206 several silicate reference glasses. Using the previously published compiled dataset of major 

207 and minor element concentrations in Fe-rich alloys33-38, EPMA and LA-ICP-MS analyses for 
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208 Fe-based samples were compared in the present study. Figures 1–3 and Table 1 show a 

209 compilation of the results. Significant offsets between EPMA and LA-ICP-MS determined 

210 element concentrations are observed. These offsets are most significant for volatile (Zn, Se, 

211 Cd, In, Te, Pb) and highly refractory elements (V, Mo, W), and appear to increase linearly with 

212 increasing absolute concentration. Although the data set for sulfides is limited, it appears as if 

213 there is no significant difference in the offset between Fe-rich (S-poor) and S-rich alloys. 

214 To quantitatively describe the offsets, we consider the fractionation index (Fi) for element i, 

215 or the ratio between the EPMA- and LA-ICP-MS determined elemental concentrations:

216

217                                       (1)𝐹𝑖 =  
reference concentration by weight of element 𝑖 in metal (EPMA)
concentration by weight of element 𝑖 in metal (LA ― ICP ― MS)

218

219 These indices are derived by linear regression fits of EPMA and LA-ICP-MS measurements for 

220 each element and are indicative of the relative differences between both values. A higher Fi 

221 value implies that elemental concentrations are underestimated by LA-ICP-MS and vice-versa. 

222 Table 1 lists the Fi values that were calculated using this approach. EPMA and LA-ICP-MS 

223 elemental concentrations of the non-volatile or -refractory elements (Si, Cr, Co, Ni) are within 

224 10% of each other, leading to Fi values between 0.95 and 1.09 (Table 1). The Fi ranges down 

225 to 0.14 for the most volatile element and up to 1.8 for the most refractory element. The results 

226 are graphically illustrated as a function of their volatility (approximated here as their 50% 

227 condensation temperatures43-45) in Fig. 4. A clear positive correlation (R2 = 0.80) is observed 

228 between the Fi values of an element and its 50% condensation temperatures, given by the 

229 equation: Fi = 0.00109±0.00013 * 50% T(K) – 0.29±0.15; which corresponds with the linear fit 

230 shown in Fig. 4. This suggests the matrix effects are the result of volatility-related fractionation 
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231 processes during and/or following ablation of metal phases (see section 4.2), as has been 

232 previously proposed for Fe-based samples24-25 and silicate glasses44. The latter equation was 

233 used to calculate the expected Fi values for elements Ti, Ga, Nb, Ta, Tl, Bi, Th and U, for 

234 which at present no EPMA and/or LA-ICP-MS data are available (Table 1). 

235

236 4. DISCUSSION 

237 4.1 Comparison with previous studies and possible variability of matrix effects with 

238  metal composition 

239 The excellent correlation between fractionation indices and 50% condensation temperatures 

240 suggest that the matrix effects observed in the present study are predominantly due to 

241 volatility-related processes, as previously observed for Fe-based samples by Gilbert et al.24 

242 and Luo et al.25 for several different laser systems. To explore to which extent metal 

243 composition and the type of implemented laser system affect the extent of matrix effects, we 

244 compare our new results with those reported in these previous studies13,18.26,46. As illustrated in 

245 Fig. 5, our results for metals are generally within the range of previous values derived for Fe-

246 rich samples18. The range in volatility of the elements considered in this study is limited, 

247 prohibiting a quantitative comparison of the derived trend of Fi versus 50% condensation 

248 temperature (Fig. 5) for Fe-rich metals. As previously concluded, our comparison confirms that 

249 matrix effects are indeed much smaller for fs-LA-ICP-MS systems18 both for metals and 

250 sulfides (Fig. 5). 

251 For sulfides, the element set is limited to Co, Ni, Cu and Zn13,46 and refractory platinum 

252 group elements Pd, Rh and Pt. Measurements of Co and Ni in sulfides13,42 that were obtained 

253 using 193 nm ArF* laser systems in conjunction with the use of NIST 610 silicate reference 
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254 materials as calibrants for sulfide measurements generally show a lack of significant 

255 fractionation. The Fi  values for Co and Ni cluster between 0.80–1.05 and 0.90–1.10, 

256 respectively, which is close to or within error of the Fi  values reported for metals (1.14±0.06 

257 and 0.95±0.11 for Co and Ni, respectively). Only one measurement is available in the literature 

258 for Zn13, obtained for the standard MASS-1, a Cu and Zn-rich sulfide (13 and 21 wt.%, 

