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x effects for 193 nm excimer LA-
ICP-MS analyses of Fe-rich sulfides and a new
predictive model†

E. S. Steenstra, *abc J. Berndt,b S. Klemme,b W. van Westrenen,c E. S. Bullock a

and A. Shahara

Laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is one of the most popular

techniques for determining trace element concentrations in sulfides. Due to the lack of matrix-matched

standards, standardization of sulfide analyses are usually based on silicate glass calibrant materials. Matrix

effects during ns-LA-ICP-MS analyses of Fe-rich sulfides were quantified for many trace elements by

comparison of elemental concentrations obtained by LA-ICP-MS and electron microprobe (EPMA) for

many synthetic sulfides. The data was used to obtain the fractionation indices (Fi, the ratio between the

EPMA- and LA-ICP-MS-determined concentrations of element i) for many elements while considering

Fe, Cu and Ni as internal standards. The results show that significant (>15% RD) matrix effects arise during

ns-LA-ICP-MS analyses of Ti, Zn, Ge, Se, Mo, Cd, In, Sb, Te, Pb, Bi in sulfides when using Fe as the

internal standard. The use of Ni as an internal standard yields on average higher Fi values for most

elements, resulting in more pronounced matrix effects for refractory elements and less so for volatile

elements, relative to Fe. The use of Cu as an internal standard yields overall more significant matrix

effects for volatile elements (i.e., lower Fi values). The Fi values for most elements remain constant with

increasing concentrations, and matrix correction factors for these elements can therefore be applied

across the ppm to wt% range. In agreement with previous observations for Fe-rich metals and silicate

glasses, the magnitudes of the matrix effects for the various elements are strongly correlated with

elemental volatility. This correlation was used to obtain a predictive model for describing Fi for Fe-rich

sulfides. The results were used to assess the effects of matrix effects on calculated sulfide liquid–silicate

melt partition coefficients derived from experiments. Matrix effects arising through the use of non-

matrix-matched standards will result in significant discrepancies between measured and true partition

coefficients, the extent mainly depending of the volatility of the element considered. Corrections on ns-

LA-ICP-MS derived element concentrations therefore need to be performed to obtain true abundances

in the absence of matrix-matched standards.
1. Introduction

Laser-ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) is a popular technique to quantify trace element
abundances in suldes that are relevant to many scientic
elds, including archaeology,1 planetary science,2 the metal-
lurgical industry3 and terrestrial4 and experimental geochem-
istry.5,6 The ablation behavior of elements during LA-ICP-MS
analyses of suldes and other samples depends on a range of
material properties. These properties include target surface
tution for Science, Washington D.C., USA.

ter, Germany

nds

tion (ESI) available. See DOI:

5, 498–509
reectivity, optical absorption coefficient, thermal diffusivity
and melting or boiling temperature and corresponding prop-
erties such as target surface temperature and amount of laser-
induced vaporization.7 It is well established that the relative
contribution of these effects to elemental and isotopic frac-
tionation during ns-LA-ICP-MS analysis can be strongly depen-
dent on sample compositions or matrices, as demonstrated for
Fe-based materials,7–12 suldes13–15 and silicate glasses.16

Although some Fe-rich sulde reference materials are avail-
able, several issues may exist with these materials. Sulde
reference materials are oen heterogeneous with respect to
major and minor element distributions17 or they contain only
a limited set of elements, predominantly the highly siderophile
elements (HSE).18–20 Some sulde reference materials have
different ablation characteristics relative to the sample of
interest (in the case of pressed powder standards17) and/or
many sulde reference materials have been consumed or are
This journal is © The Royal Society of Chemistry 2020
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not available for use by other groups. The use of fs-based laser
systems dramatically decreases matrix effects,8 but these
systems can be technically challenging relative to ns-based LA-
ICP-MS systems and are more expensive to operate.21,22 The
use of silicate primary standards for calibrating quantitative
analyses of suldes therefore remains a popular
approach,5,6,23–25 but this approach could yield erroneous results
if matrix effects are not taken into account.