259 respectively). This value significantly deviates from the Fi  value obtained for Zn for metals in 

260 this study (Fi = 0.24±0.06), which at face value may suggest that the addition of significant 

261 quantities of Cu and/or Zn may result in different matrix effects due to different ablation 

262 behavior. However, this seems unlikely as concentrations for various other volatile elements 

263 (Se, Cd, In, Te) determined in this study for sulfides plot on the expected trend for metals 

264 (Figs. 1, 2), suggesting that matrix effects are similar for both matrices. In addition, the relative 

265 deviations of Pd, Rh and Pt previously obtained using a ns 193 nm excimer laser system26 are 

266 in very good agreement with the relative volatility trend observed for metals. In fact, using our 

267 new expression in conjunction with the 50% condensation temperatures reported by Lodders43 

268 yields Fi values of 1.15±0.25, 1.23±0.26 and 1.25±0.26 which are within error with those 

269 derived for the data of Wohlgemuth-Ueberwasser and Jochum26 (Fi = 1.09±0.10, 1.20±0.13 

270 and 1.27±0.13 for Pd, Rh and Pt, respectively). These results show that (1) our model can be 

271 likely applied to sulfides as well and (2) measurement of elemental concentrations in sulfides 

272 using a silicate glass as a reference material35 will most likely result to erroneous results, as 

273 proposed for metals. 

274 The exact processes through which the elemental fractionations occur during LA-ICP-MS 

275 analyses of Fe-rich alloys could not be identified in the present study. It should be noted that 

276 the exact ablation mechanisms and relative contribution of these processes to matrix effects 
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277 are in general not well understood, complicating the interpretation of the results47. It would be 

278 worthwhile to address this in future work to provide more quantitative insights into the 

279 observed matrix effects and to assess if Fi values are indeed applicable across a wider 

280 compositional range, as suggested from this work.

281

282 4.2 Implications for metal-silicate partition coefficients of siderophile elements 

283 Matrix effects may strongly affect experimentally determined metal-silicate partition coefficients 

284 (  values), independent of the exact mechanism(s) that are responsible for these effects. Dmet
sil

285 The effect is likely small for quantification of the partitioning between two metal phases with 

286 different compositions3,5,48,49 given the matrix similarities. The majority of previous published 

287 metal-silicate partitioning studies used silicate primary standards for calibration of LA-ICP-MS 

288 analyses of Fe-rich alloys29-32. Given the fractionation indices found in this study, neglecting 

289 matrix effects will result in erroneous results for most volatile and refractory elements. These 

290 effects are quantitatively illustrated in Fig. 6, where both uncorrected and corrected metal-

291 silicate partition coefficients for two typical experiments are shown (for runs GG1Si-1 and 

292 GGR1Si-4b, reported by Seegers et al.37 and Putter et al.36, respectively; see Table 1). The 

293 comparison was done by considering uncorrected and corrected LA-ICP-MS derived metal 

294 concentrations, where ‘’corrected’’ concentrations were obtained by multiplying uncorrected 

295 LA-ICP-MS values with the appropiate Fi values derived here. Figure 6 shows that 

296 experimentally determined metal-silicate partition coefficients or  values may be Dmet
sil

297 overestimated by up to 0.85 log units if the described matrix effects are ignored. The 

298 importance of these matrix effects are illustrated most dramatically by the shift from siderophile 

299 ( >1) to lithophile ( <1) behavior of Cd and Pb after considering the matrix effects. The Dmet
sil Dmet

sil
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300  values for the most refractory elements may be underestimated by up to 0.25 log units Dmet
sil

301 (Table 1). The effects are therefore most significant for the volatile elements and these effects 

302 may, if not taken into account, result in substantial inter-laboratory offsets. 

303

304 5. CONCLUSIONS

305 Elements in Fe-rich alloy phases are often quantified by LA-ICP-MS using non-matrix-matched 

306 silicate primary standards. We demonstrated that LA-ICP-MS-measured concentrations of 

307 volatile elements in Fe-rich alloys are significantly higher than those measured using EPMA. In 

308 contrast, refractory element concentrations are consistently underestimated by LA-ICP-MS, 

309 relative to values obtained with EPMA. In all cases offsets between EPMA and LA-ICP-MS 

310 appear to increase linearly with increasing element concentration. This confirms that significant 

311 matrix effects exist. To quantify these effects, the fractionation index (Fi) for element i, or the 

312 ratio between the EPMA- and LA-ICP-MS determined elemental concentrations were 

313 considered. The Fi, which can be used to correct LA-ICP-MS fractionation in Fe-rich alloys 

314 analysis, is found to be correlated positively with elemental volatility.