To quantitatively assess the matrix effects in the latter
approach, we extend our previous work for Fe-rich metal alloys26

to Fe-rich suldes and obtained a large set of fractionation
indices (Fi values, dened as ratio between the EPMA- and LA-
ICP-MS determined elemental concentrations) for many
elements. New Fi values for suldes were obtained by analysing
experimentally synthesized Fe-rich suldes with ns-LA-ICP-MS
and electron microprobe (EPMA). The Fi values were calcu-
lated through quantitative comparison of the results of both
techniques in conjunction with previously published data ob-
tained using the same or similar LA-ICP-MS and EPMA set-
ups.6,27–30 The results were compared with previously derived Fi
values for Fe-rich, S-poor metal alloys obtained using the same
or a similar LA-ICP-MS setup.26 The magnitude of matrix effects
was independently assessed for three commonly used internal
standards (Fe, Ni, Cu) and a new model was derived that allows
for addressing the matrix effects arising through ns-LA-ICP-MS
analyses of Fe-rich suldes using non-matrix-matched standard
materials.
2. Methods
2.1 Synthetic Fe-rich suldes

Synthetic Fe-rich suldes were obtained by mixing FeS metal
powders with variable amounts (0.1 to 2 wt%; Alpha Aesar,
>99.5% purity) of a variety of elements (V, Cr, Mn Co, Ni, Cu, Zn,
Ge, As, Se, Mo, Cd, In, Sn, Sb, Te, W, Pb, Bi) under ethanol in an
agate mortar for >30 minutes. Elements were clustered in
subgroups to decrease the total doping levels of trace elements
to the Fe–S matrix (Table S1†). Sulde powders were combined
with powdered silicate glasses in an approximate 4 : 1 ratio to
further improve cohesion of the suldes. The powders were
loaded into graphite capsules (3.1 mm O.D.; 1.6 mm I.D., 4 mm
long) with tightly tting graphite lids that were machined from
high-purity graphite rods. The samples were synthesized at high
pressure (1 GPa) and 1883 K using a piston cylinder apparatus at
the Vrije Universiteit Amsterdam.6 Aer the experiments, the
samples were embedded in epoxy resin and polished wet using
various grades of SiC sandpaper and nano-diamond-doped
lubricants. Fig. S.1† in the Appendix shows examples of
typical run products.
2.2 EPMA analyses

Major and trace element compositions of the suldes were
obtained using JEOL JXA 8530F eld emission electron micro-
probes at the Institute of Mineralogy, University of Münster,
and the Geophysical Laboratory, Carnegie Institution for
Science. Analyses were performed using a defocused beam (5–
This journal is © The Royal Society of Chemistry 2020
15 mm) because of the quench-induced heterogeneous nature of
the sulde liquids at smaller scales (Fig. S 1†). Measurement
points were set in random lines and/or raster grids, depending
on the available surface area of the analysed phases. Beam
currents were 15–20 nA and an accelerating voltage of 15 kV.
Dwell times were 10–30 s on peak and 5–15 s on each back-
ground. The use of a large number of spot analyses per sample
(usually between 60–100 spots) was used to ensure a represen-
tative average chemical composition of each sulde was
obtained.

Standards used for sulde analyses were diopside or anor-
thite for Ca, Fe metal or fayalite for Fe, Mn2O or rhodonite for
Mn, Zn–metal or willemite for Zn, PbS or Pb–Zn glass for Pb,
InAs or GaAs for As, anorthite or hypersthene for Si, PbS or
pyrite for S, MgCr2O4 or Cr2O3 for Cr, NiSe or NiO for Ni, NiSe or
pure metal for Se, CdTe or pure metals for Cd and Te, InAs or
pure metal for In, TiO2 or pure metal for TiO2, and only pure
metal standards for V, Co, Cu, Ge, Sn, Sb, Mo, W and Bi. Cali-
brations were considered successful when the primary standard
compositions were reproduced within 1% relative deviation.
Data reduction was performed using theF(rZ) approach31 or the
ZAF correction, which corrects for the decrease in X-ray density
due to the distance the X-rays have to travel through the spec-
imen before they reach the detector. Steenstra et al.26 conrmed
the accuracy of our analytical approach using analyses of the
NIST 610 reference glass. These measurements were made at
the start of the analyses period of this study. In the latter study
good agreement (i.e., within 10% relative deviation) was
observed between reference and measured values, despite the
low concentrations of the various elements (500 ppm) and the
use of a moderate beam current of 15 nA. We conrmed the
latter ndings by repeating these analyses at the end of the
analysis period of the samples presented in this study
(Appendix Section A.1 and Fig. S.2†). The NIST 616 glass was
also measured to assess true zero counts for the elements of
interest and to conrm the accuracy and precision of our
analytical approach.
2.3 LA-ICP-MS analyses

Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) analyses of suldes were performed using a 193 nm
ArF excimer laser (Analyte G2, Photon Machines) at the
University of Münster26 in conjunction with a Thermo Element
II or Thermo Element XR – ICP-MS (Table 1). The LA-ICP-MS
analyses were performed using a repetition rate of 10 Hz and
a laser uence of �3–4 J cm�2. The analyses were performed
using 50 or 65 mm spot sizes. The elemental analyses were
performed with a Thermo Element II (runs ESS-35 to ESS-75)
using the same conditions outlined in Steenstra et al.26 or
with a Thermo XR-ICP-MS (runs ESS-81 to ESS-89).

Thermo Element II analyses were performed using the
following settings (see also Table 1). The forward power was
1300 W and the reected power <2 W. The gas ow rates were
1.2 L min�1 for He (the carrier gas of ablated material), 0.9
L min�1 and 1.1 L min�1 for the Ar-auxiliary and sample gas,
respectively. Cooling gas ow rate was set to 16 Lmin�1. Prior to
J. Anal. At. Spectrom., 2020, 35, 498–509 | 499
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Table 1 Details of analytical set-up and settings

Laser ablation system

Make, model, type Photon machines, analyte G2, excimer laser
Ablation cell HelEx 2-volume cell
Fluence 3–4 J cm�2

Repetition rate 10 Hz
Ablation duration 40 s
Spot diameter 50/65 mm
Sampling mode/pattern Static
Carrier gas He in the cell, Ar sampling and cooling gas
Cell carrier gas ow 0.7 L min�1 for MFC1, 0.3 L min�1 for MFC2

ICP-MS instrument

Make, model, type ThermoFisher element 2/XR single collector
ICP-MS

Sample introduction Ablation aerosol
RF power 1300 W
Sample-, auxiliary-, and
cooling gas ow

1.2 L min�1, 0.9 L min�1, 16 L min�1

Number of runs 28
Background time 20 s

Data processing

Calibration strategy NIST 612 as primary reference material
Internal standards 56Fe (sulde), 63Cu (sulde), 60Ni (sulde),

29Si (silicate glass)
Data processing
soware

Glitter®40

Quality control
materials

BIR-1G, BCR-2G, NIST 610
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analysis, the system was tuned on a NIST 612 glass measuring
139La, 232Th and 232Th16O to obtain stable signals and high
sensitivity, as well as low oxide rates (232Th16O/232Th <0.1%)
during ablation. For the LA-ICP-MS analyses performed with the
Thermo XR-ICP-MS, Ar-auxiliary and sample gas were 0.75
L min�1 and 0.805 L min�1, respectively. Cooling gas was also
set to 16 L min�1 while the He ow rate was set to 0.9 L min�1.
The following isotopes were measured: 24Mg, 29Si, 43Ca, 51V,
53Cr, 55Mn, 56Fe, 59Co, 60Ni, 61Ni, 63Cu, 66Zn, 69Ga, 73Ge, 75As,
82Se, 95Mo, 111Cd, 115In, 118Sn, 121Sb, 125Te, 182W, 208Pb and
209Bi.

The NIST 612 reference glass was used as a calibrant for all
sulde analyses. The USGS BIR-1G, BCR-2G and/or NIST 610
silicate reference materials were measured every �20–25 LA-
ICP-MS spots to assess accuracy and precision. No memory
effects (i.e., long-term build-up) were observed for any of the
elements. All data were reduced using the GLITTER soware
package, using Si as the internal standard for analyses of USGS
silicate glasses reference materials or Fe, Ni or Cu for the
synthetic suldes. The use of various internal standards for the
same set of analyses allowed for optimization of the internal
standard choice and for assessment of the effects of internal
standard choice on derived matrix effects of LA-ICP-MS analyses
of suldes. In Appendix Section A.2† quantitative comparisons
are provided between the preferred/previously reported major
500 | J. Anal. At. Spectrom., 2020, 35, 498–509
and trace element concentrations in the NIST 610, BIR-1G and
BHVO-2G glasses and those measured in this study using the
LA-ICP-MS approaches outlined above. As in our previous
study,26 good agreement is observed between the preferred
values from the GeoRem dataset and the measured concentra-
tions (i.e., <10% relative deviation; Fig. S.3†).

3. Results
3.1 Fractionation indices for LA-ICP-MS analyses of suldes

The le panels in Fig. 1–4 show the measured concentrations of
the various elements in the suldes measured by EPMA and LA-
ICP-MS, while using Fe as the internal standard for LA-ICP-MS
data reduction. In conjunction with previously published
datasets of sulde compositions that were obtained using
similar EPMA and LA-ICP-MS techniques and settings,6,27–30 the
fractionation indices appropiate for suldes for the different
elements were quantied using eqn (1):26

Fi ¼
reference concentration by weight of element i in sulfideðEPMAÞ
concentration byweight of element i in sulfideðLA-ICP-MSÞ

(1)

The Fi values were derived using linear regression ts to
EPMA and LA-ICP-MSmeasurements for each element obtained
for each synthetic sulde. The latter values are indicative of the
relative differences between both approaches – a lower Fi value
implies preferential ablation of that specic element during LA-
ICP-MS analysis and vice versa.

Table 2 lists the calculated Fi values. The EPMA and LA-
ICP-MS-measured concentrations of the lesser-volatile and
transitional elements (Mg, Mn, Co, Ni, Cu, As) are very
similar, reected by their Fi values that approximate unity
(Table 2 and Fig. 5). As observed for Fe-rich metal alloys,14,26,32

it is found that the concentrations of volatile elements (Zn,
Ge, Cd, In, Sb, Te, Pb, Bi) are overestimated by LA-ICP-MS,
relative to EPMA, and that many refractory elements (Cr, Ti,
Mo, Pt) are underestimated. A notable exception is Se, which
shows a signicant higher but consistent Fi value, relative to
elements with similar volatilities. Selenium does not show
such behavior in S-poor metals.26 The reason for this anom-
alous behavior is unclear, but it is most likely due to signi-
cant non-ideal volatility behavior of Se in the plasma. The
results also show that Fi values for most elements remain
constant at up to several wt%, consistent with previous
results for Fe-rich metal alloys.26 The Fi values of Zn, Cu and
Se are not constant with concentration and are strongly
increased at concentrations exceeding 1, 2 and 0.5 wt%,
respectively (Fig. 2, 3).

The Fi values for Fe-rich suldes obtained in this study are
shown as a function of their volatility (approximated here using
their 50% condensation temperatures16,26,33,34) in Fig. 5, in
conjunction with previously derived Fi values for S-poor metal
alloys8,26 and Fe-rich suldes.13,35 As for Fe-rich metals26 and
silicate glasses,16 a strong correlation is observed between Fi
values and their 50% condensation temperatures (Fig. 5), that
can be described by the following equation:
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Comparison between measured concentrations (%, in mass) of In, Cd, Se and Te using LA-ICP-MS and EPMA for Fe-rich sulfides. Left
panels show the LA-ICP-MS concentrations of compiled and new sulfide analyses obtained using Fe as the internal standard. The coarse dashed
lines in left panels represent fits to Fe-rich sulfides obtained in this study (Table 2). Left panels include previously obtained measurements for S-
poor Fe-rich metal alloys;26 fine dashed lines in left panels represent derived Fi trends for the latter data.26 Right panels show a comparison of the
measured concentrations by LA-ICP-MS (this study only) using Fe, Ni or Cu as the internal standard. Solid lines in left and right panels are 1 : 1
identity lines plotted for reference. Horizontal and vertical error bars in left and right panels represent 2 standard errors.