315 The matrix effects are therefore most pronounced for the most volatile elements 

316 investigated (Zn, Cd, In, Te, Pb). Our results suggests our model is applicable for both Fe-rich 

317 metal and sulfide matrices, given the similar Fi values derived for both phases.   

318 It was observed that neglecting to perform a matrix correction in the LA-ICP-MS analysis 

319 can result in a shift of metal-silicate partition coefficients (  values) by up to 0.85 log units. Dmet
sil

320 The matrix effects are negligible for the non-volatile and non-refractory elements such as Si, 

321 Co, Ni and Cr, confirming the suitability of these elements as internal standards in LA-ICP-MS 

322 analyses. The most refractory elements are also hampered by matrix effects, although these 
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323 effects are less pronounced than they are for volatile elements, resulting in an expected 

324 maximum offset of 0.25 log units in their log  values. These results show that matrix effects Dmet
sil

325 arising from application of non-matrix-matched primary standards to measurements of 

326 elements in Fe-rich alloys using LA-ICP-MS is significant for many volatile elements, and that it 

327 is possible to correct for these matrix effects by developing a large database from LA-ICP-MS 

328 and EPMA analyses of the same Fe-rich alloy matrix. 
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425 FIGURE CAPTIONS

426 Fig. 1 Comparison between measured concentrations (%, in mass) of volatile elements In, Cd, 

427 Se, Sn, Te, Zn using LA-ICP-MS and EPMA36-41. Horizontal and vertical error bars are 2 

428 standard errors. Coarse dashed lines are 1:1 identity lines plotted for reference. Finely dashed 

429 lines represent linear fits to the data (Table 1). Except for Zn, values for S-rich alloys and 

430 sulfides are plotted for comparison purposes and were not incorporated into the regressions 

431 due to the possibility of different matrix effects. 

432

433 Fig. 2 Comparison between measured concentrations (%, in mass) of volatile elements Pb, 

434 Ge, Sb, Cu, As, P using LA-ICP-MS and EPMA36-41. Horizontal and vertical error bars are 2 

435 standard errors. Coarse dashed lines are 1:1 identity lines plotted for reference. Finely dashed 

436 lines represent linear fits to the data (Table 1). Values for S-rich alloys and sulfides are plotted 

437 for comparison purposes only. 

438
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439 Fig. 3 Comparison between measured concentrations (%, in mass) of non-volatile or refractory 

440 elements Cr, Si, Ni, Co, V, Mo and W using LA-ICP-MS and EPMA36-41. Horizontal and vertical 

441 error bars are 2 standard error. Coarse dashed lines are 1:1 identity lines plotted for reference. 

442 Finely dashed lines represent linear fits to the data (Table 1). 

443

444 Fig. 4 Calculated fractionation indices for the elements considered in this study as a function of 

445 their 50% condensation temperatures (based on a carbonaceous Ivuna chondritic composition 

446 at 10-4 bar43). Dashed line represents a linear fit to the calculated fractionation indices, defined 

447 by: Fi = 0.00109±0.00013 * 50% T(K) – 0.29±0.15 (R2 = 0.80) 

448

449 Fig. 5 Relative deviations between the measured concentrations and reference concentrations 

450 by using different laser systems13,18,46, as a function of relative elemental volatility43 for metals 

451 and sulfides. Negative relative deviations imply measured concentrations are less than 

452 reference values and vice-versa. Errors are 1 standard deviations, where reported. 

453

454 Fig. 6 Comparison between matrix-effect-corrected and uncorrected metal-silicate partition 

455 coefficients ( ) of run GGR1Si-4b and GG1Si-136,37 as a function of their volatility. Dmet
sil

456

457

458

459

460

461
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462 Table 1 Calculated fractionation indices 
50% cond. T (K)39 Fractionation index (Fi) N a R2 b