This journal is © The Royal Society of Chemistry 2020 J. Anal. At. Spectrom., 2020, 35, 498–509 | 501
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Fig. 2 Comparison betweenmeasured concentrations (%, in mass) of Zn, Pb, Bi and Ge using LA-ICP-MS and EPMA for Fe-rich sulfides. See Fig. 1
caption for additional details.
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Fi ¼ 0.000534 � 0.000077 � 50% T (K)

+ 0.357 � 0.086 (R2 ¼ 0.75) (2)

The strong correlation between the magnitude of matrix
effects and elemental volatility is consistent with previous
502 | J. Anal. At. Spectrom., 2020, 35, 498–509
hypotheses that attribute the matrix effects to volatility-related
fractionation processes during and/or following ablation, as
has been previously proposed for Fe-based samples,8,26

suldes13,35 and silicate glasses.16 Eqn (2) was also used to
calculate the Fi values for elements for which at present no
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Comparison betweenmeasured concentrations (%, in mass) of Sb, Cu, As and Ni using LA-ICP-MS and EPMA for Fe-rich sulfides. See Fig. 1
caption for additional details.
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EPMA and/or LA-ICP-MS data are available or for elements for
which EPMA concentrations cannot be obtained due to their
low concentrations in suldes (Si, P, S, K, V, Ga, Nb, Sn, Ta, W,
Tl, Table 2).
This journal is © The Royal Society of Chemistry 2020
3.2 Effect of internal standard choice on fractionation
indices

To assess the potential effects of internal standard choice on
matrix effects, we compared the Fi values, derived using Fe as
J. Anal. At. Spectrom., 2020, 35, 498–509 | 503
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Fig. 4 Comparison betweenmeasured concentrations (%, in mass) of Co, Mo, Mn, Cr, Ti and Mg using LA-ICP-MS and EPMA for Fe-rich sulfides.
See Fig. 1 caption for additional details.
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an internal standard, with the Fi values obtained using Cu
or Ni as an internal standard (Table 2 and right panels in
Fig. 1–4, summarized in Fig. 6). For this purpose, only data
from this study was considered, due to very low Ni and Cu
concentrations in the suldes from the previous studies,
504 | J. Anal. At. Spectrom., 2020, 35, 498–509
prohibiting the use of Ni or Cu as a reliable internal stan-
dard.6,27–30 The Fi values for analyses that were calibrated using
Ni as an internal standard are consistently higher than those
obtained using Fe or Cu as an internal standard. This is
especially evident from the much higher Fi values derived for
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Fractionation indices for sulfides from this study and ref. 13 and
35 as a function of their 50% condensation temperatures (based on the
Ivuna carbonaceous chondritic composition at 10�4 bar (ref. 34)).
Dashed line represents a linear fit to the calculated fractionation indices
using Fi values from this study only. Previously derived Fi values for Fe-
rich metal alloys from Steenstra et al. (ref. 26) and the corresponding
relationship of Fi with volatility are plotted for comparison purposes.
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Co, Cu, Sb and Mo (Fig. 4). The use of Ni therefore results in
more pronounced matrix effects for refractory elements, but
less so for volatile elements. The use of Cu as an internal
standard results in Fi values that are on average lower than
those derived for Fe, i.e., increasing matrix effects for volatile
elements, but decreasing them for refractory elements. These
results show that the use of Ni is preferred for LA-ICP-MS of
volatile elements in suldes, whereas Cu is the preferred
choice for refractory elements. If both types of elements are
studied, Fe is recommended (Fig. 6).
4. Discussion
4.1 Comparison with previous work and differences between
matrix effects for Fe-rich metals and Fe-rich suldes for
193 nm ArF* laser systems