In 536 0.49±0.03 80 0.77
Cd 652 0.14±0.01 60 0.62
Se 697 0.72±0.04 74 0.83
Sn 704 0.73±0.07 33 0.75
Te 705 0.39±0.03 78 0.60
Zn 726 0.24±0.06 14 0.44
Pb 727 0.35±0.03 73 0.56
Ge 883 1.09±0.06 62 0.69
Sb 976 0.74±0.04 76 0.77
Cu 1037 0.65±0.03 35 0.92
As 1065 0.88±0.04 77 0.82
P 1229 0.82±0.05 23 0.93
Cr 1296 1.11±0.03 91 0.92
Si 1302 1.09±0.02 56 0.98
Ni 1348 0.95±0.11 5 0.95
Co 1352 1.14±0.06 42 0.87
V 1427 1.39±0.07 62 0.86
Mo 1590 1.58±0.10 79 0.69
W 1789 1.77±0.15 79 0.52
Tl c 532 0.29±0.14 – –
Bi 746 0.52±0.17 – –
Ga 968 0.77±0.20 – –
Nb 1559 1.41±0.28 – –
Ta 1573 1.42±0.28 – –
Ti 1582 1.44±0.28 – –
U 1610 1.47±0.29 – –
Th 1659 1.52±0.29 – –

463 a Number of measurements included in regression b Coefficient of determination. c Fractionation indices for elements Ti, Ga, Nb, Ta, 
464 Tl, Bi, Th and U were calculated using the equation: Fi = 0.00109±0.00013 * 50% T(K) – 0.29±0.15; R2 = 0.80
465
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482 Table 2 Effects of matrix effects on derived metal-silicate partition coefficients ( , Dmet
sil

483 defined here as the ratio between the weight concentration of element i in the metal 
484 phase and the concentration of element i in the silicate glass) reported for GG1-Si1 and 
485 GGR1Si-4b36,37

Uncorrected log 𝐃𝐦𝐞𝐭
𝐬𝐢𝐥 Corrected log 𝐃𝐦𝐞𝐭

𝐬𝐢𝐥 Offset

In 1.10 0.80 –0.30
Cd 0.57 –0.27 –0.84
Se 0.97 0.83 –0.14
Sn 1.54 1.40 –0.14
Te 1.28 0.86 –0.42
Zn –0.61 –1.06 –0.46
Pb 0.45 –0.01 –0.46
Ge 2.77 2.80 +0.04
Sb 3.98 3.85 –0.13
Cu 1.65 1.46 –0.19
As 4.59 4.54 –0.05
P 1.47 1.38 –0.09
Cr –0.95 –0.90 +0.05
V –0.67 –0.52 +0.12
Mo 4.44 4.63 +0.20
W 2.83 3.08 +0.25

486

487

488

489

490

491

492

493
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Fig. 1 Comparison between measured concentrations (%, in mass) of volatile elements In, Cd, Se, Sn, Te, 
Zn using LA-ICP-MS and EPMA36-41. Horizontal and vertical error bars are 2 standard errors. Coarse dashed 
lines are 1:1 identity lines plotted for reference. Finely dashed lines represent linear fits to the data (Table 
1). Except for Zn, values for S-rich alloys and sulfides are plotted for comparison purposes and were not 

incorporated into the regressions due to the possibility of different matrix effects. 
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Fig. 2 Comparison between measured concentrations (%, in mass) of volatile elements Pb, Ge, Sb, Cu, As, P 
using LA-ICP-MS and EPMA36-41. Horizontal and vertical error bars are 2 standard errors. Coarse dashed 
lines are 1:1 identity lines plotted for reference. Finely dashed lines represent linear fits to the data (Table 

1). Values for S-rich alloys and sulfides are plotted for comparison purposes only. 
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Fig. 3 Comparison between measured concentrations (%, in mass) of non-volatile or refractory elements Cr, 
Si, Ni, Co, V, Mo and W using LA-ICP-MS and EPMA36-41. Horizontal and vertical error bars are 2 standard 
error. Coarse dashed lines are 1:1 identity lines plotted for reference. Finely dashed lines represent linear 

fits to the data (Table 1). 
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Fig. 4 Calculated fractionation indices for the elements considered in this study as a function of their 50% 
condensation temperatures (based on a carbonaceous Ivuna chondritic composition at 10-4 bar43). Dashed 
line represents a linear fit to the calculated fractionation indices, defined by: Fi = 0.00109±0.00013 * 50% 

T(K) – 0.29±0.15 (R2 = 0.80) 
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Fig. 5 Relative deviations between the measured concentrations and reference concentrations by using 
different laser systems13,18,46, as a function of relative elemental volatility43 for metals and sulfides. 

Negative relative deviations imply measured concentrations are less than reference values and vice-versa. 
Errors are 1 standard deviations, where reported. 
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Fig. 6 Comparison between matrix-effect-corrected and uncorrected metal-silicate partition coefficients 
(D_sil^met) of run GGR1Si-4b and GG1Si-136,37 as a function of their volatility. 
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