Wohlgemuth and Ueberwasser,13 Halter et al.35 and Sylvester36

reported Fi values of Co, Ni, Cu, Zn and platinum group
elements Pd, Rh and Pt for suldes. The results for Co and Ni
Fig. 6 Summary of Fi values for sulfides obtained using Fe, Ni or Cu as
the internal standard for LA-ICP-MS analyses, plotted as a function of
volatility (approximated here as the 50% condensation temperatures at
10�4 bar (ref. 34)).
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obtained using a 193 nm ArF* laser system and the NIST 610
reference material (Fi (Co) ¼ 0.93 � 0.13; Fi (Ni) ¼ 1.00 �
0.10),26,35,36 show no resolvable matrix effects – consistent with
the results for both Fe-rich metals26 and Fe-rich suldes (this
study) (Table 2). The lack of signicant fractionation reported
for Zn13 for the 13 wt% Cu- and 21 wt% Zn bearing suldeMASS-
1 is consistent with the proposed decrease of the preferential
ablation of Zn at higher Zn contents of the sulde (Fig. 2) or,
alternatively, could imply different ablation behavior of Zn in
Cu-rich suldes. The positive Fi values for Pt and Rh in suldes
obtained by ref. 13 (Fi (Rh) ¼ 1.20 � 0.13; Fi (Pt) ¼ 1.27 � 0.13)
using a 193 ArF* laser system are consistent with the results
obtained here and follow the proposed volatility trend of Fi for
suldes (Table 2 and Fig. 5).

Steenstra et al.26 hypothesized – based on a limited number of
Fi values for Fe-rich suldes of elements that are classied as
transitional to mildly refractory – that the magnitude of matrix
effects for the elements of interest are similar for Fe-rich metals
and Fe-rich suldes. However, the results obtained in this study
clearly show that the magnitude of matrix effects, both for
refractory and volatile elements, are much smaller than those
observed for Fe-rich metals.26 The relative differences are
approximately 45% for the most volatile and most refractory
elements, respectively (Fig. 5). It is therefore concluded thatmatrix
effect corrections derived for Fe-based samples cannot be applied
to suldes and that caution should be taken when extrapolating
the new Fi values to Fe-poor suldes (e.g., NiS, ZnS, CuS).

There are several process(es) that could directly result in the
specic matrix effects observed, such as differences in the
vaporization of particles larger than 150 nm in the Ar plasma of
the IPC or of fractional condensation of the cooling plume of
the sample vapor between metals and suldes. Our preferred
explanation is that the pronounced differences between the
matrix effects for Fe-rich metal samples and suldes is due to
the much more efficient ablation behavior of Fe-rich suldes,
and the corresponding decrease of the overall extent of non-
congruent evaporation of more volatile elements from this
melt.36,37 Although the processes noted above, among others,
may explain the general existence of volatility-related matrix
effects, they do not directly account for differences between
metal and sulde matrices, whereas variable degrees of non-
congruent evaporation does.
4.2 Implications for sulde geochemistry

Due to the lack of suitable sulde standards and/or matrix
effect correctionmodels and/or the low concentrations of many
trace elements in suldes, many studies of sulde liquid –

silicate melt partition coefficients (Dsul liq–sil melt
i , dened as

the sulde liquid to silicate melt abundance ratio of element i
by weight)5,6,24,27–30 and sulde geochemistry (e.g., ref. 23) relied
solely on silicate primary standards for calibration of ns-LA-
ICP-MS analyses of suldes. The new results conrm that
unresolved matrix effects during ns-LA-ICP-MS analyses of
suldes can strongly affect measured trace element concen-
trations13,35,36 and therefore the experimentally determined
Dsul liq–sil melt
i values.
This journal is © The Royal Society of Chemistry 2020
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To illustrate the importance of the matrix effects, we
computed the differences between uncorrected and corrected
Dsul liq–sil melt
i values for chalcophile (log Dsul liq–sil melt

i > 0) and
chalcophobic (log Dsul liq–sil melt

i < 0) elements in Fig. 7. The
necessity of incorporating matrix effects during ns-LA-ICP-MS
analyses of suldes by 193 nm ArF* laser systems while using
non-matrix-matched standards is reected by the differences
between (un)corrected Dsul liq–sil melt

i values for volatile- and
refractory elements (Fig. 7). The differences between (un)cor-
rected Dsul liq–sil melt

i values are up to �0.2 log units for the
volatile elements (Cd, Se, Te, Tl) and up to �0.15 log units for
the most refractory elements (Ti, Mo, W). However, for most
chalcophobic elements the uncertainties on log Dsul liq–

sil melt
i values are similar or larger as the calculated offset due to

the matrix effects (Fig. 7). For chalcophile elements the offset of
Dsul liq–sil melt
i values due to matrix effects are usually much

larger than the corresponding analytical uncertainties on
log Dsul liq–sil melt

i values.
Fig. 7 Comparison between matrix-effect-corrected and uncorrected
Errors onDsul liq–sil melt

i values were calculated using simple error propaga
concentrations of element i.

This journal is © The Royal Society of Chemistry 2020
Due to the contrasting matrix effects for Se and Te, relative
differences between their (un)corrected Dsul liq–sil melt

i values are
up to �0.35 log units. Given the geochemical signicance of Se/
Te ratios of suldes, neglecting matrix effects would result in
incorrect Se/Te ratios, thereby affecting corresponding
geochemical models describing source region characteristics
and magma evolution, such as those described in ref. 38. It
should be noted that previous quantications of the relative
trace element partitioning behavior between sulde liquids and
monosulde solid solution (MSS) (e.g., ref. 38 and 39) are
unlikely to have been affected by matrix effects, due to the
similar chemical compositions of the latter phases.

As previously observed for S-poor metals,7–12,26 failure to
incorporate matrix effects on non-matrix-matched ns-LA-ICP-
MS analyses of suldes will result in signicant inter-
laboratory offsets of Dsul liq–sil melt

i values and therefore intro-
duces additional uncertainties in quantitative trace element
geochemistry of sulde phases.
Dsul liq–sil melt
i of run VT-1 (ref. 28) as a function of elemental volatility.
tion, while assuming 2 standard errors on sulfide liquid and silicatemelt

J. Anal. At. Spectrom., 2020, 35, 498–509 | 507

https://doi.org/10.1039/c9ja00391f


JAAS Paper

Pu
bl

is
he

d 
on

 0
8 

Ja
nu

ar
y 

20
20

. D
ow

nl
oa

de
d 

by
 V

R
IJ

E
 U

N
IV

E
R

SI
T

E
IT

 o
n 

5/
11

/2
02

3 
12

:1
6:

54
 P

M
. 

View Article Online
5. Conclusions

Elemental abundances in suldes are commonly quantied by
LA-ICP-MS using non-matrix-matched silicate primary stan-
dards, which could yield signicant matrix effects. To address
these matrix effects, individual fractionation indices (Fi values)
were obtained for many elements for three different internal
standards (Fe, Ni, Cu). It was found that Fi values for suldes are
signicantly different than those derived for Fe-rich metal
alloys. Nickel is the preferred internal standard for analysis of
volatile elements, whereas Fe or Cu are recommended for the
analysis of transitional and/or refractory elements. The results
conrm the previously proposed importance of matrix effects
arising from application of non-matrix-matched primary stan-
dards to measurements of elements in Fe-rich metals, brass
samples and suldes using LA-ICP-MS.

As previously observed for silicate glasses, brass targets and
Fe-rich metal alloys, a good correlation is observed between
elemental volatility and Fi values for suldes. The correlation of
Fi values with elemental volatility was used to obtain a new
model for Fi that can be used to specically predict Fi values for
Fe-rich suldes. Application of our results to sulde geochem-
istry suggests that sulde liquid–silicate melt partition coeffi-
cients may be under- and overestimated by up to 0.15 and 0.2
log units if matrix effects are not taken into account, respec-
tively. Due to contrasting matrix effects for Se and Te, LA-ICP-
MS derived Se/Te ratios of suldes are even more strongly
affected by matrix effects arising through the use of non-matrix-
matched standards.
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